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Abstract

For general, almost surely absorbed Markov processes, we obtain
necessary and sufficient conditions for exponential convergence to a
unique quasi-stationary distribution in the total variation norm. These
conditions also ensure the existence and exponential ergodicity of the
Q-process (the process conditioned to never be absorbed). We ap-
ply these results to one-dimensional birth and death processes with
catastrophes, multi-dimensional birth and death processes, infinite-
dimensional population models with Brownian mutations and neutron
transport dynamics absorbed at the boundary of a bounded domain.

Keywords: process with absorption; quasi-stationary distribution; Q-process;
Dobrushin’s ergodicity coefficient; uniform mixing property; birth and death
process; neutron transport process.
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1 Introduction

Let (2, (Ft)t>0, (Xt)1=0, (P)t>0, (Pz)zepufay) be a time homogeneous Markov
process with state space E'U {0} [31, Definition III.1.1], where (E,€) is a
measurable space and 0 ¢ E. We recall that P, (X¢ = z) = 1, P, is the tran-
sition function of the process satisfying the usual measurability assumptions
and Chapman-Kolmogorov equation. The family (P:);>¢ defines a semi-
group of operators on the set B(E U {0}) of bounded Borel functions on
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E U9 endowed with the uniform norm. We will also denote by p(x;t, dy) its
transition kernel, i.e. P,f(x) = fEu{a} f(y)p(x;t,dy) for all f € B(EU{0}).
For all probability measure p on E'U {0}, we will use the notation

Pu() = [, oy PR OBE2).

We shall denote by E,, (resp. E,) the expectation corresponding to P, (resp.

PL).
We consider a Markov processes absorbed at 0. More precisely, we as-
sume that Xy = 0 implies X; = 9 for all ¢ > s. This implies that

Tp := inf{t > 0, X; = 0}

is a stopping time. We also assume that 75 < oo P;-a.s. for all x € E and
for all t > 0 and Vx € E, P,(t < 79) > 0.

Our first goal is to prove that Assumption (A) below is a necessary and
sufficient criterion for the existence of a unique quasi-limiting distribution
a on E for the process (X¢,t > 0), i.e. a probability measure a such that
for all probability measure o on E and all A € &,

lim P, (X, € A =a(A 1.1
Jim Pu(Xe € At <79) = a(4), (1.1)
where, in addition, the convergence is exponential and uniform with respect
to u and A. In particular, « is also the unique quasi-stationary distribu-
tion [28], i.e. the unique probability measure «a such that Py (X; € - | t <
Tp) = af-) for all £ > 0.

Assumption (A) There exists a probability measure v on E such that

(A1) there exists tg,c; > 0 such that for all x € E,

Px(Xto S ‘ to < Ta) > cly(-);
(A2) there exists co > 0 such that for all z € F and ¢t > 0,
P,(t < 719) > coP,(t < T9).
Theorem 1.1. Assumption (A) implies the existence of a probability mea-
sure o on E such that, for any initial distribution pu,
IPu(Xt €|t < 70) — al)|lpy < 2(1 — crea) /0] (1.2)

where |-] is the integer part function and || - |7y is the total variation norm.
Conversely, if there is uniform exponential convergence for the total vari-
ation norm in (1.1), then Assumption (A) holds true.



Stronger versions of this theorem and of the other results presented in
the introduction will be given in the next sections.

The quasi-stationary distribution describes the distribution of the pro-
cess on the event of non-absorption. It is well known (see [28]) that when
« is a quasi-stationary distribution, there exists A\g > 0 such that, for all
t >0,

Pu(t < 79) = e L. (1.3)

The following proposition characterizes the limiting behaviour of the ab-
sorption probability for other initial distributions.

Proposition 1.2. There exists a non-negative function n on EU{J}, pos-
itive on E and vanishing on 0, such that

p(n) = lim e*'P,(t < 75),

t—o00

where the convergence is uniform on the set of probability measures p on E.

Our second goal is to study consequences of Assumption (A) on the
behavior of the process X conditioned to never be absorbed, usually referred
to as the Q-process (see [1] in discrete time and for example [5] in continuous
time).

Theorem 1.3. Assumption (A) implies that the family (Qg)zer of proba-
bility measures on ) defined by

Qu(A) = lim Py(A|t <), VAEF, Vs>0,

t—+00

is well defined and the process (2, (Ft)e>0, (Xt)t>0, (Qz)zer) is an E-valued
homogeneous Markov process. In addition, this process admits the unique
mvariant distribution

_ n(x)a(dr)
Alde) = [z n(y)a(dy)

and, for any x € E,
1Qu(Xe € ) = Bllpy < 2(1 = ereg)l/0l.

The study of quasi-stationary distributions goes back to [38] for branch-
ing processes and [12, 33, 13| for Markov chains in finite or denumerable
state spaces, satisfying irreducibility assumptions. In these works, the exis-
tence and the convergence to a quasi-stationary distribution are proved using



spectral properties of the generator of the absorbed Markov process. This is
also the case for most further works. For example, a extensively developed
tool to study birth and death processes is based on orthogonal polynomials
techniques of [23], applied to quasi-stationary distributions in [22, 6, 34]. For
diffusion processes, we can refer to [30] and more recently [4, 5, 26], all based
on the spectral decomposition of the generator. Most of these works only
study one-dimensional processes, whose reversibility helps for the spectral
decomposition. Processes in higher dimensions were studied either assuming
self-adjoint generator in [5], or using abstract criteria from spectral theory
like in [30, 10] (the second one in infinite dimension). Other formulations in
terms of abstract spectral theoretical criteria were also studied in [24]. The
reader can refer to [28, 11, 36] for introductory presentations of the topic.

Most of the previously cited works do not provide convergence results
nor estimates on the speed of convergence. The articles studying these
questions either assume abstract conditions which are very difficult to check
in practice [33, 24], or prove exponential convergence for very weak norms [4,
5, 26].

More probabilistic methods were also developed. The older reference is
based on a renewal technique [21] and proves the existence and convergence
to a quasi-stationary distribution for discrete processes for which Assump-
tion (A1) is not satisfied. More recently, one-dimensional birth and death
processes with a unique quasi-stationary distribution have been shown to
satisfy (1.1) with uniform convergence in total variation [27]. Convergence
in total variation for processes in discrete state space satisfying strong mix-
ing conditions was obtained in [9] using Fleming-Viot particle systems whose
empirical distribution approximates conditional distributions [37]. Sufficient
conditions for exponential convergence of conditioned systems in discrete
time can be found in [15] with applications of discrete generation particle
techniques in signal processing, statistical machine learning, and quantum
physics. We also refer the reader to [16, 17, 18] for approximations tech-
niques of non absorbed trajectories in terms of genealogical trees.

In this work, we obtain in Section 2 necessary and sufficient conditions
for exponential convergence to a unique quasi-stationary distribution for
general (virtually any) Markov processes (we state a stronger form of The-
orem 1.1). We also obtain spectral properties of the infinitesimal generator
as a corollary of our main result. Our non-spectral approach and results
fundamentally differ from all the previously cited references, except [27, 9]
which only focus on very specific cases. In Section 3, we show, using penal-
isation techniques [32], that the same conditions are sufficient to prove the
existence of the Q-process and its exponential ergodicity, uniformly in total



variation. This is the first general result showing the link between quasi-
stationary distributions and Q)-processes, since we actually prove that, for
general Markov processes, the uniform exponential convergence to a quasi-
stationary distribution implies the existence and ergodicity of the Q-process.

Section 4 is devoted to applications of the previous results to specific ex-
amples of processes. Our goal is not to obtain the most general criteria, but
to show how Assumption (A) can be checked in different practical situations.
We first obtain necessary and sufficient conditions for one-dimensional birth
and death processes with catastrophe in Section 4.1.1. We show next how
the method of the proof can be extended to treat several multi-dimensional
examples in Section 4.1.2. One of these examples is infinite-dimensional
(as in [10]) and assumes Brownian mutations in a continuous type space.
Our last example is the neutron transport process in a bounded domain,
absorbed at the boundary (Section 4.2). This example belongs to the class
of piecewise-deterministic Markov processes, for which up to our knowledge
no results on quasi-stationary distributions are known. In this case, the
absorption rate is unbounded, in the sense that the absorption time can-
not be stochastically dominated by an exponential random variable with
constant parameter. Other examples of Markov processes with unbounded
absorption rate can be studied thanks to Theorem 2.1. For example, the
study of diffusion processes on Rt absorbed at 0, or on R%, absorbed at 0
or R% \ (R%)? is relevant for population dynamics (see for example [4, 5])
and is studied in [8]. More generally, the great diversity of applications of
the very similar probabilistic criterion for processes without absorption (see
all the works building on [29]) indicates the wide range of applications and
extensions of our criteria that can be expected.

The paper ends with the proof of the main results of Section 2 and 3 in
Sections 5 and 6.

2 Existence and uniqueness of a quasi-stationary
distribution

2.1 Assumptions

We begin with some comments on Assumption (A).

