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Exponential mixing properties for time inhomogeneous
diffusion processes with killing

Pierre Del Moral; Denis Villemonais

March 19, 2016

Abstract

We consider an elliptic and time-inhomogeneous diffusion process with time-
periodic coefficients evolving in a bounded domain of R? with a smooth boundary.
The process is killed when it hits the boundary of the domain (hard killing) or after
an exponential time (soft killing) associated with some bounded rate function. The
branching particle interpretation of the non absorbed diffusion again behaves as a
set of interacting particles evolving in an absorbing medium. Between absorption
times, the particles evolve independently one from each other according to the diffu-
sion evolution operator; when a particle is absorbed, another selected particle splits
into two offsprings. This article is concerned with the stability properties of these
non absorbed processes. Under some classical ellipticity properties on the diffusion
process and some mild regularity properties of the hard obstacle boundaries, we
prove an uniform exponential strong mixing property of the process conditioned to
not be killed. We also provide uniform estimates w.r.t. the time horizon for the
interacting particle interpretation of these non-absorbed processes, yielding what
seems to be the first result of this type for this class of diffusion processes evolv-
ing in soft and hard obstacles, both in homogeneous and non-homogeneous time
settings.

Keywords: process with absorption; uniform mixing property; time-inhomogeneous dif-
fusion process.

2010 Mathematics Subject Classification. Primary: 60J25; 37A25; 60B10; 60F99. Sec-
ondary: 60J80; 60G10; 92D25.

1 Introduction

Let D be a bounded open subset of R? (d > 1) whose boundary 9D is of class C? and
consider the stochastic differential equation

dZy = J(t,Zt)dBt + b(t,Zt)dt, Zy €D, (1)
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where B is a standard d dimensional Brownian motion. We assume that the functions

[0, + co[xR% — R? x R? and b 0+ oo[xR4 — R4
(t.x) = o(tx) - (tx) = b(tx)

are continuous on [0, + oo[de. Moreover, we assume that they are time-periodic and
Lipschitz in € D uniformly in ¢ € [0, + oo[. This means that there exist two constants
II > 0 and Cy > 0 such that, for all x,y € D and t > 0,

o(t+I,x) = o(t,z) and b(t 4+ I,x) = b(t,z),
lo(t,z) — o)l + [b(tx) = bt,y)| < kolz —yl. (2)

In particular, there exists a solution to the stochastic differential equation (see [15,
Theorem 3.10, Chapter 5|). Moreover, the solution is path-wise unique up to time 7p =
inf{t > 0, Z; ¢ D} (see [15, Theorem 3.7, Chapter 5|). Note that, since 0,b are continuous
in the compact set [0,II] x D and since they are time-periodic, both functions o and b
are uniformly bounded.

For all s > 0 and any probability distribution p on D, we denote by (Zg ¢)t>s the unique
solution to this stochastic differential equation starting at time s > 0 with distribution
p, killed when it hits the boundary and killed with a rate x(¢,Z;) > 0, where

k1[0, 4+ o0o[xD — Ry

is a uniformly bounded non-negative measurable function which is also time-periodic
(with period IT). By “the process is killed”, we mean that the process is sent to a cemetery
point 0 ¢ D, so that the killed process is cadlag almost surely. If there exists z € D
such that p = d,, we set (Z5)i>s = (fot)tZS. When the process is killed by hitting
the boundary, we say that it undergoes a hard killing; when the process is killed strictly
before reaching the boundary (because of the killing rate k), we say that it undergoes a

soft killing. We denote the killing time by 75 = inf{t > s, Z7, = 0}.
Let (@st)o<s<t be the evolution operator of the diffusion process with killing. It is

defined, for all 0 < s < t, x € D and for any bounded measurable function f : RIU{0}
R which vanishes outside D, by

Qs f (@) =E (f(25)1t<r,) = B (£(25,))

We emphasize that, for any probability measure p on D, the law of Zéf , 1s given by the
probability measure pQ, ¢, defined by

1Qualf) = /D Qo (2)dp(z).

In this paper, we focus on the long time behaviour of the distribution of Zﬁ , conditioned
to not be killed when it is observed, that is to the event {t < 79}. This distribution is
given by
/‘I’QS t()
P(ZE, e |t <Tp) = 2~ (3)
i :uQs,t(l)



The first aim of this paper is to provide a sufficient criterion for the following expo-
nential mixing property : there exist two constants C' > 0 and v > 0 such that, for any
probability measure p; and po on D,

H mQst  p2Qst
,ule,t(]-D) MQQs,t(]-D)

< Ce ), (4)
TV

where || - ||y denotes the total variation norm between measures on R?.

The usual tools to prove convergence as in for non-conditioned evolution oper-
ator involve coupling arguments: for example, contraction in total variation norm can
be obtained using mirror and parallel coupling see [24] 35, 29]. However, the exponen-
tial contraction obtained for the non-conditioned evolution operator is not maintained
after conditioning, because the denominator pQs+(1p) goes to 0 when ¢t — oo, usually
as a stronger pace than the rate of contraction obtained by coupling methods for the
unconditioned evolution operator.

In order to overcome this difficulty, our main tool will be to consider, for any time
horizon T" > 0, the process conditioned not to be killed before time T" and to prove uniform
rate of contraction in total variation norm for this collection of time-inhomogeneous pro-
cesses. However, this can not be obtained directly from existing coupling methods, since
the process conditioned not to be killed up to a given time £ > 0 is a time-inhomogeneous
diffusion process with a singular drift for which the traditional coupling methods men-
tioned above fail. For instance, a standard d-dimensional Brownian motion (Bj)i>0
conditioned not to exit a smooth domain D C R% up to a time T' > 0 has the law of the
solution (Xt(T))te[O,T] to the stochastic differential equation

ax™ = aB, + [v In Q11 D((Xt(T)))] dt.

