Probability and Its Applications

Published in association with the Applied Probability Trust
Editors: S. Asmussen, J. Gani, P. Jagers, T.G. Kurtz



Probability and Its Applications

The Probability and Its Applications series publishes research monographs, with the expos-
itory quality to make them useful and accessible to advanced students, in probability and
stochastic processes, with a particular focus on:

— Foundations of probability including stochastic analysis and Markov and other stochastic
processes

Applications of probability in analysis

— Point processes, random sets, and other spatial models

— Branching processes and other models of population growth

Genetics and other stochastic models in biology

Information theory and signal processing

— Communication networks

— Stochastic models in operations research

For further volumes:
www.springer.com/series/1560


http://www.springer.com/series/1560

Pierre Collet « Servet Martinez « Jaime San Martin

QQuasi-Stationary
Distributions

Markov Chains, Diffusions and
Dynamical Systems

@ Springer



Pierre Collet Jaime San Martin
Centre de Physique Théorique, UMR7644 CMM-DIM, Faculty of Mathematical
CNRS, Ecole Polytechnique and Physical Sciences
Palaiseau, France University of Chile
Santiago, Chile

Servet Martinez
CMM-DIM, Faculty of Mathematical

and Physical Sciences
University of Chile
Santiago, Chile

Series Editors:

Sgren Asmussen Peter Jagers

Department of Mathematical Sciences Mathematical Statistics

Aarhus University University of Gothenburg
Aarhus, Denmark Goteborg, Sweden

Joe Gani

Centre for Mathematics and its Applications  Thomas G. Kurtz

Mathematical Sciences Institute Department of Mathematics
Australian National University University of Wisconsin-Madison
Canberra, Australia Madison, USA

ISSN 1431-7028  Probability and Its Applications

ISBN 978-3-642-33130-5 ISBN 978-3-642-33131-2 (eBook)
DOI 10.1007/978-3-642-33131-2

Springer Heidelberg New York Dordrecht London

Library of Congress Control Number: 2012951442
Mathematics Subject Classification: 60J70, 60JXX, 60J10, 60J60, 60J65, 92Dxx, 37DXX, 35PXX

© Springer-Verlag Berlin Heidelberg 2013

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed. Exempted from this legal reservation are brief excerpts in connection
with reviews or scholarly analysis or material supplied specifically for the purpose of being entered
and executed on a computer system, for exclusive use by the purchaser of the work. Duplication of
this publication or parts thereof is permitted only under the provisions of the Copyright Law of the
Publisher’s location, in its current version, and permission for use must always be obtained from Springer.
Permissions for use may be obtained through RightsLink at the Copyright Clearance Center. Violations
are liable to prosecution under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of pub-
lication, neither the authors nor the editors nor the publisher can accept any legal responsibility for any
errors or omissions that may be made. The publisher makes no warranty, express or implied, with respect
to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)


http://www.springer.com
http://www.springer.com/mycopy

This book is dedicated to all surviving small
communities and the endangered species.

The authors P.C., S.M. and J.S.M. are in-
debted to Sonia Lund, Maria Angélica Salazar
and Valeska Amador for their patience, sup-
port and encouragements along all these
years.



Preface

This book is devoted to the study of the main concepts on survival for killed Markov
processes and dynamical systems. The first computations on the number of survivals
after a long time in branching process was done by Kolmogorov (1938). Later on
Yaglom (1947) showed that the limit behavior of sub-critical branching processes
conditioned to survival was given by a proper distribution. This pioneer work trig-
gered an important activity in this field.

Quasi-stationary distributions (QSD) capture the long term behavior of a process
that will be surely killed when this process is conditioned to survive. A basic and
useful property is that the time of killing is exponentially distributed when starting
from a QSD, which implies that the rate of survival of a process must be at most
exponential in order that QSD can exist.

The study of QSD on finite state irreducible Markov chains started with the pi-
oneering work Darroch and Seneta (1965). For these processes many of the fun-
damental ideas in the topic can be easily developed. In particular, the Perron—
Frobenius theory for finite positive matrices gives all the required information. Thus,
the exponential rate of survival is the Perron—Frobenius eigenvalue. The QSD is
the Perron—Frobenius normalized eigenmeasure, and the chain of trajectories that
are never killed (Q-process) is governed by an h-process where & is the Perron—
Frobenius eigenfunction. This relation between a QSD and the kernel of the Q-
process is also encountered in many other processes. In the finite case, the fact that
the eigenvalues are isolated simplifies the study. Since the dominant eigenvalue is
simple, the QSD attracts all the conditioned measures, and is the quasi-limiting dis-
tribution, or the Yaglom limit. When the transition kernel is symmetric, the spectral
decomposition contains all the data that allow one to understand the survival phe-
nomenon of the chain.

For general countable state Markov chains, this study started in Seneta and Vere-
Jones (1996). We give a detailed proof of the characterization of QSDs as a finite
mass eigenmeasure due to Pollett, and we give a more general result on the existence
of QSDs, which states that if there is no entrance from infinity then exponential sur-
vival is a necessary and sufficient condition to have a QSD. We follow the original
proof done in Ferrari et al. (1995a). We study also in details the symmetric chains

vii



viii Preface

and monotone chains. We also give conditions in order that the exponential decay
rate be equal to the Kingman decay parameter of the transition probability.