When E is a Polish space, Assumption (A1) implies that X; comes back
fast in compact sets from any initial conditions. Indeed, there exists a
compact set K of E such that v(K) > 0 and therefore, inf,cp Pr(Txua) <
to) > 0, where Tx (9 is the first hitting time of K U {0} by X;. When



E = (0,+00) or N and 0 = 0, this is implied by the fact that the process X
comes down from infinity [4] (see Section 4.1 for the discrete case).
Assumption (A2) means that the highest non-absorption probability
among all initial points in £ has the same order of magnitude as the non-
absorption probability starting from distribution v. Note also that (A2)
holds true when, for some A € £ such that v(A4) > 0 and some ¢, > 0,

inf Py, (t < 79) > chsup Py (t < 79).
yeA zEE

We now introduce the apparently weaker assumption (A’) and the stronger
assumption (A”), proved to be equivalent in Theorem 2.1 below.

Assumption (A’) There exists a family of probability measures (Vz, 25 )1 ,20cE
on E such that,

(A1") there exists tg,c; > 0 such that, for all 21,z € E,

Py, (Xt € - | to < To) > C1Vgy 2, () for i =1,2;

(A2') there exist a constant ¢y > 0 such that for all z1,29 € E and ¢t > 0,

P (t <79) > cosupPy(t < 75).

Vzy,xg
LA D)

Assumption (A”) Assumption (A1) is satisfied and

(A2") for any probability measure u on FE, the constant co(p) defined by

L . ]P),u(t < Ta)
ea(p) = >0, plean(E) P,(t < 719)

is positive, where M (E) is the set of probability measures on E.

2.2 Results

The next result is a detailed version of Theorem 1.1.

Theorem 2.1. The following conditions (i)—(vi) are equivalent.
(i) Assumption (A).

(ii) Assumption (A’).

(iii) Assumption (A”).



(iv) There exist a probability measure « on E and two constants C,~y > 0
such that, for all initial distribution p on E,

IPu(X¢ €|t <T9) — )|y, < Ce ™, ¥t >0. (2.1)

(v) There exist a probability measure o on E and two constants C,y > 0
such that, for all x € F,

IP(X; €|t < 7o) —a()lpy < Ce, Wt >0.
(vi) There exists a probability measure o on E such that

/0 sup [IPo(X1 € [ £ < 70) = (- dt < oc. (2.2)
S

In this case, « is the unique quasi-stationary distribution for the process.
In addition, if Assumption (A’) is satisfied, then (iv) holds with the explicit
bound

IPu(Xi € [t < 7o) —a()|lpy < 2(1—crep)t/tol. (2.3)

This result and the others of this section are proved in Section 5.

One can expect that the constant C' in (iv) might depend on p pro-
portionally to || — a|7y. This is indeed the case, but with a constant of
proportionality depending on co(u), defined in Assumption (A2”), as shown
by the following result.

Corollary 2.2. Hypotheses (i—vi) imply that, for all probability measures
w1, pue on B, and for allt > 0,

e T
) K1 — [f2f|TV-

Remark 1. Tt immediately follows from (1.3) and (A”) that

Py (Xe € - |t <79) —Puy(Xp €[t <79)|lpyy <

e—Aot
e M < sup Pt < 1) < (2.4)
pEM (E) ca(a)
In the proof of Theorem 2.1, we actually prove that one can take
CG(AO_W/)S
CQ(O[) = ililg exp (-AOS — 1—6_'YS> s (25)

where C' and ~ satisfy (2.1).



Remark 2. In the case of Markov processes without absorption, Meyn and
Tweedie [29, Chapter 16] give several equivalent criteria for the exponential
ergodicity with respect to || - |7y, among which are unconditioned versions
of (iv) and (v). The last results can be interpreted as an extension of these
criteria to conditioned processes. Several differences remain.

1. In the case without absorption, the equivalence between the uncon-
ditioned versions of criteria (iv) and (v) is obvious. In our case, the
proof is not immediate.

2. In the case without absorption, the unconditioned version of criterion
(vi) can be replaced by the weaker assumption sup,cp [|Pz(X; € ) —
allry — 0 when ¢ — +o0o. Whether (vi) can be improved in such
a way remains an open problem in general. However, if one assumes
that there exists ¢4 > 0 such that for all ¢ > 0,

inf P,(t<7y)>ch, sup P,(t<Ty),
pEM1(E) ol ) 2p€M1(E) ol )

then one can adapt the arguments of Corollary 2.2 to prove that

sup [Po(Xe € - [ £ < 79) = a(llry =0

implies (i-vi).

3. The extension to quasi-stationary distributions of criteria based on
Lyapunov functions as in [29] requires a different approach because the
survival probability and conditional expectations can not be expressed
easily in terms of the infinitesimal generator.

4. In the irreducible case, there is a weaker alternative to the Dobrushin-
type criterion of Hypothesis (A1) known as Doeblin’s condition: there
exist u € My(FE), e < 1, tg,d > 0 such that, for all measurable set A
satisfying u(A) > ¢,

: S5
;Ielgpx(XtO €A >0

It is possible to check that the conditional version of this criterion
implies the existence of a probability measure v # p such that (Al)
is satisfied. Unfortunately v is far from being explicit in this case
and (A2), which must involve the measure v, is no more a tractable
condition, unless one can prove directly (A2”) instead of (A2).



It is well known (see [28]) that when « is a quasi-stationary distribution,
there exists A\g > 0 such that, for all ¢ > 0,

Po(t < 79) =e ™ and eMaP =a. (2.6)
The next result is a detailed version of Proposition 1.2.
Proposition 2.3. There exists a non-negative function n on EU {0}, pos-

itive on E and vanishing on 0, defined by

L P.(t < 719) L Aot
@) = i <)~ R Ball <o),

where the convergence holds for the uniform norm on EU{0} and a(n) = 1.
Moreover, the function n is bounded, belongs to the domain of the infinites-
imal generator L of the semi-group (Py)¢>0 on (B(EU{0}), ] ||s) and

Ly = —Xon.

In the irreducible case, exponential ergodicity is known to be related to a
spectral gap property (see for instance [25]). Our results imply a similar
property under the assumptions (i—vi) for the infinitesimal generator L of
the semi-group on (B(EU{9}),| - |loo)-

Corollary 2.4. If f € B(E U {9}) is a right eigenfunction for L for an
etgenvalue X\, then either

1. A=0 and f is constant,
2. or A= =X and f = a(f)n,
3. or A< —=Xo—7, a(f) =0 and f(0) =0.

3 Existence and exponential ergodicity of the Q-
process

We now study the behavior of the @Q)-process. The next result is a detailed
version of Theorem 1.3.

Theorem 3.1. Assumption (A) implies the three following properties.

(i) Existence of the Q-process. There ezists a family (Q)zcr of probability
measures on §2 defined by

lim Py(A[t <o) =Qu(4)

t——+00

9



for all Fs-measurable set A. The process (2, (Ft)t>0, (Xt)t>0, (Qu)zer)
is an FE-valued homogeneous Markov process. In addition, if X is a
strong Markov process under P, then so is X under Q.

(ii) Transition kernel. The transition kernel of the Markov process X under
(Qx)xGE is given by

plx;t, dy) = emng;p(:ﬂ; t,dy).

In other words, for all ¢ € B(E) and t >0,
Aot

Po(x) = %mw)m (3.1)

where (Pt)tzo is the semi-group of X under Q.

(iii) Exponential ergodicity. The probability measure  on E defined by

Bldz) = n(x)a(dz).

is the unique invariant distribution of X under Q. Moreover, for any
instial distributions pi, po on E,

1Qu (Xt € ) = Quy (Xt € Mgy < (1= cre) )|y — pol v,

where Q, = [ Qq pu(dx).

Note that, as an immediate consequence of Theorem 2.1, the uniform expo-
nential convergence to a quasi-stationary distribution implies points (i-iii)
of Theorem 3.1.

We investigate now the characterization of the ()-process in term of its
weak infinitesimal generator (see [19, Ch 1.6]). Let us recall the definition
of the bounded pointwise convergence: for all f,, f in B(E U {0}), we say
that

b.p.—nll_{IOlo fn=1r

if and only if sup,, || fn]lcc < 00 and for all z € EU {0}, fn(z) — f(x).
The weak infinitesimal generator L* of (P;) is defined as

P, _
L"f = b.p- lim %

10



for all f € B(E U{9}) such that the above b.p.—limit exists and
b.p.-lim P, LY f = LY f.
h—0

We call weak domain and denote by D(L") the set of such functions f. We
define similarly the b.p.-limit in B(E) and the weak infinitesimal generator
LY of (P;) and its weak domain D(L").

Theorem 3.2. Assume that (A) is satisfied. Then

D(LY) = {f € B(E), nf € D(LY) and Lw;nf)is bounded} (3.2)

and, for all f € D(LY),

LYf = Xof + ngnf).

If in addition E is a topological space and & is the Borel o-field, and if for
all open set U C E and x € U,

li sh,U) = lim Pyl =1 3.3
hli)%p(xv ) ) hli{%) h U(x) ’ ( )
then the semi-group (Pt) is uniquely determined by its weak infinitesimal
generator LY.

Let us emphasize that (3.3) is obviously satisfied if the process X is
almost surely cadlag.