Since the probability of not being killed Q¢71p(x) vanishes when z converges to the
boundary 9D of D, the drift term in the above SDE is singular and hence existing
coupling methods do not apply directly. Moreover, an additional difficulty comes from
the fact that the coupling coefficients must be controlled uniformly in the time horizon
T > 0, while the drift term in the above equation changes with 7'

While the idea to consider the process conditioned to not be killed before a varying
time horizon is not new when processes are only subject to a uniformly bounded soft
killing rate (see [6]), it has never been used when a hard killing rate is involved be-
cause of the singularities mentioned above. Instead, convergence of conditioned diffusion
processes with hard killing have been obtained up to now using (sometimes involved)
spectral theoretic arguments (see for instance, [3], 23] 25 27] for one-dimensional diffu-
sion processes and [3] 22] for multi-dimensional diffusion processes) which all require at
least O diffusion coefficients and become impractical in the time-homogeneous setting.

In this paper, we use a new approach to obtain uniform coupling for the process
conditioned to not be killed before a varying time horizon T using existing coupling
results for non-conditioned processes and fine control over the probability of killing before
time 7. Doing so, our objective is twofold : first we aim at relaxing the regularity



assumptions required by the classical spectral methods, second we provide tools that
apply to time-inhomogeneous processes with hard killing, which were not the case of
previous approaches.

Note that our approach is entirely based on probabilistic tools which leads us to
original results in both time-homogeneous and time-inhomogeneous cases. Let us first
discuss the novelty of our results in the time-homogeneous situation. The most advanced
results on the matter are given by Knobloch and Partzsch in [22] and are obtained by
spectral theory tools, whose main drawback is the essential requirement of regularity for
the infinitesimal generator. More precisely, they require o to be of class C' on the whole
domain D in order to conclude. On the contrary, we only assume differentiability of o in
an arbitrary neighbourhood of the boundary 0D, while the coefficients are only required
to be Lipschitz in the rest of the domain. In fact, our criterion also applies to situations
where the coefficient o is only Lipschitz in the whole domain D. We give several examples
in the next section, where our criterion applies while existing results from [4], [22], [2§],
[18] fail because of their uniform regularity requirements.

Let us now comment the time-inhomogeneous setting. In this case, the classical
spectral theory approach cannot be used since the infinitesimal generator depends on
time. Also, since the coefficients are assumed to be time-periodic, it is natural to ask
whether discrete time results could be applied in this situation. However, no existing
tools can handle a situation where the killing probability between two successive time
is not uniformly bounded away from 0, as it is in our case of a diffusion process with a
hard boundary. On the contrary, our approach, by using fine couplings and hence the
continuous time nature of diffusion processes paths, provides a new way to handle such
situations. Note that our approach could lead to further developments. Indeed, while the
periodic assumption is natural for applications, it would be interesting to know whether
the result remains true without this assumption. In order to generalize our approach to
non-periodic coefficients, one only has to prove that there exists two positive constants
II > 0 and C > 0 such that

1Qst+1(1p)ll o < Cll@stmmern(1p)lly » Vs < 2.

However, this apparently simple inequality is related to complex Harnack type inequal-
ities that have not been developed yet. Of course, this inequality is fulfilled in the time
periodic framework. We emphasize that the periodicity assumption can be a little bit
relaxed, since our result also applies to time-inhomogeneous diffusion processes which
are regular time-changes of periodic processes.

For the situation without hard killing, we refer the reader to Del Moral and Mi-
clo |11, [12]. For a general account on the time-homogeneous setting, we refer the reader
to the notion of quasi-stationary distribution (see the surveys of Méléard and Villemon-
ais [26] and ofvan Doorn and Pollett [31]) and, for the particular case of diffusion pro-
cesses, to the recent results of Knobloch and Partzsch [22], of Cattiaux and Méléard[4],
and of the pioneering works of Pinsky [28] and of Gong et al. [I8]. In a recent result,
Champagnat and Villemonais [5] also provide an abstract necessary and sufficient crite-
rion for the uniform exponential convergence of the conditioned semi-group to a unique



quasi-stationary distribution.

The second aim of this paper is to prove a uniform approximation result for the
conditioned distribution , based on a Fleming-Viot type interacting particle system.
More precisely, we consider a particle system of fixed size N > 2 which evolves as follows.
The N particles start in D and evolve as independent copies of Z. When one of them
is killed, it undergoes a rebirth: it is placed at the position of one other particle chosen
uniformly among the remaining ones. Then the particles evolve as independent copies
of Z, until on of them killed and so on. This type of processes have been introduced
independently by Burdzy, Holyst, Ingermann and March in the exploratory paper [I]
and Del Moral and Miclo in [I0]. Our main result is that the empirical distribution of
the process converges uniformly in time to the conditional distribution . The stability
analysis of the discrete time version of these particle absorption processes with hard
and soft obstacles is developed by Del Moral and Doucet in [7] and by Del Moral and
Guionnet in [§].

Let us finally mention that adding a soft killing to the process strongly modifies its
behavior between two times s and s+t (where s,t > 0 are fixed) when it is conditioned
to not be killed before an arbitrarily large time horizon 7" > 0. This is not the case for
the non-conditioned process : adding a soft killing only modifies the coupling estimates
obtained for the non-conditioned process (between fixed times s and s+ t) by a constant
factor. However, this is not true for the process conditioned to not be killed before time
T, with arbitrary large values of T'. Indeed, the probability of not being killed up to time
T without soft killing can not be easily related to the same quantity for the process with
soft killing, but in the case of a constant (in space) killing rate. Since this quantity plays
a fundamental role in the behavior (between times s and s+t) of the process conditioned
not be killed before time 7', we have to take into account the killing rate function (even
if it is uniformly bounded) along the whole proof. This is allowed by the key ingredient
of our approach : the coupling construction and the gradient estimates of [29] and the
non-degeneracy to the boundary result of [33], which are obtained for diffusion processes
with soft killing.

In Section [2] we state our main result, which provides a sufficient criterion ensuring that
the mixing property holds for time inhomogeneous diffusion processes with both soft
and hard killings. The main tools of the proof, developed in Section [4, are a tightness
result for conditional distributions (see Villemonais [33]) and a coupling between diffusion
processes (see Priola and Wang [29]).