An important literature has been devoted to time-continuous birth-and-death
chains in the last 25 years, many of these works take their basis in the spectral
representation given in McGregor (1957a, 1957b). We revisit some of these results.
An important problem appears because under exponential survival, the set of QSDs
can be a continuum or a singleton. We give the criterion, due to Van Doorn (1991),
to identify which case occurs. This is done in terms of the parameters of the chain.
When there is a continuum of QSDs one can identify the Yaglom limit, it corre-
sponds to the minimal QSD This result is due to Good (1968). On the other hand,
the spectrum can be continuous, and the fact that, in general, there is no spectral gap
raises a delicate technical problem. But a useful point is that the bottom of the spec-
trum is the exponential rate of survival. For birth-and-death chains, we derive the
classification of the associated Q-process (as transient, recurrent or positive recur-
rent) by studying the exponential asymptotic rate function of the survival probability
when the chain is restricted to be above some barrier. For some particular birth-and-
death chains, we identify explicitly the QSD and other significant parameters and
properties.

We present some results for one dimensional diffusions on the half-line killed
at the origin. We study the problem of QSD for diffusions that have nice behavior
at 0 and at co. In this framework, we also study the Q-process and its recurrence
classification in relation with spectral properties of the generator of the initial dif-
fusion. We also consider one dimensional diffusions that present singularities at 0
and/or at oo, and we study for them the problems of existence and properties of
QSD. This generalization is motivated by some models in mathematical ecology.
These chapters on one dimensional diffusions find their source of inspiration in the
work of Mandl (1961). The main tools come from the spectral theory of the Sturm—
Liouville operators. The study of QSD in population dynamics is a very active topic
nowadays, we include some of the results in the chapters on birth-and-death chains
and diffusions.

We also consider the case of dynamical systems (with discrete time evolution)
with a trap in the phase space. A QSD in this context deals with trajectories which
do not fall into the trap. There are many analogies with the stochastic case concern-
ing the questions, the results and their proofs. The QSDs for dynamical systems
have been first studied in the context of expanding systems in Pianigiani and Yorke
(1979). We discuss in particular Gibbs QSDs for symbolic systems and absolutely
continuous QSDs for repellers. For both cases, we use a similar technique of proof
based on quasi-compact operators analogous to those used in the thermodynamic
formalism.

One of the main objects in our study is the associated Q-process, that is, the pro-
cess having trajectories that survive forever, as well as its relations with the QSD
and the spectral properties. For a branching process, the Q-process was introduced
by Spitzer (unpublished) and in Lamperti and Ney (1968). In this book, we study
the Q-process and describe it as an A-process with respect to the eigenfunction &
having the same eigenvalue as the minimal QSD. This is done for Markov chains,
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one-dimensional diffusions and expanding dynamical systems, giving a unified ap-
proach. Thus, it appears that the Gibbs invariant measure for topological Markov
chains described by Bowen—Ruelle—Sinai can be interpreted as the stationary mea-
sure of a Q-process associated to a process that is killed in a region having the
Pianigiani—Yorke as its QSD.

The problem of existence of a QSD is in a sense more difficult than the problem
of proving the existence of an invariant measure since one has to determine also the
rate of decay of the probability of survival. This also implies that the equation for
the QSD is nonlinear.

Several techniques have been used in the literature to prove existence and some
of them will be explained in details in the present book. Without trying to be ex-
haustive, one can mention the abstract techniques relying on the Tychonov fixed
point theorem (see Tychonov 1935), Krein’s lemma (Oikhberg and Troitsky 2005),
and the Krein—Rutman Theorem (Dunford and Schwartz 1958). Birkhoff’s Theo-
rem on Hilbert’s projective metric can also be useful (see Eveson and Nussbaum
1995). Many results are based on spectral techniques, and in particular on vari-
ous extensions of the Perron—Frobenius Theorem like in the theory of the Ruelle—
Perron—Frobenius operator Ruelle (1978), Bowen (1975), the spectral theory of
quasi-compact positive operators (see, for example, Ionescu Tulcea and Marinescu
1950 and Nussbaum 1970), and the uniform ergodic theorem (Yosida and Kakutani
1941).

The literature on QSDs is quite large and covers many fundamental and applied
domains. This book does not pretend to cover them all. We have not included the
developments of QSDs in all directions, for instance, we do not treat the case of
branching processes where several seminal results can be found in the book Athreya
and Ney (1972) and where there is a lot of active research nowadays. We have
selected some of the topics which either have called the attention of specialists, or
where the authors of this book have made some contributions.

This book is not intended to be a complete exposition of the theory of QSDs. It
mostly reflects the (present) interest of the authors in some parts of this vast field.

In Chap. 2 dealing with general aspects of QSDs, we have mainly gathered some
of our own research. We also point out that only Sects. 2.1, 2.2, 2.3 are needed to
read independently the other chapters.

Paris, France Pierre Collet
Santiago, Chile Servet Martinez
Jaime San Martin
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Chapter 1
Introduction

1.1 Quasi-Stationary Distributions

In the framework of this theory, there is a Markov process evolving in a domain
where there is a set of forbidden states that constitutes a trap. The process is said to
be killed when it hits the trap and it is assumed that this happens almost surely. We
investigate the behavior of the process before being killed, more precisely we study
what happens when one conditions the process to survive for a long time.