Remark 3. One can wonder if the weak infinitesimal generator can be re-
placed in the previous result by the standard one. Then Hille-Yoshida The-
orem would give necessary and sufficient condition for a strongly continuous
contraction semi-group on a Banach space B to be characterized by its stan-
dard infinitesimal generator (see for example [20, Thm 1.2.6, Prop 1.2.9]).
However this is an open question that we couldn’t solve. To understand
the difficulty, observe that even the strong continuity of P cannot be easily
deduced from the strong continuity of P: in view of (3.1), if nf € B, we
have

|Br =1l 0 & |z @an-nn| o

1
oo t—0 n 0o t—0

We don’t know whether the last convergence can be deduced from the strong
continuity of P or if counter examples exist.

11



4 Applications

This section is devoted to the application of Theorems 2.1 and 3.1 to discrete
and continuous examples. Our goal is to show how Assumption (A) can be
checked in different practical situations.

4.1 Generalized birth and death processes

Our goal is to apply our results to generalized birth and death processes.
In subsection 4.1.1, we extend known criteria to one dimensional birth and
death processes with catastrophe. In subsection 4.1.2, we apply a similar
method to multi-dimensional and infinite dimensional birth and death pro-
cesses.

4.1.1 Birth and death processes with catastrophe

We consider an extension of classical birth and death processes with pos-
sible mass extinction. Our goal is to extend the recent result from [27] on
the characterisation of exponential convergence to a unique quasi-stationary
distribution. The existence of quasi-stationary distributions for similar pro-
cesses was studied in [35].

Let X be a birth and death process on Z with birth rates (by,),>0 and
death rates (dy)n>0 with by = do = 0 and by, d, > 0 for all £ > 1. We also
allow the process to jump to 0 from any state n > 1 at rate a, > 0. In
particular, the jump rate from 1 to 0 is a1 4+ d1. This process is absorbed in
0=0.

Theorem 4.1. Assume that sup,>; a, < oo. Conditions (i-vi) of Theo-
rem 2.1 are equivalent to

S::Z !

— ) o < o0, (4.1)
=1 Do 5%

with oy, = (Hf:ll bi) / (Hi’c:l di) :

Moreover, there exist constants C,vy > 0 such that
Py (Xe € - [t < 79) = Puy(Xe € - [t < 7o)y, < Ce||pin — piollry (4.2)
for all py, ps € My(E) and t > 0.

The last inequality and the following corollary of Theorem 3.1 are orig-
inal results, even in the simpler case of birth and death processes without
catastrophes.

12



Corollary 4.2. Under the assumption that sup,>q an, < 0o and S < oo, the
family (Qz)zer of probability measures on 0 defined by

lim P,(A|t<719) =Qu(A), VA E F,, Vs >0, (4.3)

t——+o0

is well defined. In addition, the process X under (Q) admits the unique
mvariant distribution

B(dz) = n(z)o(dz)
and there exist constants C,~ > 0 such that, for any x € F,

1Qu(Xe € ) = Bllgy < Ce™. (4.4)

Remark 4. In view of Point 2. in Remark 2, we actually also have the
following property. Conditionally on non-extinction, X converges uniformly
in total variation to some probability measure « if and only if it satisfies

(i-vi).

Proof of Theorem 4.1. Let Y be the birth and death process on Z, (without
catastrophe) with birth and death rates b,, and d,, from state n. The process
X and Y can be coupled such that X; = Y%, for all ¢t < 75 almost surely.

We recall (see [34]) that S < oo if and only if the birth and death process
Y comes down from infinity, in the sense that

sup E (7)) < o,
n>0

where 7§, = inf{t > 0, ¥; = 0}. More precisely, for any z > 0,

supE,(T7) = > D g < oo, (4.5)

n2z ko ek [

where T7 = inf{t > 0, Y; < z}. Note that this equality remains true even
when the sum is infinite.

Let us first assume that (A1) is satisfied. This will be sufficient to prove
that S < co. Let z be large enough so that v({1,...,z}) > 0. Then, for all
n>1,

Pn(Yyy < 2) > Pp(Xy, < z and tg < 79)
>cv({l,...,2})Py(to < 19).

13



Since the jump rate of X to 0 from any state is always smaller than § = d; +
Sup,,>1 Gn, the absorption time dominates an exponential r.v. of parameter
g. Thus P, (tg < 79) > e 9% and hence

inf P, (Y3, < 2) > ce %0
n>1

for some ¢ > 0. Defining 6 = inf{n > 0, Y, < 2z}, we deduce from the
Markov property that, for all n > 1 and k£ > 0,

Pn(6 > k+1]60>k) < sup Pp(Ys, > 2) <1 —ce .

m>z

Thus P,(0 > k) < (1 — ce” @)% and sup,,>, En(T}) < sup,s. En(tof) < cc.
By (4.5), this entails S < co.

Conversely, let us assume that S < co. For all € > 0 there exists z such
that

supE,(T)) <e.

n>z

Therefore, sup,,s, P, (T, > 1) < e and, applying recursively the Markov
property, supn>z_IP’n(Tz’ > k) < F. Then, for all A > 0, there exists z > 1
such that N
sup E,, (e*?) < 4o0. (4.6)
n>1
Fix xg € E and let us check that this exponential moment implies (A2)
and then (A1) with v = §,,. We choose A = 1+ g and apply the previous
construction of z. Defining the finite set K = {1,2,...,z} U{zo} and 75 =
inf{t > 0, X; € K}, we thus have

A = sup B, (eNE?) < oo, (4.7)
zckE

Let us first observe that for all y, 2z € K, Py (X1 = 2)P,(t < 19) < Py (t +
1 < 79) < Py(t < 75). Therefore, the constant C~! := inf, ,ex Py(X; =
z) > 0 satisfies the following inequality:

sup P, (t < 19) < C inf Py(t < 715), Vt>D0. (4.8)
xeK rzeK

Moreover, since A is larger than the maximum absorption rate g, for ¢ > s,

e NP, (t— s < Tp) < Pyt —s < 75) 1r>1f1 Pu(s < 19) <Pyt < 719).
x>

14



For all x € E, we deduce from Chebyshev’s inequality and (4.7) that
P.(t < 7k ATp) < Ae™™M.
Using the last three inequalities and the strong Markov property, we have

Pt <79) =Pu(t <7 NT9) + Pu(T ANTo < t < 7p)
t
< Ae M4 sup Py(t —s < 719)Pp(TK A Tp € ds)
0 yeKU{d}

¢
< AP, (t < 79) + C/ Py (t — s < 79)Pr(TK A T € ds)
0

¢

< AP, (t < 79) + C Py (t < 7‘8)/ M Py ATy € ds)
0

< A(1 4 C)Pyy (t < T19).

This shows (A2) for v = 0y,
Let us now show that (A1) is satisfied. We have, for all 2 € E,

Po(t <t) =Pu(t <t ATo) > Pu(t <719) —Pu(t < 76 N T9)

> e 0 — Ao,
Since A > @, there exists tg > 0 such that

inf P to— 1 .
;gE (T < to ) >0

But the irreducibility of X and the finiteness of K imply that inf,cx P, (X; =
xg) > 0, thus the Markov property entails

I Py = 20) > 0 Bollrcto=t o P = )07 >0,

where g, = ag, + bz, +dy, is the the jump rate from state xp, which implies
(A1) for v = 04,. Finally, using Theorem 2.1, we have proved that (i-vi)
holds.

In order to conclude the proof, we use Corollary 2.2 and the fact that

;relg ca(0z) > iggPI(Xto = 20)c2(0z,) > 0.

This justifies the last part of Theorem 4.1.
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4.1.2 Extensions to multi-dimensional birth and death processes

In this section, our goal is to illustrate how the previous result and proof
apply in various multi-dimensional cases, using comparison arguments. We
focus here on a few instructive examples in order to illustrate the tools of our
method and its applicability to a wider range of models. We will consider
three models of multi-specific populations, with competitive or cooperative
interaction within and among species.

Our first example deals with a birth and death process in fo_, where each
coordinate represent the number of individuals of distinct types (or in dif-
ferent geographical patches). We will assume that mutations (or migration)
from each type (or patch) to each other is possible at birth, or during the
life of individuals. In this example, the absorbing state @ = 0 corresponds
to the total extinction of the population.

We consider in our second example a cooperative birth and death process
without mutation (or migration), where extinct types remain extinct forever.
In this case, the absorbing states are 9 = Zi \ N, where N = {1,2,...}.

Our last example shows how these techniques apply to discrete popula-
tions with continuous type space and Brownian genetical drift. Such multi-
type birth and death processes in continuous type space naturally arise in
evolutionary biology [7] and the existence of a quasi-stationary distribution
of similar processes has been studied in [10].

Ezample 1 (Birth and death processes with mutation or migration).