In Section |3] we prove an interesting consequence of our main result. Namely, we show
that our criterion also implies that the approximation method developed in [34] con-
verges uniformly in time to the conditional distribution of the solution to the stochastic
differential equation .



2 Main result
Let ¢p : D — R, denote the Fuclidean distance to the boundary 0D:

— D £ |z —
¢p(x) = d(x,0D) = ylE%D\:v yl,

| - | being the Euclidean norm. According to |13, Chapter 5, Section 4|, we can fix a > 0
small enough so that ¢ is of class CZ on the boundary’s neighbourhood D* C D defined
by

= {z € D such that ¢p(x) < a}.

Assumption (H). We assume that

1. there exists a constant ¢y > 0 such that

colyl < lo(t,2)yl, V(t,a,y) € [0, + 0o[x D x RY.

2. there exist two measurable functions f : [0,+00[xD® — R4 and g : [0,+00[xD* —
R such that ¥(¢,z) € [0, + oo[x D%,

Z gﬁf %fc[l)( Moo u(te) = f(t.x) + g(t.z),

and such that

(a) fis of class C'! in time and of class C? in space, and the successive derivatives
of f are uniformly bounded,

(b) there exists a positive constant ky > 0 such that, for all (t,z) € [0, 4+ oco[x D,

|g(t7x)‘ < k9¢D($)a

The first point of Assumption (H) is a classical ellipticity assumption. The second point
means that Y Ox¢p0Oipploo*|k can be approximated by a smooth function near the
boundary, the error term being bounded by ky¢p. In particular, it is satisfied as soon as
o and ¢p are sufficiently smooth in a neighbourhood D® of dD. More comments on this
criterion and examples of processes satisfying assumption (H) are given after Theorem

Theorem 1. Assume that assumption (H) is satisfied. Then there exist two constants
C >0 and v > 0 such that, for all0 < s < ¢,

sup
wi,pu26EMi (D)

< Ce—W(t—S),
Qs ilp  p2Qsilp

TV

‘ p1Qs ¢ p2Qs ¢

where M1(D) is the set of probability measures on D.



Before turning to the proof of Theorem [I] in Section [4 we give in Remark [I] four simple
examples of diffusion processes that enter our settings but are not covered by existing
results. Then we present in the next section an interesting consequence of Theorem [I]
for an approximation method based on a Fleming-Viot type interacting particle system.
Note that the approximation method described in the next section is itself used in the
proof of Theorem (1} through the tightness results obtained in [33].

Remark 1. The second point of assumption (H) is the only differentiability assumption
which is required on the coefficient of the SDE . We emphasize that it only requires
differentiability in an arbitrary small neighbourhood of the boundary dD. Note also that
it is fulfilled as soon as the boundary is of class C® and oo* is of class C! in time and
C? in space in the chosen neighbourhood of the boundary. Here are simple and quite
natural examples that are not covered by existing results but enter our settings.

1. Consider the time-homogeneous setting, where D is the unit ball of R, b(t,z) = 0
and o(t,z) = (14 ¢p(x))ly if € D and o(t,z) = I; otherwise. This corresponds,
informally, to a standard Brownian motion whose variance increases when the path
approaches the center of the domain D. In this case, o clearly fulfils the first point
of assumption (H), while ¢p and o are of class C*° in D 150 that the second point
of the assumption is also fulfilled and Theorem [I} holds. Note that, since ¢ is not of
class C'! in the whole domain D, no existing result applies to this simple situation.

2. Consider the situation where D is the unit ball of R?, o(t,z) = I; and b(t,x) =
ep(z)x for all x € D. This clearly fulfils Assumption (H), so that Theorem
applies. However, no existing result in the literature covers this simple case. In-
deed, the general result proven in [22] only applies in R¢ for d > 3. The studies
that succeeded in studying the conditional limit of 2-dimensional processes (see [4]
and [I8]) require at least C! regularity for both o and b. But, in our example, this
last function is not C! in the whole domain D.

3. Consider the situation where D is the unit disc of R, o'(t,2) = I; and b(t,x) = Ry for
x € D, where R; denotes any time periodic vector. In this situation, all the coeffi-
cients are C'*° in space and ¢ is C'*° in time. Since the coefficients are time periodic,
we deduce that Theorem [I] applies. However, because of the time-inhomogeneity
of b(t,x), no existing continuous time result covers this situation. Also, since the
probability of extinction between two successive periods is not bounded away from
1, no existing discrete time result applies.

4. In fact, our result do not require the diffusion coefficient o to be differentiable at
all. For instance, consider the situation where D is the unit ball of R? and let
h : RY — [0,1/2] be any positive Lipschitz function. Then the diffusion process
solution to the SDE (1) with b(¢,z) = 0 and o(t,z) = (1 + h(x)¢p(x))I; enters our
setting while o(t,x) is a priori only Lipschitz in D. This is, up to our knowledge,
the first result covering such an example.



3 Uniform convergence of a Fleming-Viot type approxima-
tion method to the conditional distribution

We present in this section an interesting consequence of the mixing property for the
approximation method developed in [34] : assuming that Assumption (H) holds, we prove
that the approximation converges uniformly in time. The particle approximation method
has been introduced by Burdzy, Holyst, Ingerman and March [I] for standard Brownian
motions, and studied later by Burdzy, Holyst and March [2] and by Grigorescu and
Kang [20] for Brownian motions, by Del Moral and Miclo [10, 12] and by Rousset [30] for
jump-diffusion processes with smooth killings, Ferrari and Marit [16] for Markov processes
in countable state spaces, in [32] for diffusion processes and in [34] for general Markov
processes. The discrete time version of these interacting particle models on general
measurable spaces, including approximations of non absorbed trajectories in terms of
genealogical trees is developed in [7, [8, ©]. For a more detailed discussion, including
applications of these discrete generation particle techniques in advanced signal processing,
statistical machine learning, and quantum physics, we also refer the reader to the recent
monograph [6], and the references therein.