Let us fix some notation. The state space is X endowed with a measurable
structure. We consider a Markov process ¥ = (Y; : ¢ > 0) taking values in X and
(P, : x € X) is the family of distributions, Py, with the initial condition x € X'. As
said, there is a measurable set of forbidden states which we denote by X (some-
times we will denote this set by X' because it does not necessarily coincides with
the boundary of X). Its complement X2 := X"\ 9 X is the set of allowed states. Let
T = Ty x be the hitting time of dX'. We will assume that there is sure killing at 0. X,
s0 Py (T < o0) =1 for all x € A?. We will be mainly concerned with the trajectory
before extinction (Y; : t < T), so without loss of generality, we can assume Y; = Y7
when t > T, that is, the set of forbidden states is absorbing, or a trap. A sketch of
various trajectories is shown in Fig. 1.1.

Among the main concepts in our study are the quasi-stationary distributions
(QSDs, for short), these are distributions that are invariant under time evolution
when the process is conditioned to survive. More precisely, a probability measure v
on X2 is called a QSD (for the process killed at dX) if for every measurable set B
contained in X2,

P,(Y; € BIT > 1) =v(B), t>0.

Here, as usual, P, = [y Py dv(x).

The existence of a QSD for killed processes, its description, the convergence to
it of conditioned processes, its role in the process conditioned to never be killed,
and the behavior of the killing time constitute the core of this work. On the other
hand, since only few results exist for general processes, we prefer to introduce these
problems in concrete contexts, as discrete Markov chains and dynamical systems.

P. Collet et al., Quasi-Stationary Distributions, Probability and Its Applications, 1
DOI 10.1007/978-3-642-33131-2_1, © Springer-Verlag Berlin Heidelberg 2013
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Fig. 1.1 Trajectories killed at X
the trap x =0 trap -

W N\‘\/ h
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1.2 Markov Chains

The study of QSDs on Markov chains have been extensively developed since the
pioneering work (Yaglom, 1947) on branching process, and the classification of
killed processes introduced in Vere-Jones (1962). The description of QSDs for finite
state Markov chains was done in Darroch and Seneta (1965).

Below we describe some of the main problems of the theory on long time sur-
vival and QSDs on Markov chains. To avoid technical difficulties in this section, we
prefer to introduce the ideas for discrete time Markov chains. But, in the next chap-
ters, except the one devoted to QSDs of dynamical systems, we will only consider
continuous time because this is the case of the major part of the bibliography de-
voted to QSDs of Markov processes. Some of the questions we set will be answered
in the following chapters where we will also give precise references.

So, let us assume X is countable and ¥ = (Y; : t € Z4+ = {0, 1, ...}) is a discrete
time Markov chain taking values in X'. We assume that (Y; : t < T') is irreducible on
X2 and that the process is surely killed, P, (T < co) = 1 for x € X2, In this context,
a QSD is a probability measure v on X' that satisfies

P,(Y;, =x|T >t)=v(x) VxeX? teZ,.

From the irreducibility condition, one obtains that every QSD v charges all points
in X2, On the other hand, since Y is absorbed at time T, the condition of a QSD
takes the form

P,(Y, =x)=v(x)P,(T >t) Vxe X tecZ,.

Let v be a QSD. We proceed to prove that when starting from v, the killing time
T at 90X is geometrically distributed, that is,

Jo=a() €[0,1] suchthat P,(T >t)=a' VteZ,.
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Since v is a QSD, the Markov property gives the following equalities for all 7, s > 0:

Py(T>t+s)= Y Pu(T>t+s Y =x)

xeXa

= > Pu(T >t +5]¥, =x)P,(¥; =x)
xeXa

= Z P (T > t)v(Yy = x)P(T > 5) =P,(T > )P, (T > t).
xeXa

Then, the geometrical distribution of T starting from v follows. We avoid trivial
situations, and so «(v) € (0, 1). We denote by 6(v) := —loga(v) € (0, 0co) the ex-
ponential rate of survival of v, it verifies P, (T > t) = e~ %" for all t € Z . Fur-
thermore, when v is a QSD, we get

VO < 6(v): E,,(eGT) < 0Q.

Hence, a necessary condition for the existence of a QSD is that some exponential
moments be finite:

Vx e X230 > 0: Ey(e?T) < o0.

A solidarity argument, based upon irreducibility, shows that the quantity
0* =sup|0 : E,(e7) < o0}

does not depend on x € X2, we call it the exponential rate of survival of the process
Y (killed at X?). The above discussion shows that 6* > 0 is a necessary condition
for the existence of a QSD. When this condition holds, we say that the process Y is
exponentially killed.

Let P = (p(x,y):x,y € X) be the transition matrix of Y, P, = (p(x,y) : x,y €
X'?) be the transition kernel restricted to the allowed states, and denote by Pa(’ ) =
(PP (x,y):x,y e X?) the rth power of P, fort € Z, .

Let v be a probability distribution on X2, we denote by v/ = (v(x) : x € X?) the
associated row probability vector indexed by X2. We have P,(Y; = y) =/ P, ().
In the case v is a QSD, there exists an o € (0, 1) such that P, (T > t) = ' for all
t € Zy. So, if v is a QSD, v/ must verify

VieZy: VP =a'V.

This is equivalent to v/ P, = ov’ and so v’ must be a left-eigenvector of P, with the
eigenvalue o € (0, 1). Observe that the eigenvalue is related to v’ by the equality
a =1V'Pa1=P,(T > 1), where 1 is the unit vector (all its components are 1). Note
that the equation of a QSD is nonlinear in v because « also depends on v.