We consider a d-dimensional birth and death process with type-dependent
individual birth and death rates X, where individuals compete with each
others with type dependent coefficients. We denote by A;; > 0 the birth
rate of an individual of type j from an individual of type ¢, u; > 0 the death
rate of an individual of type ¢ and by ¢;; > 0 the death rate of an individual
of type ¢ from competition with an individual of type j. More precisely, if
z € Z4, denoting by b*(x) (resp. di(z)) the birth (resp. death) rate of an
individual of type ¢ in the population x, we have

bi(x) = S92 iz,
dl({B) = U;ix; + Z?:l Cij LTy

Note that 0 = 0 is the only absorbing state for this process.
The process X can be coupled with a birth and death process Y such
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that | X¢| <Y; with birth and death rates

d
b, :==ndsup \;; >  sup Z b (z) (4.9)
B z€ZY, |z|=n i=1
d .
dyp, := ninf u; + n%inf¢;; < inf d'(x), 4.10
" i i 7 zend, |z|:n; () (4.10)

where |z| = 21+ - - +x4. We can check that S, defined in (4.1), is finite and
hence one obtains (4.6) and (4.7) exactly as in the proof of Theorem 4.1.
From these inequalities, the proof of (A2) and (A1) is the same as for The-
orem 4.1, with K = {z € E, |z| < 2z} U {zo} and § = max; y; + ¢;; < 00.

Hence there exists a unique quasi-stationary distribution. Moreover,
conditions (i-vi) hold as well as (4.2), (4.3) and (4.4).

Ezample 2 (Weak cooperative birth and death process without mutation).

We consider a d-dimensional birth and death process with type-dependent
individual birth and death rates, where individuals of the same type compete
with each others and where individuals of different types cooperate with each
others. Denoting by A; > 0 and p; > 0 the individual birth and death rates,
by c¢;;i > 0 the intra-type individual competition rate and by c;; > 0 the
inter-type individual cooperation rate for any types i # j, we thus have the
following multi-dimensional birth and death rates:

{bl(x) = \ix; + Zj;éi CijT; X
di(z) = piw; + cux?.

This process is absorbed in 0 = Z4 \ N%.
We assume that the inter-type cooperation is weak, relatively to the

competition between individuals of same types. More formally, we assume
that, for all 7 € {1,...,d},

1 cijtcji 1
1_7) X 4.11
< d) T g 8 (4.11)

where 8 = Z;Ll é
We claim that there exists a unique quasi-stationary distribution and
that conditions (i—vi) hold as well as (4.2), (4.3) and (4.4).
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Indeed the same coupling argument as in the last example can be used
with b,, and d,, defined as

b, :=n max )\i—i—nQ <1—7) Cij * G

ie{l,...,d} d r?<aJX 2
d L
=N mln —.
" ey B

From this definition, one can check that

d d
) +cj
sup Zbl(a}) < max_ i Zazﬁ—max Gy TG 5 el Zaclx]
@€Y, |z|=n j=1 we{ldt <J i2j
<n max A\; + max ST (2 _p?  min Zyz
iefl,....d} l<J 2 yeRd,Iy\ 13
and
d
inf Zd () >n min p;+n> min Z:c“yZ
eri,leznizl ie{l,...,d} yER+7‘yI 1z 1

Since the function y — Y%, ¢;;y? on {y € RY, |y| = 1} reaches its minimum
at (1/ci1,...,1/cqq)/B, we have

d

inf di(z) > d,.
xEZi, |z|=n ;

Now we deduce from (4.11) that b, /d,+1 converges to a limit smaller than
1. Hence,

§i=2

k>d

ZQZ<OO

dk O‘k 1>k

with o) = (Hf;dl bi> / (Hf:d di). This implies that, for any A > 0, there
exists z such that (4.6) holds. Because of the cooperative assumption, the
maximum absorption rate is given by § = max; y; + ¢;; < oo and we can
conclude following the proof of Theorem 4.1, as in Example 1.

Ezample 3 (Infinite dimensional birth and death processes).

We consider a birth and death process X evolving in the set M of finite point
measures on T, where T is the set of individual types. We refer to [10] for a
study of the existence of quasi-stationary distributions for similar processes.
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If Xy =357 ds,, the population at time ¢ is composed of n individuals
of types z1, ..., x,. For simplicity, we assume that T is the unit torus of R,
d > 1, and that each individual’s type is subject to mutation during its life
according to independent standard Brownian motions in T.

We denote by A(x) > 0 the birth rate of an individual of type = € T,
p(x) > 0 its death rate and by c(x,y) > 0 the death rate of an individual of
type x from competition with an individual of type y, where A, u and c are
continuous functions. More precisely, if € = 327", d,, € M\ {0}, denoting
by b(z;, &) (resp. d(z;,&)) the birth (resp. death) rate of an individual of
type z; in the population &, we have

{b(%’iaf) = A(xi),
d(zi, &) = p(xi) + Jp (i, y)dE(y).

This corresponds to clonal reproduction. Similarly to Example 1, we assume
that the process is absorbed at 0 = 0 (see [7] for the construction of this
process).

We claim that there exists a unique quasi-stationary distribution and
that conditions (i-vi) hold as well as (4.2), (4.3) and (4.4).

Indeed, one can check as in example 1 that there exists tg > 0 such that

inf Pe(|Supp X; | =1) > 0.
At ¢(|Supp Xy = 1)

Observe that for all measurable set I' C T,
Ps, (X1 = 8, with y € T') > e~ SWPrer(t(@de)+d@d))p (B, € T),

where B is a standard Brownian motion in T. Hence, defining v as the
law of 0y, where U is uniform on T, there exists ¢; > 0 such that, for all
measurable set A C M,

51%1/{4 P&(XtoJrl S A) > Cll/(A).

This entails (A1) for the measure v. As in the two previous examples,
(A2) follows from similar computations as in the proof of Theorem 4.1.

)\TKnO NTo )

In particular, there exists ng such that supgcaq Ee(e < 00, where

A=1+ Supze’ﬂ‘[“(x) + C(ZE,LE)] and

Kn, = {§ € M, [Supp(§)| < no}-
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The new difficulty is to prove (4.8). Since absorption occurs only from states
with one individual, this is equivalent to: there exists a constant C' > 0 such
that, for all ¢ > 0, g € T,

P&;O (t <719)>C sup Pg(t < 7). (4.12)
E€Kn,

If this holds, we conclude the proof as for Theorem 4.1.

To prove (4.12), let us first observe that the jump rate from any state
of K,, is uniformly bounded from above by a constant p < oco. Hence,
we can couple the process X; with an exponential r.v. 7 with parameter p
independent of the Brownian motions driving the mutations in such a way
that X does not jump in the time interval [0, 7]. For any x € T" and any
Brownian motion B on T" independant of 7, we have

P(z+Brny €T) < P(z+B, € T)+P(z+B; €T) < CLeb(I'), VI € B(T"),

where the last inequality follows from the explicit density of B; [3, Eq. 1.0.5].
From this it is easy to deduce that there exists ¢’ < oo such that, for all
1 <n< no, A€ B(Kn \ Kn—l) and f € Kn \ Kn—lv

Pe(Xrp1 € A) < C'UL(A),

where U, is the law of 1, dy,, where Uy, ..., U, are ii.d. uniform r.v. on
T. Since one also has

P(g (Xl € A) > szo(lsupp(Xl/gﬂ =n, X1 S A) > C”Z/{n(A), VA € B(Kn\anl)

0

for a constant C” independent of A, we have proved that

]P’(;IO (Xl S A) > sup Pﬁ(XT/\l S A), VA € B(Kn \ Kn—l)
SeKn\anl

for a constant C' independent of A and n < ng. We can now prove (4.12):
for all fixed £ € K, \ Kj—1,

Ps, (t+1< 75) 2/

Pc(t < 7-3)]?510 (X1 S dC)
Kn\Kn—l

>C Pc(t < Ta)IPg(XT/\l € dC)
Kn\anl

=CPe(T A1+t <T19) > CPe(t +1 < 7p).
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4.2 Absorbed neutron transport process

The propagation of neutrons in fissible media is typically modeled by neu-
tron transport systems, where the trajectory of the particle is composed of
straight exponential paths between random changes of directions [14, 39].
An important problem to design nuclear devices is the so-called shielding
structure, aiming to protect humans from ionizing particles. It is in partic-
ular crucial to compute the probability that a neutron exits the shielding
structure D before its absorption by the medium [2]. This question is of
course related to the quasi-stationary behavior of neutron tranport, where
absorption corresponds to the exit of a neutron from D.

We consider a piecewise-deterministic process of neutron transport with
constant velocity. Let D be an open connected bounded domain of R?, let S?
be the unit sphere of R? and o(du) be the uniform probability measure on S2.
We consider the Markov process (Xy, V;)i>0 in D x S? constructed as follows:
X = fg Vs ds and the velocity V; € S? is a pure jump Markov process, with
constant jump rate A > 0 and uniform jump probability distribution o. In
other words, V; jumps to i.i.d. uniform values in S? at the jump times of a
Poisson process. At the first time where X; ¢ D, the process immediately
jumps to the cemetery point J, meaning that the process is absorbed at the
boundary of D. An example of path of the process (X, V') is shown in Fig. 1.
For all z € D and u € S?, we denote by P, (vesp. E, ) the distribution of
(X, V) conditionned on (Xo, Vo) = (z,u) (resp. the expectation with respect
to Pyy).

Remark 5. The assumptions of contant velocity, uniform jump distribution,
uniform jump rates and on the dimension of the process can be relaxed
but we restrict here to the simplest case to illustrate how conditions (A1)
and (A2) can be checked. In particular, it is easy to extend our results to
variants of the process where, for instance, the jump measure for V' may
depend on the state of the process, provided this measure is absolutely
continuous w.r.t. ¢ with density uniformly bounded from above and below.