The approximation method is based on a sequence of Fleming-Viot type interacting
particle systems whose associated sequence of empirical distributions converges to the
conditioned distribution when the number of particles tends to infinity. More pre-
cisely, fix N > 2 and let us define the Fleming-Viot type interacting particle system with
N particles. The system of N particles (Xl’N Xﬁ;N)tzs starts from an initial state

s’t gecey
(Xslfévv---aXé\,[s’N) € DV, then:

i,N .
e The particles evolve as N independent copies of Zﬁs’s until one of them, say XV,

is killed. The first killing time is denoted by 7. We emphasize that under our

hypotheses, the particle killed at time 7{¥ is unique [34].

e At time 7{¥, the particle X" jumps on the position of an other particle, chosen
uniformly among the N — 1 remaining ones. After this operation, the position
X;’]TVN isin D, for all i € {1,...,N}.

)1

i,N
N
1

e Then the particles evolve as N independent copies of Z ' until one of them, say

T1

XN g killed. This second killing time is denoted by 7'2N . Once again, the killed
particle is uniquely determined and the N — 1 other particles are in D.

e At time 74¥, the particle X" jumps on the position of one particle, chosen uni-
N

formly among the N — 1 particles that are in D at time 7,".
Xi,N

S,TN
e Then the particles evolve as independent copies of ZTN 2 and so on.
2



We denote by 0 < TlN < 7'2N < ... < 1N < ... the sequence of killing/jump times of the
process. By [34], Assumption (H) implies that

lim 7 = +o0, almost surely.
n—o0

In particular, the above algorithm defines a Markov process (X ;7%N,...,th’N)tZ s. For all

N > 2 and all 0 < s < t, we denote by Mé\g the empirical distribution of (Xj”tN,...,Xﬁ’N),
which means that

N
1
Hor() = 7 D Oxin () € My(D),
i=1

where M (D) denotes the set of probability measures on the open set D. This branching
type particle model with fixed population size is closely related to the class of Moran and
Fleming-Viot processes arising in measure valued super-processes [10} [14], 17]. The main
difference with these super-processes comes from the fact that the occupation measures
of the system converge to a deterministic limit measure valued process, as the size of the
population tends to co. These particle absorption models can also be interpreted as an
extended version of the Nanbu type mean field particle model developed by C. Graham
and S. Méléard [19] in the context of spatially homogeneous Boltzmann equations. The
next results provide an uniform estimate w.r.t. the time horizon.

Theorem 2. Assume that Hypothesis (H) holds and that the family of empirical distribu-

tions (u?js)sza N>2 of the initial distributions of the interacting particle system described
above is tight in M1(D). Then

/’Lngs,toc)

— | =0.
1 Qst(1p)

M?,ft(f) -

lim sup sup sup E
N—oo 5>0 t€[s, ool f€B1(D)

Proof. Fix € > 0. Our aim is to prove that there exists N, > 2 such that, for all N > N,
and all measurable function f : D — R satisfying || f|lcc < 1, we have

:u'{q\,[st,s—&-t(f)

N
f L0 T
.us,s-‘rt( ) Mé\fst,s—H(lD)

sup [E
5,t€[0,+00[

<e. (5)

Let v be the constant of Theorem |l| and fix tg > 1 such that 2¢1(to—1) < €/6. In a first
step, we prove that holds for ¢ < 3. In a second step we prove that it holds for ¢ > ¢g.

Step 1: Inequality holds fort < tg.

Since the sequence of initial distributions is assumed to be uniformly tight (w.r.t. the
time parameter and the size of the system), there exists oy = aj(€) > 0 such that,
VN > 2

E(pgy(D™)) <

ool o



Now, since the coefficients of the SDE and the killing rate s are uniformly bounded,
the probability for the process Z7. starting from x € (D) to be killed after time s+ to
is uniformly bounded below by a positive constant. In other words, the constant S,
defined below is positive :

B 2 inf {Questy1p(x), 5 € [0, 4 o], x € (D)} > 0.

Now, fix s > 0. For all t € [0,ty], we have

/{Js\,fst,ert(f) _/ ENss
mo) "

Mé\{st,s—i—t(lD)
where Efj’s (resp. IP’,]X’S) denotes the expectation (resp. the probability) with respect to
the law of the Fleming-Viot system with N particles and initial deterministic empirical
distribution i, whose particles evolve as independent copies of Z, . between their rebirths.
In our diffusion process setting, for any s < t and any probability distribution pu,
the probability of not being killed before time ¢, given by pQs:1p, is positive. As a
consequence, we can make use of Theorem [34, Theorem 2.2| to deduce that

. 204+ v2) | _ns 1
EM ( ) < \/N \/]Eu (H{gYst,s+t(1D)2>‘

Using the fact that ué\f s = p almost surely under P,ﬁv’s, we deduce that
B ( ) _ 20+4v2)

- \/NNQs,s-‘rt(lD).
Since ||f]loc < 1, we have (u§s+t(f)

from the previous inequality that

:Ué\,[s Qs,s+t(f)
MéYSQ&SJFt (1D)

:ué\,fs Qs,s+t (f)

N
s = N
s,s+t( ) Mé\,[st,s—i-t(]-D)

E Mé\,[ert(f) dP(Né\fs = :u)v

Mé\,[st,ert(f)
/LZISYSQS,Sth(]'D)

Mé\,[s—&—t(f) -

N?,;Qs,sﬁf (f)
H?{s@&s-ﬁ-t(l[))