Let A be finite; the sure killing condition is equivalent to P,1 <1 and at some
xo € X2 there is a loss of mass, that is, Z},eXa p(x0,y) < 1. In this case, the exis-
tence and uniqueness of a QSD follow straightforwardly from the Perron—Frobenius
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theory. Indeed, since P, is a positive, irreducible, strictly substochastic matrix, this
theory ensures the existence of a simple eigenvalue « € (0, 1) of P, that has left- and
right-eigenvectors v and i, respectively, that can be chosen to be strictly positive.
Moreover, the associated eigenvectors of any other eigenvalue cannot be positive.
We can impose the following two normalizing conditions:

Vg =1, V1i=1,

where Vi = )" _ya ¥ (x)v(x). In particular, v is a probability vector. Let us see
that v is a QSD. From v'1 = 1, we get

Py(T >1)=vPD1 =0,

which shows that v is a QSD, and it is clearly the unique one. Also 8 = —log« is
the exponential rate of survival.
The Perron-Frobenius Theorem also gives

3B €[0,a) suchthat P, =o'y + o(B),
or equivalently, p (x, y) = a! ¥ (x)v(y) + O(B"). So, in the finite case, one has

Vxe X P(T>t)= Z PO, y)=a'y(x)+ o(B").
yel?

When a probability measure v defined on X' satisfies the property

Vy € X*3v(y) = lim Pr(Y; = yIT > 1),

it is called a quasi-limiting distribution, or a Yaglom limit. As defined, it is indepen-
dent of x € A2,
Notice that

1
VxeX? a=-—lim -P,(T >1),
t—>00 t

so the Perron—Frobenius eigenvalue is the exponential rate of survival of the process
starting from any initial distribution.

When the chain evolves in an infinite countable set, the following problems on
QSDs can be set:

Problem 1.1 The problem of existence of a QSD. From the discussion, a necessary
condition for the existence of a QSD is that the process is exponentially killed. Un-
der this condition, we will give the proof that a sufficient condition for the existence
of a QSD is that the process does not come from infinity in finite time (that is, for all
fixed positive time, it is not possible to be killed before this time when the process
starts arbitrarily far away). As shown for birth-and-death chains, this condition on
non-coming from infinity is clearly unnecessary for the existence of a QSD.
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Problem 1.2 The problem of uniqueness of a QSD. As we shall see for exponen-
tially killed time-continuous birth-and-death chains, there are two possibilities: (i) if
the chain comes from infinity in finite time, there is a unique QSD, and (ii), in the
opposite case, there is a continuum of QSDs, in fact, there is one QSD vy for each
0 € (0, 6], where 6* is the exponential rate of survival of the process. The problem
of the interpretation of the extremal QSD vy« appears.

Problem 1.3 The problem of the domains of attraction. If p is a probability dis-
tribution on X? and we consider the conditional evolution P,(Y; € o|T > t), we
would like to know if it converges; and when the answer is positive and there are
several QSDs, we would like to know to which of the QSDs it converges.

For birth-and-death chains, we will give the proof that this limit exists for all
Dirac measures p = §, and it coincides with the extremal QSD, that is,

Vy e X% vg«(y) = lim Py (Y; = y|T > 1).
11— 00

When there is a unique QSD (for instance, for birth-and-death chains that are expo-
nentially absorbed and coming from infinity in finite time), a problem is when all
distributions p belong to the domain of attraction of the QSD.

For initial distributions different from the Dirac measures, a complete answer
to the question of domains of attraction is very hard. In fact, it is answered in a
satisfactory way only (in the context of diffusions) for the Brownian motion with
strictly negative constant drift.

Let us study the process of trajectories that survive forever. From the Markov
property, we get

P(Y1=x1,.... Yk =ix, T>t) =P (Y1 =i1,..., Yk =i) P (T >t — k).

In the finite case, we can go further. In fact, the computations already done give the
following ratio limit result on the survival probabilities:

P(T >t—k
Vx,y € X?* lim 7> )—akw(x)

im0 Py(T>1) Y@y
Hence,
Sl v@)
tl_i)IgOIP’xO(Yl=x1,...,Yk=xk|T>t)=1_[(aw(x—ljl)p(xl_1,xl)>.

=1

Therefore, in the finite case, the process of trajectories that survive forever, Z =
(Z; :t = 0), whose law is given by

Py(Zi=x1,...,Zr = x) ::zllIgoPX(Yl =x1,...,. Yk=x|T >1), xe&X?
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is a Markov chain taking values on X', with transition probability

px,y) =P (Z1=y)= a%p(x, y).

Observe that P = (p(x,y):x,y € X?) is a stochastic matrix because

S pn=a Y pen i oy,

yeXa yeXa V)

In this finite case, and under irreducibility, the chain Z is obviously positive recur-
rent, and from the equalities

W) P(y) = Y v@)Y ), y) =y (y) Y vx)px, ) =v)P(),

xel? xel?

v =)y @) ix el ) is the stationary distribution for Z. To avoid~confusion,
we denote by [P the law of the process Z given by the transition matrix P.
For a general Markov chain, the following problem is put:

Problem 1.4 Existence and classification of the process Z of trajectories that sur-
vive forever. For birth-and-death chains, we show the existence of the process Z.
To do it, we extend to birth-and-death chains the result showing that the ratio be-
tween the components of the right-eigenvector correspond to the limit ratios of the
survival probabilities. In relation with the classification of the process Z (following
Vere-Jones classification), we supply a criterion based on the exponential rate of
survival which ensures when the process Z is positive recurrent, null-recurrent or
transient.