We denote by 0D the boundary of the domain D, diam(D) its diameter,
and for all A C R? and = € R?, by d(x, A) the distance of = to the set A:
d(z,A) = infyea |z — y|. We also denote by B(z,r) the open ball of R?
centered at x with radius r. We assume that the domain D is connected
and smooth enough, in the following sense.

Assumption (B) We assume that there exists ¢ > 0 such that

(Bl) D, :={x € D :d(z,0D) > e} is non-empty and connected,;
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Figure 1: A sample path of the neutron transport process (X, V). The times
J1 < Jo < ... are the successive jump times of V.

(B2) there exists 0 < s; < t. and ¢ > 0 such that, for all € D\ D, there
exists K, C S? measurable such that o(K,) > ¢ and for all u € K,
x + su € D, for all s € [s,t:] and x + su € 9D for all s € [0, s¢].

As illustrated by Fig. 2, assumption (B2) means that, for all z € D\ Dy,
the set

L, := {y eR?: |y — x| € [s.,t.] and é:; € Kx}

is included in D, and has Lebesgue measure larger than %(tg —s3) > 0.

These assumptions are true for example if 9D is a C? connected com-
pact manifold, since then the so-called interior sphere condition entails the
existence of a cone K, satisfying (B2) provided ¢ is small enough compared
to the maximum curvature of the manifold.

Theorem 4.3. Assumption (B) implies (i-vi) in Theorem 2.1.

Proof. In all the proof, we will make use of the following notation: for all
k > 1, let Ji be the k-th jump time of V; (the absorption time is not
considered as a jump, so Jx11 = o if Ji < oo and X; hits 9D after J; and
before the (k + 1)-th jump of V;).

Let us first prove (Al). The following properties are easy consequences
of the boundedness of D and Assumption (B).
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oD

Figure 2: The sets K, and L, of Assumption (B2).

Lemma 4.4. (i) There exists n > 1 and x1,...,x, € D, such that D. C
Ui, B(z,e/16).

(ii) Forallz,y € Dg, there existsm < n andiy,..., iy distinctin{1,...,n}
such that x € B(x;,,/16), y € B(xi,,,/16) and for all1 < j <m—1,
B(xi;,e/16) N B(xi,,,,/16) # 0.

The next lemma is proved just after the current proof.
Lemma 4.5. For allx € D, v € S% and t > 0 such that d(x,0D) > t, the
law of (X1, V) under Py, satisfies
A2 At (t—1z— x\)Q

Py (X €dz, V, € dv) >
sulXe € dz, Vi € dv) 2 == S

]lzeB(z,t)A(dz)U(dv)7

where A is Lebesque’s measure on R?.

This lemma has the following immediate consequence. Fix ¢ # j in
{1,...,n} such that B(z;,e/16) N B(x;,e/16) # (. Then, for all = €
B(w,¢/16) and u € S?,

Pru(Xejo € dz, Vojg € dv) > Cellp(a; e /8)UB(as e /8) (2)A(d2) o (dv),

for a constant C; > 0 independent of z, i and j.
Combining this result with Lemma 4.4, one easily deduces that for all
x € D, u€ S?and m > n,

Py u(Xomey2 € dz, Vipeyo € dv) > C.c™ 1 p_(2)A(dz) o(dv),
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where c. = C.A(B(¢/16)) = C.me?/256. Proceeding similarly, but with a
first time step of length in [¢/2, €), we can also deduce from Lemma 4.5 that,
for all ¢ > ne/2,

Powu(X: € dz, Vi € dv) > CLelPYEl= 1 p_(2)A(dz) o (dv) (4.13)

for a contant CZ > 0.

This entails (A1) with v the uniform probability measure on D, x S?
and any to > ne/2, but only for initial conditions in D, x S2.

Now, assume that € D\ D, and u € S2. Let

s=inf{t >0:2+tue D, UOD}.

If £+ su € dD,, then P, (X, € dD.) > e > ¢~ ramD) and thus,
combining this with (4.13), for all ¢ > ne/2,

Pru(Xstt €dz, Vsqp €dv | s+t < 19) > Py o(Xsqt € dz, Vipy € dv)

> e Adam(D) v L2t/e]=1q |y (A (dz) o(dv).

If x + su € 0D,

Prw(Xi. € De,y te <79) > P(J1 < sA (te — 82), Vg, € Kptwdy, J2 > te)

> ge MeP(J) < s A (te — s2)).

Hence (4.13) entails, for all ¢ > ne/2 such that ¢ +t. > s,

Px,u(th-i-t S dZ, V;fs—&—t € dv | te +1 < Ta)

S Pypu(Xt, € De, te < 1o, Xiogt € dz, Vgt € dv)
- Pm’u(t +i:. < Ta)

P(J1 <sA(te = 3e)) . |2t/e)+1
€ g ]l A ‘
B P(J1 < s) ge G p.(2)A(dz) o(dv)

Since t. < diam(D), we have for all 0 < s < diam(D)

P(J1 < sA (te — s¢)) - 1 — e—AMte—se)

- > 0.
P(Jy < s) ~ 1 — e~ Adiam(D)

Hence, we have proved (Al) with v the uniform probability measure on
D. x 8% and ty = & + diam(D).

Now we come to the proof of (A2). This can be done in two steps: first,
we prove that for all z € D and u € S?,

Py u(Js < 00, X, € dz) < Clp(z)A(dz) (4.14)
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for some constant C independent of x and wu; second
P,(J1 < o0, Xj, € dz) > clp(z)A(dz) (4.15)

for some constant ¢ > 0.

Since for all £ > 1, conditionally on {J; < oo}, Vj, is uniformly dis-
tributed on S? and independent of X J,» this is enough to conclude as fol-
lows: by (4.14) and the inequality Jy < 4diam(D) a.s. on 75 > t, for all
t > 4diam(D),

Ppu(t <719) <Egy ]P’XJ Vi, (t — 4diam(D) < 79)]

< C// / P, ,(t —4diam(D) < 15)o(dv)A(dz).

Similarly, (4.15) entails that, for all ¢ > diam(D),

P, (t < 79) > c//D /32 P...(t < 79)0(dv)A(d2),

and thus, for all ¢ > 5diam(D),

Q

Pyt < 19) < ZPV(t — 4diam(D) < 71p).

Now, it follows from (A1) that P, ((X¢,, Vi) € ) > a1Pu(to < 79)v(-) and
thus

Py (t — 4diam(D) + 1o < 79) = Eu[Px,, 3, (t — 4diam(D) < 79)]
> 1Py (t — 4diam(D) < 1p).

Iterating this inequality as needed completes the proof of (A2).

So it only remains to prove (4.14) and (4.15). We start with (4.14). We
denote by (Xt,Vt)t>0 the neutron transport process in D = R2, coupled
with (X V') such that X; =X, and V; = V; for all t < 75. We denote by
J1 < J2 < ... the jumping times of V. It is clear that Jk =Jyforallk>1
such that Jk < 00.

Now, Xj4 =Y1+Yo+Y5+Yy, where ther.v. Y1,..., Y, are independent,
Y1 = x + uZ, where Z is an exponential r.v. of parameter A\, and Y5, Y3, Yy
are all distributed as V' Z, where V is uniform on S? and independent of
Z. Using the change of variable from polar to Cartesian coordinates, one

checks that V' Z has density g(z) = 25 r.t. A(dz), sothat g € L3/2(R2)

27r\z|

25



Applying twice Young’s inequality, one has g * g * g € L*>°(R?). Hence, for
all f € B(R?),

Bl /(X20)s s < 7] SEUFX) < llg <92 gllo [[ | 1A

Hence (4.14) is proved.
We finally prove (4.15). For all z,y € R?, we denote by [z, y] the segment
delimited by x and y. For all f € B(R?),

E,[f(X); J1 < oo] = /D //X\(deg))
)

:// Aldz / A(d2) L pgep oo
e f/\dlam (D)
= 2rdiam(D // A(dz)f(2) //Ds A(dz)L, ) p-

Now, for all z € D\ D., using assumption (B2),

/ (du) / ]l[x,:r:+su]CD )‘e_ASf(x + Su) ds
0

e —Az—z|

27|z — x|

q

J] teep ) 2 A(L) = 62~ <2)

and for all z € D¢,
// g zjcp Adz) > A(D: N B(z,¢)).
D.

Since the map z — A(D:NB(z,¢)) is continuous and positive on the compact
set D., we have proved (4.15). O

Proof of Lemma 4.5. Using twice the relation: for all bounded measurable
f,k>1,t>0,z€ D and ue S?,

Epulf (X, Vi)s Jp <t < T
¢
_ / dshe™ / (@) B[ (Krmas Vis) Tt < =5 < T,
0 s
we obtain
Ex,u[f(Xta ‘/t)v Jo <t < JS] = AQ@iAt

/SQU(dv) /52 o (dw) /Otds /Ot—s dff(x+ su+ v+ (t —s—0)w,w).
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For all z,y, z € R%, we denote by [z,, z] the triangle of R? delimited by =,
y and z. Using the well-known fact that a point in [x,y, z] with barycentric
coordinates distributed uniformly on the simplex is distributed uniformly
on [z,y, z], we deduce that

Ew,u[f(Xtu V;g), Jo <t < J3]

XL [ ota) [ otaw) | [ et gl

Now, for all u,v,w € S2,
1 /
A([u,v,w]) = i\u —w||v =2 < |u—wl,

where v’ is the orthogonal projection of v on the line (u, w) (see fig. 3), and
where we used the fact that |[v — v| < 2.