,U/{e\,[s+t(f) -

:u'é\,]st,s-!—t(f)
_ m‘ < 2 almost surely and we deduce

c 2(1+ v2) €
: 2" VNuY,Qs,s+(1p) - 2

4(1+x/§)>

E

Né\,[sﬂb(f) -

IN

€
9 +2P (Né\,[s@s,s—i—t(lD) < W

10



But ,LLéYSQS,sH(lD) > ,ui,\fs ((D*1)€) Be almost surely, thus

N
fosQs,s+t(f) | € 41+ V2)
E é\fs - - : < - +2P L]svs De)e <
H s +t(f) /lé\:sts,ert(lD) 2 H s (( ) ) E\/NBE
< E+2]P’ Mévs(Dal) Zl_m
2 ’ VN B,
€ 2 N ay
< Rl 1—4(7””/5)1@ (gs (D))
E\/Nﬂg
<fhip L <
-2 1— 4(1+v2) 8’
e\/ﬁﬁe

where we used Markov’s inequality. Finally, there exists N3 = Ni(e) > 2 such that,
VN > Ny,

/«Li\,{st,ert(f)

N
i) = N
s,s-i—t( ) ,u’{g\{sQS,S-f—t(lD)

sup sup E
>0 tel0,to]

Step 2: Inequality holds for t > tg.
Fix now t > tg. We have

E |1 (f)—M < E|u,,(f) - Pt —tg @t 14t—to s+t (f)
s,5+t ,U/{eYSQ&S-i-t(]-D) B 8,5+t ,Lbé\,[s+1+t7t0QS+1+t7t073+t(1D)
o Qurrvitost(f) 1 Qusse(f)
+ E|— _ '
Ittt Qstiti—tostt(1p) Y Qss4¢(1D)

By [33 Theorem 3.1|, there exists ag = aa(€) > 0 and Ny = Na(e) > 2 such that for all
s€[0,+ o0, t>tygand N > No,

E (Mé\,[s+1+t—t0(Da2)) <e

Since aq and a9 can be chosen arbitrarily small, one can assume without loss of gener-
ality that a; = ag. Now, using step 1 for the particle system with initial distribution

ué\j s+1+t—t, and the Markov property for the particle system, we deduce that, for all
N > 2,

E il (f) - Pt 1=ty @st14t—to 51 (f) St 2 ©
8,8+t Mé\,[s—i-l—i-t—toQs+1+t7to,s+t(1D) 2 1- 4(1}71\/\5[2) i

By Theorem [1{applied to the initial distributions ué\f st14t—t, and ué\f Qs s+1+1—t, We also
have

sttt Q1 4t—t0,54(f) 1 Qs sve(f)

E _
H{g\’[s+1+t7tOQs+1+t7to,s+t(1D) M{g\,{st,s—&-t(lD)

< 2e77t0=) — /6,
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We deduce from the two previous inequality that there exists N3 = N3(e) > Na such
that, YN > N,

Mé\,[s@s,s—i-t(f)

E |z, - | <
Hastilf) plQs s1¢(1p)

Conclusion.
Setting N, = N7 V N3, we have proved , which concludes the proof of Theorem O

4 Proof of the main result

The proof of Theorem [1|is based on the study of the process conditioned not to be killed
before a time horizon 7" that we let go to infinity : we prove coupling estimates for these
processes, uniformly in 7. More precisely, let us define, for all 0 < s <t < T the linear
operator RSTJ by
tf( ) = Qs (fQr1p) ()

Qsrlp(z)

for all z € D and any bounded measurable function f. Let us remark that the value
RL, f(x) is the expectation of f (Z5) conditioned to T' < 7y. Indeed we have

E (f<zzt>1szeD)

E(f(Z2)|T<m) =

E(T < 79)
_ E(fE0E (1z,e0| 221))
Qsrlp(z)
E (f th (1 zz, |Z§t>>
N QsTlDt(T) 7

by the Markov property. Finally, since E <1 D Z54 > = Qt,TlD(Zf,t)a we get the
€
announced result.

For any T' > 0, the family (R;ft)ogsgtg is an evolution operator. Indeed, we have for
ald<u<s<t<T

Qu s( thst,T]-Dxx)
Qu,T]-D(x)

s (Ra e f)(x) =
where, for all y € D,

R f(1)Qsr1p(y) = Qst(fQur1D)(y),

12



then

T T Qu,s(Qs,t(th,TlD))(x)
R Bs S (@) Qurlp(z)
Qui(fQirlp)(w)
Qu7T1D(x) - Ru,tf($)7

where we have used that (Qs¢)s<¢ is an evolution operator.

In order to prove the exponential mixing property of Theorem[I] we need the following
lemma, whose proof is postponed to the end of this section (see Subsection . Its proof
is based on a coupling construction and on a gradient estimate both obtained in [29].
We will also use a non-degeneracy to the boundary result for the conditional distribution
proved in [33].

Lemma 3. There exists a positive constant ' > 0 and a family of probability measures
(s ") s,21.29 Such that, for all0 < s <T —II — 2, we have

s s+1f('rl) > B/ xl’m(f)v =12,

for all (z1,z2) € D x D and any non-negative measurable function f.

For any orthogonal probability measures p1,u2 on D, we have

IR — R llov = sup [mRI L (f) — peRE, 1 (f)]
feB1(D)

< sup / IR 1 f() = RE ()| (11 ® po)(da,dy),
feBy(D)JDxD

where B1(D) denotes the set of measurable functions f such that || f||s < 1, and || - |7y
the total variation norm for signed measures. For any z,y € D x D and any f € By(D),
we have, for all s <T —1I — 2,

}RsT,st(fU) ss+1f ‘ ‘( 58+1f — ' x’y(f)) - (Rf,sﬂf( ) =6 wy(f))‘
<[RS (@ ff’ SN+ R fy) = B ()]

But, by Lemma 3 l 0. R 11 — B'ms"? is a non-negative measure with total mass smaller
than 1 — 3/, so that
0 < |RE i fla) = Bmi¥(H)] < 1= 5.

We obtain the same inequality for ‘Rgsﬂf(y) — BV ()],

{RZs-i—lf("L‘) - RZ—:S-Flf(y)} < 2(1 - B/)

13



Since pp and pg are assumed to be orthogonal probability measures, we have ||p; —
p2|lTv = 2, so that

lmRE = peRE oy < (1= Bl — pellrv.