We have discussed the convergence in distribution of the initial piece of trajec-
tory,

lim Py (Yo =xo,.... Yo = xi|T >1)=P,(Zo=x0, ..., Zk = xz).
— 00

In the finite case, the quasi-limiting behavior allows getting the convergence of the
final piece of trajectory. It is given by

lim P, (Y, =x0..... Y =x)|T >1) =P, (¥, =x0,.... Y, =x|T > ]),
=00

where v is the quasi-limiting distribution.

Note that this limit distribution on the last piece of the trajectory requires the
existence of the quasi-limiting distribution and the limit ratio of the survival proba-
bilities. Hence, by previous discussion, this limit behavior can be also retrieved for
the birth-and-death chains that are exponentially killed.
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1.3 Diffusions

In this section, we give a simple example of a QSD for a diffusion. We refer to
Pinsky (1985) for a more general case and to Chaps. 6 and 7 for other diffusions in
dimension one.

In this section, we denote by X a compact, connected domain of R” with a regu-
lar boundary, and the process Y. will be the n-dimensional Brownian motion killed
on dX. We will prove the existence of a QSD for this process. When necessary, we
will use the notation Y* to denote the process starting at x.

Theorem 1.1 Under the above hypothesis, the Brownian motion killed on 0 X has
a QSD which is absolutely continuous with respect to the Lebesgue measure.

Proof From the spectral theory of elliptic partial differential operators (see, for ex-
ample, Davies 1989), it is well known that the Dirichlet Laplacian in X" has a largest
eigenvalue —A < 0 with an associated eigenfunction # which is nonnegative and
bounded, namely

Au = —\u,

u>0and upy =0.

From Ito’s formula (see, for example, Gikhman and Skorokhod 1996) we have
for any function f which is twice continuously differentiable and with compact
support contained in the interior of X that

1 tAT
FEL() = F@+5 [ (AR 1 () s+

where (.#.) is a martingale. Therefore,

1
e)‘t/zEx(f(YmT)) =f)+ §E<

c\

Yiar) +Af( mT))ds>

1
=f(x)+§E</0 A/\T +)‘f( sAT))ds)'

Using integration by parts, we get

(/ u)(Af(Yr) + 21 ( sAT))dX> _

Therefore, by Fubini’s Theorem, we obtain

2 [ w7 W)= [ uwrwar.
X X



8 1 Introduction

Fig. 1.2 The density of u(0, z)
u(0, x) of the initial 5
distribution
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Let v denote the positive measure with density u (dv = udx), the above formula
can be rewritten

Ey(f(Yiar)) = eiktﬂ/X fdv.

Since this formula holds for any function f which is twice continuously differen-
tiable and with compact support contained in the interior of X', and since u vanishes
on the boundary, we conclude that v is a QSD. Note also that, since u is bounded
and hence integrable, we can normalize v to a probability measure. g

One can give other proofs of this theorem avoiding the use of the spectral theory
of elliptic operators, using, for example, the spectral theory. Results for more general
diffusions in dimension one will be proved in Chaps. 6 and 7.
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P(T > t) log P(T > t)
1 T T T T T T T 0 T T

-2t
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-6 . . . . . . .
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t

Fig. 1.4 (Left) P(T > t) as a function of t. (Right) logP(T > t) as a function of ¢

Spectral theory allows, in particular, one to prove the existence of a Yaglom
limit and to show that the rate of convergence is exponential (we will see more on
this in later chapters). Here we illustrate these properties using a simulation for the
one dimensional Brownian motion on the interval [—1, 1]. We start with the initial
condition which is absolutely continuous with respect to the Lebesgue measure with
density drawn in Fig. 1.2.

In Fig. 1.3, we show the time evolution of the density, normalized to have integral
one. We clearly see convergence to the density of the Yaglom limit (r cos(mw x/2)/4
in this case) which is drawn in black at the end of the surface.

One can also look at the time evolution of the survival probability P(T > t).
This is shown in Fig. 1.4 on the left. On the right, we plotted the logarithm of this
quantity as a function of time, clearly showing convergence to a straight line, namely
that P(T > t) decays asymptotically exponentially.

1.4 Dynamical Systems

A classical system (in physics, chemistry, biology, etc.) is described by the set X
of all its possible states, often called the phase space of the system. At a given
time, all the properties of the system can be recovered from the knowledge of the
instantaneous state x € X'. The system is observed using the so-called observables
which are real-valued functions on X. Most often the space of states X’ is a metric
space (so we can speak of nearby states). In many physical situations, there are even
more structures on X': R, Riemannian manifolds, Banach or Hilbert spaces, etc.
As a simple example one can consider a mechanical system with one degree of
freedom. The state of the system at a given time is given by two real numbers: the
position ¢ and momentum p. The state space is therefore R?. A continuous material
(solid, fluid, etc.) is characterized by the field of local velocities, pressure, density,
temperature, etc. In that case, one often uses phase spaces which are Banach spaces.
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As time goes on, the instantaneous state changes (unless the system is in a situa-
tion of equilibrium). The time evolution is a rule giving the change of the state with
time. It comes in several flavors and descriptions summarized below:

(i) Discrete time evolution. This is a map f from the state space X into itself
producing a new state from an old one after one unit of time. If x is the state of
the system at time zero, the state at time one is x; = f(x¢), and more generally,
the state at time n is given recursively by x, = f(x,—1). This is often written
xp = f"(x0) with f"= fo fo---o f (n times). The sequence (f"(xp)) is
called the trajectory or the orbit of the initial condition xg.