Figure 3: The triangle [u, v, w] and the point v'.
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Moreover, for fixed t > 0, 2 € D, u,w € 52,

/32 o(dv) //[um’w] flr+tz,w) A(dz) = % /027r do /[u’vmw] f(z+tz,w)A(dz)

1

2m
= 7/ d@/ f(l' +tsz)]lz€[u vg w]A(d’z)
27 Jo B(1) e

U,w
= +tz,w)—=A(dz),
//B(l)f(w 2 w0) 2 A (d2)

where vg = (cos@,sinf) € R?, B(r) is the ball centered at 0 of radius 7 of
R?, u, (resp. w,) is the symmetric of u (resp. w) with respect to z in S
(see Fig. 4) and @ is the length of the arc between u and v in S2.

Figure 4: Definition of u,, w,, u,w;, 2o, up and wy. The angle marked | is
larger than the one marked ).

Fix 0 < 6 < 1, and let zp be the farthest point in B(d) from {u,w}
(this point is unique except when the segment [u,w] between u and w is a
diameter of S2). We set ug = u,, and wg = w,, (see Fig. 4). Note that
Thales’ theorem implies that

1-6

|ug — wo| = m|“—w|-
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Then, for any z € B(d), we have uzow < uzw, where Tyz is the measure
of the angle formed by the segments [y, x] and [y,z]. Since in addition

|z0 — ug| = |20 —wo| < 1 and |z — uy| A |z — w,| > 1 —§, Thales’ theorem
yields
w > |ug — wol-

Puting everything together, we deduce that
Ex,u[f(Xta V;S);JQ S t< J3]

A2t At [u, — w,|
> —e" / o(dw / T +tz,w)—A(dz
e [Lota) [ st = A
A2, (1—|z])
> —e" / o(dw / T+ tz,w)————A(dz).
e ot [ p e S A
This ends the proof of Lemma 4.5. ]

5 Quasi-stationary distribution: proofs of the re-
sults of Section 2

This section is devoted to the proofs of Theorem 2.1 (Sections 5.1 and 5.2),
Corollary 2.2 (Section 5.3), Proposition 2.3 (Section 5.4) and Corollary 2.4
(Section 5.5). In Theorem 2.1, the implications (iii)=-(i)=-(ii) and (iv)=(v)=(vi)
are obvious so we only need to prove (ii)=-(iv) and (vi)=>(iii).

5.1 (ii) implies (iv)
Assume that X satisfies Assumption (A’). We shall prove the result assuming
(A1’) holds for ¢ty = 1. The extension to any to is immediate.

Step 1: control of the distribution at time 1, conditionally on non-absorption
at a later time.
Let us show that, for all ¢ > 1 and for all 1, z9 € E, there exists a probability
measure v/, L, ON B such that, for all measurable set A C F,
P, (X1 €A|t<my) > 01021/;1@2(/1), fori=1,2. (5.1)

Fix x1,29 € E, 1 € {1,2}, t > 1 and a measurable subset A C E. Using the
Markov property, we have
Pxi (X1 cAandt < Ta) = E% []IA(XI)PXl (t —1< Ta)}

=E;, [1a(X1)Px, (t—1<719) |1 <79| Py, (1 < 79)

> gz (La(P. (=1 <79)) Py, (1 < 79),
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by Assumption (A1’). Dividing both sides by Py, (t < 75), we deduce that

P, (1< 7p)

Py, (X1 € At <T1p) > 1V 2 (La()P. (t — 1 < 75)) P, (t< 1)
z;

Using again the Markov property, we have

Py, (t <719) <Py, (1 <79)supPy (t — 1< 71p),
yek

so that

Vayas (LaC)P- (£ =1 < 79))
supyep Py (t — 1 < 79)

P (X1€ At <mp) >0

Now Assumption (A2’) implies that the non-negative measure

Vayan (1P (£ =1 < 79))

B~
supyep Py (t—1<my)

has a total mass greater than cp. Therefore (5.1) holds with

Vi, ao (ILB(')P- (t —1< 7‘@))
]P)Vzl,z2 (t -1 < 7-8)

vl (B) =

1,22

Step 2: exponential contraction for Dirac initial distributions
We now prove that, for all z,y € F and T > 0

|Pe (X7 €| T <79) —Py(Xr €| T <79)|lpyy <21 —crea)T. (5.2)
Let us define, for all 0 < s <t < T the linear operator Rz:t by
RL f(2) = Eo(f(Xes) | T — 5 < 70)
=E(f(Xy) | Xs =2z, T < 19),

by the Markov property. For any T > 0, the family (th)OSSStST is a

Markov semi-group: we have, for all 0 < u < s <t < T and all bounded
measurable function f,

Ras(thf)(x) = Rg,tf@)-

This can be proved as Lemma 12.2.2 in [15] or by observing that a Markov
process conditioned by an event in its tail o-field remains Markovian (but
no longer time-homogeneous).
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For any 1,29 € E, we have by (5.1) that 5xiR£s+1 —c1eovE5 ig a

1,22
positive measure whose mass is 1 — c¢ica, for ¢ = 1,2. We deduce that

T
6$1 Rs ,5+1 5$2Rs,s+1H

TV
T T— T
<62y RE o1 — creovy 3 lov + 102, RE 41 — crcav) 3 v
< 2(1 — 0162).

Let w1, uo be two mutually singular probability measures on E and any
f >0, we have

H/Jfle s+1 M?Rs s+1 ™V = //

<2(1—cie0) = (1= c1co) |1 — pal v

T
s s+1 5yRs,s+1 HTV dpy @ dpig (I’ y)

Now if p1 and pe are any two different probability measures (not neces-
sarily mutually singular), one can apply the previous result to the mutually

singular probability measures (M(I“ _1;2“)23(%) and (M(I# 1# 2")2)( 77- Then
H (1 —p2)s pr o (m—pp)- or
(Nl - /1,2)+(E) o (:U’l - M?)—(E) et TV
(11 — p2)+ (1 — p2)—
S 1-— C1C9 — .
0 G =) (@) )-8 |y

Since p1(E) = pa(E) = 1, we have (u1 — p2)+(E) = (u1 — p2)-(E). So
multiplying the last inequality by (u1 — p2)+(F), we deduce that

[ (p1 — M2)+R§s+1 (1 — p2)- R s+1HTV
< (1= exea)ll(pur — p2) s — (1 — po2) v
Since (1 — p2)+ — (u1 — p2)— = p1 — w2, we obtain
Il RE o1 — R oy < (1= creo)llpn — pallzv.
Using the semi-group property of (R ¢)s,t, we deduce that, for any z,y € E,

1025 7 — 8y Ry rllmv = 162 Ro r 1 Ri—1 0 — 6y Re p1 Ry v
< (1= cieo) |62 Ry -1 — 0y Ro 71 llTv
< ... §2(1—6162)LTJ-
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By definition of RS?T, this inequality immediately leads to (5.2).

Step 3: exponential contraction for general initial distributions
We prove now that inequality (5.2) extends to any pair of initial probability
measures (i1, 42 on F, that is, for all T > 0,

1By (X7 €| T <19) —Ppy (X7 €| T < 79) ||y <2(1 — 1) 7). (5.3)
Let pq be a probability measure on E and z € E. We have

1B (X7 € - [T < 79) =Po(X7 € - [T < 79)l7v
1

=—||P, (X S=P,. (T P, (X T
IP’M(T<T;))H (X1 € ) =P (T < 19)Pe(X7 € - | T < 19)|I77v

1

S P (T<m) Py (X7 € ) —Py(T < 79)Py(Xr €| T p

_Pm(T<7'8)/y€E‘ y(X1 € ) =Py (T < 79)Po(X7 € - | T < 75)|rvdpa(y)
1

D —
P (T < 79) JyeE
1

< -
P (T < 79) JyeE
S 2(1 — Clcg)LTJ.

B,(T < 9)[B,(Xr € - | T < 1) = Bo( X € - | T < 1o)llrvdpn ()

Py (T < 70)2(1 — cre2) T dpy (y)

The same computation, replacing J, by any probability measure, leads
to (5.3).

Step 4: existence and uniqueness of a quasi-stationary distribution for X.
Let us first prove the uniqueness of the quasi-stationary distribution. If a4
and ay are two quasi-stationary distributions, then we have P, (X; € ‘|t <
Tp) = «; for i = 1,2 and any ¢t > 0. Thus, we deduce from inequality (5.3)
that

ey — allry < 2(1 — eren)H, Wt >0,

which yields a1 = aso.