If 1 and po are two different but not orthogonal probability measures, one can apply
(M1 —p2) + (p1—p2)—

the previous result to the orthogonal probability measures i)+ (D) and i) (D)
Then
H (—pa)s pr (= p2)- pr
(1 — p2)+ (D) > (w1 — pa) (D) "M |
(11 — pi2)+ (11 — p2)—

<(1-5)

(41— p2)+(D) (1 — p2)—(D) ||y~

But (u1 — p2)+(D) = (u1 — p2)—(D) since p1(D) = p2(D) = 1, then, multiplying the
obtained inequality by (1 — u2)+ (D), we deduce that

(1 = o)+ R g1 = (1 = p2) =Ry giallrv - < (1= B = p2)4 — (1 — p2)~|lrv-
But (1 — p2)+ — (1 — p2)— = p1 — pa, so that
i RE g1 — paRY i llrv < (1= Bl — pallzv-

In particular, using the evolution operator property of (RS t) s,t, we deduce that

”(Sa:Rg,TfHﬁ - 5yR0T,T7H72HTV

T T
— 0y Ry p_i_s R _n_s 11— H

TV

< (1=8)l6x ROT -3 5yRoT,T_n_3HTV < 2(1 — g)lT-1-2,

where [T' — II — 2] denotes the integer part of 7' — IT — 2. Theorem [1|is thus proved for
any pair of probability measures (0,,0,), with (z,y) € D x D, for a good choice of C' and
~ which are now assumed to be fixed.

Let o be a probability measure on D and y € D. We have

dyQor(f
0y Qo,7( 1D

3y Qo,r(f)

dyQo,r(1p) (=)

#Qor(f) = nQor(1p) =575

’/ Qo1 f(r) — 6,Qo0r(1D)
g/ Ce "6,Qor(1p)du(z),
D

by Theorem [I| for Dirac initial measures that we just proved. Dividing by uQor(1p) =
Jp 02Qo,r(1p)du(z), we deduce that

’MQO,T(f) ~ 6yQor(f)
pQor(1p)  0,Qo0r(1p)

for any f € By. The same procedure, replacing 6, by any probability measure, leads us
to Theorem [II

< Ce 7T,

14



4.1 Proof of Lemma [3

In Subsection [£I.1] we present a coupling construction for multi-dimensional time-
inhomogeneous diffusion processes obtained in [29]. In Subsection we derive from
this coupling and from the non-degeneracy result for conditional distribution obtained
in [33] two intermediate results which are key steps for the proof of Lemma 3| The first
result (Lemma[5]) concerns the existence of a path (x5 +)o<s<¢ and a constant rg > 0 such
that

inf Quilp(e) > [ Quelplo, YO < s+ T+ 1< 1,
x€B(xs,t,7m0) ’ 2 ’

where we recall that II is the time-period of the coefficients o and b. The second result

(Lemma@ states the existence of a constant § > 0 and a family of probability measures

(V5"™) s30,(21,2)eDx D Such that, for all s > 0, all (x1,22) € D x D and any non-negative

measurable function f,

Qs,s—l—lf(xi)
Qs,erl]-D(fEi)

We conclude the proof of Lemma [3] in Subsection showing that Lemma [5| and
Lemma [6] imply a uniform coupling rate for the process conditioned not be killed up to
an arbitrary time horizon T > 0.

> BUET(f), i = 1,2.

4.1.1 Coupling

In the following proposition, we state the existence of a coupling for multi-dimensional
time-inhomogeneous diffusion processes. The result also provides a bound for the cou-
pling probability that will be very useful in the next subsections.

Proposition 4. For all s > 0 and all (y1,y2) € D x D, there ezists a diffusion process
(Y, Y2)izs such that

1. (Y}

1 )i>s has the same law as (2Y})1>s,

2. (Y2)i>s has the same law as (Z85)t>s5

3. Ysl’t and Ys%t are equal almost surely after the coupling time

Tcs - lnf{t 2 07 Ytsl,t - YTSQ,t}7
where inf ) = +00 by convention.
4. There exists a constant ¢ > 0 which doesn’t depend on s,t such that

clyr — yo

PU2(t < AV 72 and TS >t ATH ATE) < )
LA (t—s)

where 7'5 and Tg denote the killing times of Y1 and Y? respectively.
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The proof of Proposition {4 is given in [29] for time-homogeneous diffusion processes,
though a careful check of the arguments shows that the authors do not use the time-
homogeneity of the coefficients to derive the existence and other properties of the cou-
pling. We do not write the proof in details, but we recall the idea behind the coupling
construction. The proof of the 4*" statement of Proposition 4| requires fine estimates and
calculus which are plainly detailed in [29]. More precisely, the authors obtain this result
on page 261. Note that the result is a little bit hidden but is easily obtained by straight-
forward computations. Indeed, one checks that, in our situation (and using the notation
of the cited article), there exist constants a,b > 0 such that Fs.(p(z,y)) < ap(z,y) and
he(p(x,y)) < bp(z,y) in equation |29, (4.4)].

Let us nom briefly present the construction of the coupling. By Assumption (H), there
exists A\g > 0 such that oo* — Aol is definite positive for all t,xz. Let og := /oo* — Aol
be the unique symmetric definite positive matrix function such that 03 = oo* — Aol.
Without loss of generality, one can choose A\g small enough so that og is uniformly
positive definite. We define

k(lz —yl)(z —y)
(k(lz = y[) + D]z -y

u(z,y) = and Cy(z,y) = Ao (I — 2u(z,y)u(z,y)*)+oo(t,x)oo(t,y)",

where k(r) = ((ko + 1)*r2/2 v 7’)%, where ko > 0 is taken from (2)). Before the coupling
time, the coupling process is generated by

i o2
Li(zy) =5 3 {[a(t,x)a(t,m)*]m(m + [a(t,y)a(t,y)*]i,jm

2 d
g | 2 G+ g}

=

+2[Ci(z,y)]

The coefficients of L; are continuous and bounded over R¢, then, for all s > 0 and
any initial position z = (y1,y2) € D x D, there exists a not necessarily unique process
(XZ,)¢>0 with values in R*? to the martingale problem associated with (Ly);>s (see [21
Theorem 2.2, Chapter IV]). We define Y’! and Y'? as the two marginal components of
X", so that X7, = (Y/},Y/3) almost surely. We consider the coupling time T7* of X¥
which is defined by

T = inf{t > s, such that YS% = th}

We define Y! and Y2 as follows:

Yi _ Yt/i) t S Tclsu
t = Y;:/l, t> Tc/s

Moreover, each marginal process Y, i = 1,2, is killed either when it hits the boundary
0D or with a rate k.
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4.1.2 Intermediate results

In this section, we prove Lemmas [f] and [f] which are essential part of the proof of
Theorem |1} We recall that IT denotes the time-period of the coefficients of the SDE .
Note also that Lemma [5]is the only part of the paper which makes use of the periodicity
assumption.