(ii) Continuous-time semi-flow. This is a family (¢; : t € R") of maps of X satis-

fying
@o =1d, @5 0 Q1 = Pyt

The set {¢@;(xo) : t € RT} is called the trajectory (orbit) of the initial condi-
tion xo. Note that if we fix a time step T > 0, and observe only the state at
times nt (n € N), we obtain a discrete time dynamical system given by the
map f = ¢;. A flow is a family (¢, : t € R) of maps of & satisfying the above
two conditions for any ¢ and s in R. Note in particular that ¢_; is the inverse
of ;.

(iii) A differential equation on a manifold associated to a vector field F

dx

T F(x).
This is, for example, the case of a mechanical system in the Hamiltonian for-
malism. Under regularity conditions on F, the integration of this equation leads
to a flow.

(iv) There are other more complicated situations like nonautonomous systems (in

particular, stochastically forced systems), systems with memory, systems with
delay, etc., but we will not consider them below.

A dynamical system is a set of states X equipped with a time evolution. If there
is more structure on X', one can put more structure on the time evolution itself. For
example, in the case of discrete time, the map f may be measurable, continuous,
differentiable, etc.

Assume now that the phase space X is equipped with a Borel structure, and
let vg be a Borel probability measure on X'. To any dynamical system on X, we
can now associate a stochastic process. We explain how this is done for the case of a
discrete time evolution, the case of continuous time is similar. Let f be a measurable
map of the phase space X" as above, and let vy be a probability measure on X. Let
% be a measurable space, and let Y be a measurable map from X to %'. We can
consider Y as a % -valued random variable by the usual construction. Namely, for
any measurable B € %, we define

P(Y € B) = v (Y ' (B)).
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Fig. 1.5 Time evolution with
a trap

More generally, we can define a discrete time stochastic process on % by the se-
quence (Y, : n € Z4) of random variables defined by

Y,=Yo f".

In these processes defined by dynamical systems, the time evolution is deterministic,
but the initial condition is chosen at random. This randomness is propagated by the
time evolution. There is no loss of generality if we assume that X = % and Y is the
identity mapping.

A measure v on X is called an invariant measure for the map f if for any mea-
surable set B € B(X) we have

v(f~(B)) = v(B).

We recall that f~! denotes here the set-theoretic inverse, or in other words, f~!(B)
is the set of preimages of points in B

By ={x: f(x) e B}.

The definition is the same for a semi-flow.

As explained above, to the map f and the measure v, we can associate stochastic
processes. If the measure v is invariant, it is easy to verify that these processes are
stationary.

We now consider the particular setting corresponding to quasi-stationary mea-
sures. We assume that a measurable subset X' of the phase space X is given, which
is a hole or a trap. Namely, when an orbit reaches X', the time evolution stops (al-
though the dynamical system may be well defined on X''f). See Fig. 1.5 for a sketch
of this evolution.

Let T = T be the first time an initial condition x reaches the trap X', namely,
fl(x)¢ X" for0< j < T(x)and fT™(x) € X". It is convenient to define T = 0
on X

In this situation, it is natural to define the sequence (;,) of sets of initial condi-
tions which do not reach X'* before time n, namely X, = {T > n}. The sets X}, can
also be defined recursively by Xy = X\ X", and

Xog1 =X, N {x: 7 (x) ¢ A7)
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Note that we also have

Xo= ()7 (X).

j=0

We recall that there are several natural questions associated to this situation.

Problem 1.5 Given an initial distribution vy on X, what is the probability that a
trajectory has survived up to time n > 0? (For example, if vy is the Dirac measure
on one point.)

In other words, what is the behavior of vy (4},). Often one can say something only
for large n.

Problem 1.6 Assume a trajectory initially distributed with vy has survived up to
time n > 0. What is the distribution at that time (of the surviving trajectory)?
In other words, can we say something about

vo(f"(B) N &)
Vo ()

)

B a measurable subset of X.

We recall that the Yaglom limit of the measure vy is defined as the limit of the
above measure when 7 tends to infinity (if the limit exists). It may depend on the
initial distribution vy.

A related object is a quasi-stationary measure (QSD).

We recall that v (a probability measure on X') is quasi-stationary if for any n > 0

v(f " (B)NX,)
T @ W

for any measurable set B. If there is no trap, this is a stationary measure.

Problem 1.7 Are there trajectories which never reach the trap A? (T = o0).
If so, how are they distributed?
How is this related to Problem 1.6?

To get some intuition about these questions in the case of dynamical systems, we
now discuss a simple example where explicit computations can be performed.

The phase space X is the unit interval [0, 1]. Consider the map f given by
f(x) =3x (mod 1). In Fig. 1.6 we show the graph of f, and in Fig. 1.7 the ge-
ometrical construction of one iteration.

It is easy to verify that the Lebesgue measure Leb is invariant, namely, for any
Borel set B

Leb(f~'(B)) = Leb(B). (1.1)

Indeed, it is enough to verify (1.1) for a finite union of disjoint sub-intervals of
[0, 1], and in fact for each interval separately. By a simple computation, one obtains
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Fig. 1.6 The map f(x) =3x 1
(mod 1) o9l
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immediately for the interval I = (a, b) C [0, 1]

i) =(a/3,b/3)U((a+1)/3, b+ 1)/3) U ((a+2)/3, (b+2)/3),

and therefore,

Leb( £~ (1)) =3(b/3 —a/3) =b —a =Leb(I).