Let us now prove the existence of a QSD. By [28, Proposition 1], this
is equivalent to prove the existence of a quasi-limiting distribution for X.
So we only need to prove that P, (X; € |t < 75) converges when t goes to
infinity, for some x € E. We have, for all s,t > 0 and z € F,

5th+s 0z PPy 5$R8 sPt
]P X . t p— pu— = 2
P €l <m) = S iy T APy 5B Py
= ]P’(;ZR(S)’S (Xt S0 | t < Ta) R (54)
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_ _Pf(x)
- PsﬂE(x)

where we use the identity R ;f(z) for the third equality. Hence

HP:U(Xt S |t < Ta) — P:c(Xt+s S ‘t +s5< T@)HTV
= [Pe(Xy € [t <79) = Ps,rs (Xi €|t <70)ll7v

<2(1-cre)t! ——0.
s,t—4o00
In particular the sequence (P (X; € - |t < 79))t>0 is a Cauchy sequence for
the total variation norm. The space of probability measures on F equipped
with the total variation norm is complete, so P,(X; € - | t < 79) converges
when ¢ goes to infinity to some probability measure o on E.

Finally Equation (2.3) follows from (5.3) with u3 = p and ps = a.
Therefore we have proved (iv) and the last statement of Theorem 2.1 con-
cerning existence and uniqueness of a quasi-stationary distribution and the
explicit expression for C' and ~.

5.2 (vi) implies (iii)

Assume that (2.2) holds with some probability measure o on E. Let us
define

e(t) =sup [|[Pp(Xi €|t <79) —apy -
el

Step 1: €(-) is non-increasing and « is a quasi-stationary distribution
For all s,t >0, x € F and A € &,

‘Px(Xt+5 cA ’ t+s < TC‘)) — CY(A)
B {Ti<ry P, (s <79) [P, (Xs € A s < 79) — (A)]}
P, (t+ s < 1)
< Ep {1i<ryPx, (s < 79) |Px,(Xs € A| s < 719) — a(A)|}
- Px(t—{—s < Ta)

<e(s).

Taking the supremum over x and A, we deduce that the function e(-) is
non-increasing. By (2.2), this implies that €(¢) goes to 0 when ¢ — +00. By
Step 4 above, « is a quasi-stationary distribution and there exists Ay > 0
such P, (t < 79) = e~ o,
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Step 2: proof of (A2") for u = «
We define, for all s > 0,

S P.(s <
e Puls Ta) e sup P (s < 75).
Pq (8 < TB)' el
Our goal is to prove that A is bounded. The Markov property implies, for
s <t,

A(s) =

P.(t <79) =Pu(s <79) E(Px,(t —s<79) | s<7s).

By (2.2), the total variation distance between o and L, (X | s < 79) is
smaller than e(s), so

P.(t < 19) < Pu(s < 79) (Pa(t —s<Tg) +e(s)supPy(t —s < Ta)) :
yeE

For s < t, we thus have

A(t) < A(s) (1 +e(s)A(t — s)) . (5.5)
The next lemma proves that
P (t < 75) = e ! > cy(a) sup Po(t < 79) (5.6)
r€E

for the constant ca(a) = 1/sup,~q A(s) and concludes Step 2.

Lemma 5.1. A function A : Ry — Ry satisfying (5.5) for all s < t is
bounded.

Proof. We introduce the non-decreasing function (t) = suppce<; As. It
follows from (5.5) that, for all s < u <t,

Alu) < 9(s) (1 +e(s)(t - 5)).

Since this inequality holds also for u < s, we obtain for all s < ¢,

Y(t) < (s) (L+e(s)(t—s)). (5.7)
y induction, for all N > 1 and s > 0,

N—
»(Ns) < ¥(s Hl—l—eks (s))

< y(s) exp (ws) 3 e(ks>> , (5.8)



where 322, e(ks) < oo by (2.2).
Since 1 is non-decreasing, it is bounded.
O

Remark 6. Note that, under Assumption (v), e(t) < Ce™7t. Using the fact
that 1 (s) < e**, we deduce from (5.8) that, for all s > 0,

Ce(AO_’Y)S )

1—e 78

A(Ns) < exp ()\08 +
This justifies (2.5) in Remark 1.
Step 3: proof of (A2")
Applying Step 3 of Section 5.1 with p1 = p and J, = «, we easily obtain

e(t)= sup [Py(Xie-|t<T19)—alpy-
pEM1(E)

Let o be a probability measure on E. For any s > 0, let us define u4(-) =
Pu,(Xs € | s <7p). We have ||us — a|lrv < e(s) and so

Py (t—s<T19) >Po(t —s <19 —e(s)supPr(t —s < 7)
z€E

> e Molt=s) _ £(s) o~ No(t—s)
- ca(a)

by (5.6). Since £(s) decreases to 0, there exists so such that e(sg)/ca(a) =
1/2. Using the Markov property, we deduce that, for any t > s,
Pu(t < 19) =Py, (t — s0 < 70)Pulso < 7a)
e—/\o(t—so)
>
- 2
Therefore, by (5.6), we have proved that

]P)M(SO < Ta).

Pu(t < 19) > co(p) sup P (t < 75)
el
for

1
CQ(#) = 562(&)6)\0801[])“(80 < 7—8) > 0.

Step 4: construction of the measure v in (A1)

We define the measure v as the infimum of the family of measures (51R3f2t) 2€E>
as defined in the next lemma, for a fixed ¢ such that ca(a) > 2¢(¢). To prove
(A1) for to = 2t, we only need to check that v is a positive measure.
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Lemma 5.2. Let (iu)zer be a family of positive measures on E indexed by
an arbitrary set F'. For all A € £, we define

1nf{2um YIn>1,21,...,0q € F, By,..., B, €& partition ofA}.

Then p is the largest non-negative measure on E such that p < . for all
x € F and is called the infimum measure of (fig)zer-

Proof of Lemma 5.2. Clearly pu(A) > 0 for all A € £ and u(0) = 0. Let us
prove the o-additivity. Consider disjoints measurable sets A1, As,... and
define A = U Ay. Let By, ..., B, be a measurable partition of A. Then

o0

S o, (i) = fji (Bin A = Y ulAy)
=1 k=11i=1

Hence p(A) = 3772 pu(Ag).
Fix K > 1 and € > 0. For all k € {1,...,K}, let (Bf)ic1,..n,} be a

partition of A; and (x )16{1 .ny} be such that

Nk

pAD) = 3 (BE) = o
i=1
Then
K K ng € K
> u(Ar) = (Zuxf(Bf) - 2k> > p <U Ak) —e
k=1 k=1 \i=1 k=1

Since, for any xo € F,

K K
u(A) < p (U Ak) + Hao <A\ U Ak) ;
k=1 k=1

choosing K large enough, p(A) < u (UleAk) + €. Combining this with the
previous inequality, we obtain

Z Ak >M —26.

This concludes the proof that p is a non-negative measure.
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Let us now prove that p is the largest non-negative measure on FE such
that p < py for allx € F'. Let i be another measure such that it < p,. Then,
forall A € £ and By, ..., B, a measurable partition of A and x1,...,x, € F,

BA) =SB < pia (B,
i=1 i=1
Taking the infimum over (B;) and (z;) implies that g < pu. O

Let us now prove that v is a positive measure. By (5.4), for any x € E,
t >0 and A C E measurable,

52 R5 (A) = Py, Ry, (Xe € At < 79)
_ JePy(Xi € A)(SxRB,t(dy)
JePy(t < 7'8)5:0R6,t(d3/) .

By Step 2, we have
5o B3 (A) > ex(@)e™ [ By(X € )3, RS (dy).
E

We set v, = (o — 6,Rfy;)+. Using the inequality (between measures)
(5$R6,t > o — V{,an

5$R3f2t(14) > co(a)a(A) — CQ(a)e/\Ot /EIP’y(Xt €At <Py (t < Ta)l/{t_x(dy).
is a positive measure, Step 2 implies again

: +
Since 2

SoR3(A) 2 ea(@)a(d) = [ Py(Xi € At < mo)i ()
— ex(@)al4) — [ 8,Rh (A (dy)
E
(cate) = violB)) @A) = [ (3,Rb,(4) = al4)) v (dy)

> (ca0) = =(t) @A) = [ (8,85,(4) = o)) , v (dy)

Y

where the inequality fo(E) < e(t) follows from (2.2). Moreover V{t—x =

(o — 0z Rfy ;)4 < v, therefore

0a Rl (A) > (c2() — () a(A) — /E (6,R6.4(4) — a(A)), aldy).
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Hence, for all By, ..., B, a measurable partition of ¥ and all z1,...,x, € F,
n n

> 0u R oit(Bi) 2 (e2(a) — () a(E) — /EZ (6, R04(Bi) — a(Bi)), aldy).

i=1 i=1

Now

Y < g(t).

(05Rb:(B) —a(By), < |6, R5.4(B:) — a(By)

)

Therefore v(E) > ca(a) — 2¢(t) > 0.
This concludes the proof of Theorem 2.1.