Lemma 5. For any 0 < s < t, let us denote by xs; € D the point at which Qs:1p 1s

maximal. There exists a positive constant ro > 0 (independent of s and t) such that

1
inf )Qs,tlD(‘r) > iHQs,tlDHom VO<s<s+II+1<t,

zE€B(zs,t,70
where B(xg,ro) denotes the ball of radius ro centred on 4.

Proof of Lemma[j Fix s > 0 and let (YSI,YSQ) be the coupling of Proposition 4| starting
from to points y; and yo in D. From the properties (1) and (2) of the proposition, we
deduce that, for any measurable bounded function f which vanishes outside D, we have

|Qs,s+Hf(y1) - Qs,s+Hf(y2)| <E |f(Yt91,s+H) - f(Ytsz,s—i-H)’

where f(Ysl,HH) = f(YS%SJrH) =0if s+1II > 73 V72 and, by property (3) of Proposition

Y;l,s+n = YS%SJFH it T} <s+1IIA 7'(% A Tg. Thus we have
|Qsst11f (Y1) — Qs sy f(y2)| < || fllocP (s +1I < T(% Vv 7'82 and T > (s + II) A 7'(% A 782)
clyr — yal
< N fllo—F—= (6)

VIATL'
by the fourth property of Proposition

By Proposition 33, Theorem 4.1| with e = 1/2 and ¢, = 1, there exists ap > 0 such that,
foral 0 <s<s+II+1<t,

Qs11141p(7) < 2Qs 4111 (poye ().

We emphasize that «g does not depend on s,t. Now, since the coefficients of the SDE ({1))
and the killing rate s are assumed to be uniformly bounded on D, there exists a positive
constant c,,, such that, for any ¢ > 0,

inf  Qti1lp(x) > cop > 0.
z€(D™0)°¢

In particular, we have
< Qeenlp

l(Dao)c o Cayg

We deduce that, for all 0 < s < s+1I+1 <,

Qtt+11lp
Qsymilp < 2Q5+H,t077

aQ
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so that

2 2

Qo111 (1D) loo < —||Qs+1mt4111D]|00 =
Capg Co

1Qs¢1D]loo,
0

by the time-periodicity assumption on the coefficients of the SDE . Applying inequal-
ity @ to f = Qs+t (1p) and using the evolution operator property of (Qs¢)s<¢, we
deduce that, for all s < s+ 11+ 1 <t

2c|y1 — yo|

sitl — Qs S =
|Qs,t1p(y1) — Qst1p(y2)| o VIATE

HQs,tlDHoo-

For any 0 < s <s+1II4+1 <t, let x4 be such that Qs 1p(xss) = ||Qs,t1D]|cc. We have
by the previous inequality,

2c|xs,t - y|

CagV1IANII

Choosing rg = CZ‘—CO\/ 1 A TI, one obtains Lemma

Qst1p(y) 2 |@s1Dlloc — 1Qs.¢1plloo; Yy € D.

O

Lemma 6. There ezist a constant 8 > 0 and a family of probability measures denoted
by (V5""*) s30,(01,00)eDx D Such that, for all s >0, for all (x1,22) € D x D, i € {1,2} and
for any non-negative measurable function f,

Qs,s—&—lf(xi)

Qs,s+11p(x;) = Prst ().

Moreover, for any r1 > 0, we have for oll x € D

inf vit*2 (B(x,r1) N D) > 0.
>0, (z1,22)eD XD 5 ( ( ’ 1) )
Proof of Lemma[f Let us first prove that there exist a constant py > 0 and a fixed
point xg € D such that there exists a constant ¢y > 0 such that, for any (y1,y2) €

B(z0,p0) x B(zo,p0) and any s > 0, there exists a probability measure p2"¥? which
fulfills

v YLy
B (120, ,,0) 2 (1) 7)
for any ¢ € {1,2}. Fix 29 € D and s > 0. Since the coefficients of the SDE and the

killing rate x are uniformly bounded on D, we deduce that, for any value of p > 0 such
that d(0D,B(xg,p)) > 0,

def . .
= inf f E(1pz2™ 0.
v) ;goweg%wo,p) ( o s+§’5+1)) ~
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Since €(p) is a non-increasing function of p, one can define a constant py > 0 small enough
so that d(0D,B(x,p)) > 0 and

0 < €(po)(1 — 6cpo) — 6epo < €(po) /2, (8)

where ¢ is the positive constant of Proposition [4]
Let 1,52 be two points of B(zg,p0) and let (V!

s+%,Y52+%) be the coupling of Propo-
sition (| starting from (y1,y2) € D x D at time s + % We define the event £ by
E={s+1>mVrior TS < (s+1)ATjATS},

where 77 is the coupling time of Proposition and 7'(% and 7'62 the killing times of
Y! and Y? respectively. By definition of the killing time, s + 1 > 7'5 \% ’7'62 implies

Ysl+§,s+1 = Yler%SH = 0. Moreover, by the coupling property (3) of Proposition
T <(s+1)A 7'(% A Tg implies Y81+§78+1 = Y‘i_%sﬂ. Finally,
1 _ 2
€C {}/s—l-%,s—&—l - Ys+§,s+1} )
so that