As explained above, given an initial distribution, we have a discrete time stochastic

process.

The probability space is [0, 1] and the process is defined recursively by Y,y =

FXp).
We use the interval ]1/3,2/3[ as a trap.
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The normalized Lebesgue measure v = 3Leb/2 on Ay = [0, 1/3]1U [1/3,1] is
quasi-stationary.

The proof is an easy computation from the definition in the discrete time case.
As we will see later (see Lemma 8.2), it is enough to check that

WWIBNX) e
v(X1) ’

for any Borel set B C A). Moreover, by completion, it is enough to check this iden-
tity for a finite union of disjoint intervals, and this follows if we can check it for
any interval (a, b) C Xp. A simple computation (as above for the invariant measure)
leads to

X1 =1[0,1/91U1[2/9,1/31N1[2/3,7/9]1N[8/9, 1].
Therefore,
4 2
Leb(X)) = 5 and v(X)) = 3
As above, for I = (a, b), we have
f’l(I) =(a/3,b/3) U ((a +1)/3, b+ 1)/3) U ((a +2)/3, (b +2)/3),
and therefore, if I C A},
i NX = (a/3,p/3) U ((a+2)/3, (b +2)/3).
This implies
_ 2
Leb(f~' ()N X)) = g(b —a).
Therefore,

v(fTMDNX) _BLeb(fT' )N AD/2 3
v(X) 2/3 T2

(b—a)=v().

It is easy to verify inductively that

2 n
V(&) = (5) .

Namely, we have the answer to Problem 1.5: the probability of surviving up to time
n when the initial condition is distributed according to the QSD v.
The set of initial conditions which never die is

sz/’\,’n
n

which is the Cantor set. K is of zero Lebesgue measure. Moreover, during the re-
cursive construction, if we start with the Lebesgue measure (or the QSD v), X}, is
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a union of triadic intervals which have the same length and hence the same weight.
We get at the end the Cantor measure which is singular with respect to the Lebesgue
measure (or the QSD v). So there is little connection with the nice QSD. Intuitively,
a QSD (or a Yaglom limit) describes the distribution of trajectories which have sur-
vived for a large time but most of them are on the verge of falling in the trap.

Problem 1.7 deals with trajectories that will never see the trap, this is very differ-
ent. In the case of dynamical systems, these trajectories concentrate on a very small
set which is invariant and disjoint from the trap.

Problem 1.6 (distribution of survivors at large time) and Problem 1.7 (eternal
life) have very different answers.



Chapter 2
Quasi-Stationary Distributions: General Results

In this chapter, we introduce the main concepts in a general context of killed pro-
cesses. Thus, in Sect. 2.2, we give the definition of quasi-stationary distributions
(QSDs). In Theorem 2.2 of Sect. 2.3, we show that starting from a QSD the killing
time is exponentially distributed, and in Theorem 2.6 of Sect. 2.4, we show that
the killing time and the state of killing are independent random variables. In The-
orem 2.11 of Sect. 2.7, we give a theorem of existence of a QSD in a topological
setting without any assumption on compactness or spectral properties.

2.1 Notation

We will consider a Markov process Y = (¥; : t > 0) taking values in a state space X
which is endowed with a o -field B(X). Let us fix some notation:

o M(X) is the set of real measurable functions defined on X'; M (X) (respec-
tively, M, (X)) is the set of positive (respectively, bounded) elements in M (X);
e P(X) is the set of probability measures on (X', B(X)).

When X has a topological structure, B(X) denotes its Borel o -field. In this case,
we denote by C(X) the set of continuous functions and by Cj(X) its bounded ele-
ments.

Let v be a measure on X and f € M(X). If [ fdv is well defined then we
set v(f) = ffdv. This is the case if f € L'(v), or when f € M (X), or when
v € P(X)and f € Mp(X).

Let us fix X a topological space endowed with its Borel o -field B(&X). Let Y be
a Markov process taking values in A" satisfying the conditions we fix below.

Let £2 be the set of right continuous trajectories on X, indexed by points in
[0, 00). So w = (w5 : s € [0,00)) € §£2 means that w; € X and wy = limy,_, g+ w44
for all s € [0, 00). Let (§2, F) be a measurable space where F contains the o -field
generated by all the projections pr, : 2 — X, w — pr,(w) = ws, s > 0. Fort > 0 let
O, : 2 — £2 be the operator shifting the trajectories by ¢, so @;(w) = (ws : s > 1).

P. Collet et al., Quasi-Stationary Distributions, Probability and Its Applications, 17
DOI 10.1007/978-3-642-33131-2_2, © Springer-Verlag Berlin Heidelberg 2013
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The process Y = (¥; : t > 0) takes values on X and its trajectories belong to 2.
We denote by F = (F; : t > 0) a filtration of o-fields such that Y is adapted to I,
soforallt >0 F; D o(¥s:s <t) the o-field generated by the process up to time 7.
Let (P, : x € X) be a family of probability measures defined on (£2, ). We assume
that Y is a Markov process with respect to the family (P, : x € X), that is,

o P.(Yp=x)=1forall x € X;
e For all A € F the function x — P, (A) is B(X)-measurable;
o P .(O;(Y) € A|F;) =Py, (A) Py-as., Vxe X and VA € F.