5.3 Proof of Corollary 2.2
Assume that the hypotheses of Theorem 2.1 are satisfied and let 1, us be

two probability measures and ¢t > 0. Without loss of generality, we assume
that P, (t < 79) > P, (t < 79) and prove that
(]_ — ClCQ) Lt/tOJ

[Py (Xp €[t <79) =Py (Xy € |t <7o)|| <
c2(p1)

1 = palrv-
Using the relation

P = (p1 = (p1 — p2)+) P+ (1 — p2)+ 1,
the similar one for po Py and pg — (1 — p2)+ = po — (2 — 1)+, we can write

p Py pa Py

— =1 P — asP, 5.9
wm Py peBPlg et (5.9)

where a1 and a9 are the positive measures defined by

(1 — p2) +

o] =
mP g
and

a2:(u2—ul)+ ( 1
e Plg pePly pPlg

) X (1 = (p1 — p2)+) -

We immediately deduce from(5.9), that ay P 1g = aaP1g, so that

a1 (%)

P — a9 P, =1 Pl — P
leaft = axBrllry =t EHalpt]lE ' apPlg tHTV

S 2(1 - Clcg)Lt/tOJOth]lE.
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Since

(u1 — po)+PE
mPlE

Oth]lE =

SUD e M, (E) pP1E < 1 — pollTv
p1 P g = 2co(p1)

< (11 — p2)+(E)
by definition of ca(p1), the proof of Corollary 2.2 is complete.

5.4 Proof of Proposition 2.3

Step 1: Existence of 1.
For all z € E and ¢t > 0, we set

P.(t < 79)

= NP (t < 7).
]P’a(t < Ta) © z( 7‘3)

m(x) =
By the Markov property

Meys(z) = IR, (1., Px, (s < 79))
= n(z)Ex (ns(Xe) | T < 70) -

By (A2"), [zns(y)p(dy) is uniformly bounded by 1/ca(«r) in s and in p €
M (E). Therefore, by (2.1),

E, (ns(Xy) | t —alng)| < -t
‘ (77 ( t) | < 7'6) 0‘(77 )’ — 62(a)6
Since, a(ns) = 1, we obtain
C
_ < -t
2lelg|77t+s($) ne(z)| < (@’

That implies that ()0 is a Cauchy family for the uniform norm and hence
converges uniformly to a bounded limit 7. By Lebesgue’s theorem, a(n) = 1.

It only remains to prove that n(x) > 0 for all z € E. This is an immediate
consequence of (A2").

Step 2: Eigenfunction of the infinitesimal generator.
We prove now that n belongs to the domain of the infinitesimal generator £
of the semi-group (P;);>0 and that

Ln = —Aon. (5.10)
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For any h > 0, we have by the dominated convergence theorem and Step 1,

Pun(x) = Ex (n(Xn)) = tlggo = ](P]I:z)((;(i ;;—a))

We have P, (t < 75) = e 2P, (t+h < 75). Hence, by the Markov property,

Po(t+ h < 19)

n(x).

Pun(a) = lim ¢

— ook

Since 7 is uniformly bounded, it is immediate that

P - “lloo
U/

h h—0 —Aor

By definition of the infinitesimal generator, this implies that 1 belongs to
the domain of £ and that (5.10) holds.

5.5 Proof of Corollary 2.4

Since Lf = Af, we have E,(f(X;)) = Pif(z) = e f(x). When f(9) # 0,
taking x = 0, we see that A = 0 and, taking x # 0, the left hand side
converges to f(0) and thus f is constant. So let us assume that f(9) = 0.
By property (v),
P,
tf(x) - Oé(f) 0

Plg(x) t—+400

uniformly in # € E and exponentially fast. Assume first that a(f) # 0, then
by Proposition 2.3,

e()\+)\o)tf(x)

7](,7;) t—+o00

a(f), Vz € E.

We deduce that A = —X\g and f(z) = a(f)n(z) for all z € EU{0}. Assume
finally that a(f) = 0, then, using (2.4) to give a lower bound for 1/P1g(x),
we deduce that

< €7tPtf(33)

e T

, Ve € E|

where the right hand side is bounded by property (v) of Theorem 2.1. Thus
Y+ A+ A < 0.
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6 (-process: proofs of the results of Section 3

We first prove Theorem 3.1 in Subsection 6.1 and then Theorem 3.2 in
Subsection 6.2.

6.1 Proof of Theorem 3.1

Step 1: existence of the Q-process Q, and expression of its transition kernel.
We introduce I'y = 1;<,, and define the probability measure

Iz Ft
= Py,
Qt Ez (Ft)

so that the Q-process exists if and only if Q?’x admits a proper limit when
t — oo. We have by the Markov property

Ey (Ty | Fs)  TseryPx, (t— 5 < 75)

E, (Ty) P, (t < 79)

By Proposition 2.3, this is uniformly bounded and converges almost surely
to

M, = 18<T06A08M_

n(x)

By the dominated convergence Theorem, we obtain that
E, (M) = 1.

By the penalisation’s theorem of Roynette, Vallois and Yor [32, Theo-
rem 2.%_], these two conditions imply that M is a martingale under P, and
that Q; " (As) converges to E, (M1,,) for all Ay € Fs when t — co. This
means that Q, is well defined and

dQy
P, | 7.

— M,.

In particular, the transition kernel of the Q)-process is given by

Blast,dy) — ewnggip@; £, dy).

Let us now prove that (Q,),cr defines a Markov process, that is

Eq, (f(Xt) [ Fs) = Eq, (f(X2) [ Xs),
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for all s < t and all f € B(E). One easily checks from the definition of the
conditional expectation that

MEq, (f(Xt) | Fs) = Eq (M f(Xy) | Fs)
By definition of M; and by the Markov property of P,, we deduce that
MEq, (f(Xt) ’ Fs) = Ew(Mtf(Xt) | Xs).

Since E, (M f(Xy) | Xs) = MsEq, (f(X:) | Xs), this implies the Markov

property for the Q-process. The same proof gives the strong Markov prop-

erty of X under (Q),cr provided that X is strong Markov under (P;).cp.
This concludes parts ) and i) of Theorem 3.1.

Step 2: exponential ergodicity of the QQ-process.
Let us first check that f is invariant for X under Q. By (2.6) and (3.1), we
have for all ¢ > 0 and ¢ € B(E)

a(nPip) = ™ a(Pi(ng)) = a(ne).

Since 7 is bounded, g is well defined and is an invariant distribution for X
under Q.

By (5.1) and the semi-group property of (R
Mi(E)and allt <T

T

s.4)s,t» we have for all 1, po €

< (1 - cre) )|y — pollzy.

i S = 2], <

By definition of RoT,t and by dominated convergence when T' — 0o, we obtain

1Quy (Xt € 1) = Quy(Xy € ) v < (1 = crea) ™|y — pallpy.

Taking po = (3, this implies that X is exponentially ergodic under Q with
unique invariant distribution f.

6.2 Proof of Theorem 3.2

Step 1: computation of L¥ and a first inclusion in (3.2).
Let us first show that

D(LY) {f € B(E), nf € D(L") and Lw;nf)is bounded} .

42



Let f belong to the set in the r.h.s. of the last equation. We have

Pof —f _ e Py(nf) —nf -1
R o T

(6.1)
So, obviously, % converges pointwise to L¥ f. By [19, I.1.15.C],

t
P(nf)—nf= /O P,L¥(nf)ds.

Since |L*(nf)| < Cn for some constant C' > 0 and Pyn = e*°*n, we obtain

Mt — 1

[Bi(nf) —nfl < C -
Therefore the r.h.s. of (6.1) is uniformly bounded. Finally, LY f is the
b.p.~limit of %.

It only remains to check that b.p.-lim P,LYf = LYf. Since LYf is
bounded, we only have to prove the pointwise convergence. We have

L*(nf)
U

Aoh

en PyL” (nf)

PyLYf = XoPuf + Py = NPuf +

where the last equality comes from (3.1). Since nf € D(L"), the pointwise
convergence is clear.

Step 2: the second inclusion in (3.2).

Let f € D(L¥). We have b.p.—convergence in (6.1) and, since n and f are
bounded, W b.p.—converges to some limit g € B(EU{0}) (recall that
by convention 7f(9) = 0) such that

g=nL"f — \onf.

Let us check that b.p.-lim P,g = ¢. Since g is bounded, we only have to
prove the pointwise convergence. We have

Pug = Pu(nL” f) = MoPu(nf) = ne " P,L" f — XoPu(nf),
by (3.1). Since f € D(LY), the first term converges pointwise nL¥ f. The

second term converges to —Agnf since we have proved the b.p.—convergence
of W. We deduce that

b.p.- lim Py(g) = nL* f = Aonf = g.
h—0
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Thus nf € D(LY) and L*(nf) = nL* f — \onf, so that |L¥(nf)| < Cn for
some constant C' > 0.

Step 3: characterization of (Pt) by L

We assume that E is a topological space and that £ is the Borel o-field. By
[19, Thm I1.2.3], the result follows if (P;) is stochastically continuous, i.e.,
for all open set U C E and all z € U,

P,1 1.
w1y () h—;(?

By (3.1), we have

ot e [nlloo

]St]lUc<l') = ¢ T](:Ij‘)

n(x)

The results follows from the assumption (3.3).

Py(nlye)(z) < Py(Lye)(z).

Acknowledgements: We are grateful to the anonymous referee for con-
structive comments and suggestions.
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