2 (f(Ys%rg,sH”g) =E (f(ytsl-&-%,s-‘rlﬂg) :

We have then (the first equality being a consequence of Proposition {4 (1)), for any
measurable function f which vanishes outside D,

K <f(zgi§,s+1)> = E (f(Yslg,sH))

Vi )IE)P(E)

\VARRY
E o
/N N
= =

1
Yl )IE)B(E).
But Proposition |4 (4) implies

P(£) > 1—V3clyr —ya| > 1—6cpo,

the last inequality being obtained using the fact that (y1,y2) € B(xo,p0) X B(xo,p0). We
deduce that

B (120, ,,0) 2 B (1005 ) (- bemu (1) vi= 12, (0)

where the probability measure p4'"“? on D is defined by

E (07 ,00)E)
B (1o, i)
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It only remains to find a lower bound for E (1 D(YIJr +1)|€) to conclude that (7)) holds.
We have

B (10073 001 )) = g (1007 001)) ~ T e B (100 )IE?)

LE <1D(zyl )) _1=PE)

s—l—d,s—s—l

_ 6epo
Sstvs+1 1 —6cpy

Finally, we deduce from (9) and from the definition of €(po) that that

B (120 ,0) = (clon) — 1250 ) (1= Gepp (),

for any non-negative measurable function which vanishes outside D. Using inequality ,
we deduce that, for all i € {1,2},

B(5z2,,0)) = D) (10)

Let us now conclude the proof of Lemma @ By [33, Theorem 4.1] with p = §,, there
exists a constant a1 > 0 such that, for all s > 0 and all x € D,

1
Qsorilpenye(z) 2 Q4 11n(w)
1
> 10unto). (1)

Since the coefficients of the SDE and the killing rate x are uniformly bounded, we

have »
€
€1 = inf 1 ) > 0.
! s>0,2€(D1)° QSJF%’SJ% B(ﬂﬁomo)( )

In particular, we deduce from that, for all z € D,

Qs,s—l—%lB(ImPO)(x) = Qs,s—f—% (Qs-‘r%,s-i-%lB(xoyﬂo)) <x)
Z 61QS,8+%1(D0‘1)C(£U)
€
> ElQS,S-i-llD(x) (12)
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Finally, we have, for all x1,x0 € D X D,

Quoaf@) 2 [ Quzed 1) [5nQurs] ()
Z0,P0
1

Qs,s—i—% 1B(IO,P0) (‘TQ)

Qo2 o1 f(W1) 021 Qy 512 ® 02,Q, . 2| (dyr,dy2)
/B(ﬂcmpo) /3(950700) AR [ A ’ ’+J

€0
2Q; 5421 B(z0.p0) (22)

/ / :u‘:gl’yQ (f) |:5x1 Q&s-‘,—,z ® 6532Qs7s+,21| (dy17dy2) by
B(zo,p0) ¥ B(zo,p0) ? 3

Qs s—l—2 13(107,00) (331)
S (),

X

X

> €0

2

where v5"*? is the probability measure on D defined by

fB(Io,po) fB(xo,po) ,U«gs/l,yQ(f) 5a:1Q5,5+§ ® 5x2Q5,5+§] (dy1,dyo)

Qs,s—l—% 13(900700) (ml)Qs,s+§ 1B(xoypo) (22)

v () =

This and Inequality allow us to conclude the proof of the first part of Lemma @

Fix 1 > 0 and let us prove the second part of the lemma. We have, for all (y1,y2) €
(B(z0,p0))? and all x € D,

E (1B(x,7“1) (}/tgl_i_§’5+1)‘g)

E <1D(Ysl+§,s+1)|g>
= (1B($’T1)(}/Sl+§,s+l) | 5) P(€)

E
E (Lp) (V2 011) — (1= PE)
59

1Qs+§,s+1(B(x?r1)) - 66,00.

pO (Blam)) =

v

v

We emphasize that, because of the boundedness and the regularity of D, B(z,r1) N D
contains a ball of minimal volume uniformly over z € D. Then, since the coefficients of
the SDE and the killing rate k are assumed to be uniformly bounded, we have

€y = inf 2 1 1)>0
520, z€D, y1€B(z,p0) QS+3’S+1 B(Iﬁ)(y ) 7

where we recall that pg is chosen small enough so that d(0D,B(zg,p0)) > 0. We deduce
that
pst? (B(x,r1)) > €/2.
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Finally, by definition of v5"Y, we deduce that
viY¥(B(x,r1)) > €2/2, Vo € D.

This concludes the proof of Lemma [6] O

4.1.3 Conclusion of the proof of Lemma

By Lemma [ there exist § > 0 and a family of probability measures denoted by
(V51"%) 520, (21,22)eDxp such that, for any (z1,22) € D x D and any s > 0, we have
for all i € {1,2}

Qs,erlf(xi) 2 Qs,s+11D($i)BV§17m2 (f)a

for any non-negative measurable function f. Then we have

Qs,s+1(fQsy1,71D) ()
Qs,1p(;)
BUst (fQs+1,71D)Qs,s+11p(;)
Qs,11p(7;) .

Since s + 1+ 11 +1 < T by assumption, we deduce from Lemma [5| that there exist
ZTs41,7 € D and ro > 0 such that

RZerl f(xz) -

>

. 1
inf Qs+171p(x) > §|\Qs+1,T1D||oo- (13)

2€B(s41,7570)

T,

Now, we define the probability measure n5*"*? by

77117362 (A) def V:;CLIQ (A N B(xs,Tﬂ"O))
S - ZT1,T2
Vs’ (B(xS,TaTO))

,VACD.

L1,T2

By the second part of Lemma |§|, vs " (B(xs1,10)) is uniformly bounded below by a
constant € > 0 which only depend on rg. We deduce that

057 (f)Qs,s+11p(21)|Qs+1,71D ||
Qs,r1p(x1)

RsT,s+1f(l‘1) >

€
> Soe(f),

by the Markov property. This concludes the proof of Lemma
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