We assume that X’ is a Polish space (metric, separable and complete) and that
the Markov process Y is standard in the sense of Definition 9.2 in Blumenthal and
Getoor (1968). In particular, Y is strong Markov. We denote by

Tg=inf{t >0:Y, € B}, BeBX),

the hitting time of B, where as usual we put inf # = co. Since the Markov process Y
is standard, T is a stopping time. When B = {xo} is a singleton, we put T, instead
of Tixy}-

2.2 Killed Process and QSD

In this theory, there is a set of forbidden states for the process, denoted by o.X.
We assume that 0X € B(X) and ¥ # 90X # X, this last condition is to avoid trivial
situations. Its complement X'? := X"\ dX’ is called the set of allowed states. Let

T=Tyx,

be the hitting time of d &, it is called the killing time (or extinction time in popula-
tion models).

All the quantities in this study will only depend on Y7 = (YA : ¢t > 0), the
process stopped at &X', and so there is no loss of generality in assuming Y; = Y7
fort > T.Then Y =Y and T is an absorption time. We note that except when we
look for the region where the process is absorbed, we will be mainly concerned with
the trajectory before killing (Y; : ¢ < T).

In our framework, we will assume that there is sure killing at 0 X,

VxeX?: P.(T <oo)=1. 2.1)
In particular, this means that there is no explosion. Condition (2.1) is equivalent to
Vo e P(X?): Po(T <oo)=1,

where as usual we put P, = fXa P, dp(x) for any p € P(X?). Relation (2.1) obvi-
ously implies

VxeX?: P (T <o0)>0, (2.2)
then,
Vp e P(Xa) At(p) YVt =1t(p): P, (T >1t) <. (2.3)
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Condition (2.2) (and hence the stronger condition (2.1)) implies that there cannot
exist stationary distributions supported by X'? because if p is one of them, from
(2.3) we should have p(Y; € X?) < 1 fort > t(p), which contradicts the stationarity
because p(Yp € X?) = 1.

Let us define the quasi-stationary distributions.
Definition 2.1 v € P(X?) is said to be a QSD (for the process killed at 0.X) if

VB eB(X*) Vi >0: P,(Y; € B|T >1)=v(B).

So, visa QSD if
VB ¢ B(Xa) Vi>0: P,(Y;€B, T >1t)=v(B)P,(T >1). 2.4)

Since Y is stopped at time T, we have P,(Y; € B,T > t) = P,(¥; € B) for all
B € B(X?), and the condition of QSD takes the form

VB € B(X*) Vi >0: P,(Y, € B) = v(B)P,(T >1). 2.5)

From the previous observation, condition (2.2) ensures that a QSD cannot be
stationary.

2.3 Exponential Killing

Let v be a QSD. The first remark is that when starting from v, the killing time at
aX is exponentially distributed (see Ferrari et al. 1995b). Let us state it.
Theorem 2.2 If v be a QSD, then
0() >0 suchthat P,(T >t)=e " vi>0,

that is, starting from v, T is exponentially distributed with parameter 6 (v).
Proof Since v is a QSD, from relation (2.4) we get that all g € M (X?) and all
g € Mp(X?) verify

Vi=0: E,(g(Y)lrs) =v(Q)Py(T > 1). (2.6)

By taking the measurable function g(x) =P (T > s), x € X?, and since fXa gdv=
P, (T > s), we get

Vi >0: E,(Py, (T >s5)1rs) =Py(T > 5)Py(T > 1).
From the Markov property, it is verified that V¢, s > 0
Pu(T >t +5)=Ey(Ars145) =Ey (]]-T>IE(:H-T>t+s|]:t))
=E, (]]-T>tEY,(:ﬂ-T>s)) =Py (T > 9)Py(T > 1).

So, there exists some 6 > 0 such that P,(7T > 1) = =% V¢ > 0. Then, the result
follows. O
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Remark 2.3 For discrete time, the argument in the proof of Theorem 2.2 shows that
when starting from a QSD v, the killing time at X is geometrically distributed, so
P, (T > n) =« (v)" for all n > 0, where k (v) =P, (T > 1).

The coefficient 8 (v) verifies (v) = —% logP, (T > t) Vt > 0. So, when the pro-
cess starts from v, 6(v) is its exponential rate of survival, which is stationary in
time.

Theorem 2.2 gives P, (Yy+ € dX) = 0. Then, from (2.3) we get 0 < P, (T > t) <
1 for v a QSD, and so 9(v) € (0, c0).

From (2.4) and Theorem 2.2, we get that v € P(X?) is a QSD if and only if it
verifies

30 € (0,00) VB € B(X*) V1 =0: P,(Y, € B, T >1)=v(B)e . (2.7

In this case, 8 = 6(v).
When v is a QSD, we get

VO < 6(v): E,,(eeT) < 00,
and we deduce
VO <0(v),v-as. inx: E.(eT) < o0. (2.8)

The exponential moment condition can be written in the following way.

Proposition 2.4 We have the equality
1
0F == sup{@ ‘K, (e” < oo)} = liminf —— log P, (T > 1), (2.9)
t—00 t
and a necessary condition for the existence of a QSD is the existence of a positive
exponential moment, or equivalently, a positive exponential rate of survival:
Ix e X* 6;>0. (2.10)
Proof The fact that (2.10) is necessary for the existence of a QSD follows from (2.8)
and (2.9). We now prove the equality (2.9). Note that the result will follow once we
show the following relation for a nonnegative random variable W':
1
sup{0 : E(e”V) < oo} = liminf —~ log P(W > 1). (2.11)
t—0o0 t
The inequality < in (2.11) follows from Markov’s Inequality applied to all nonneg-
ative 6 such that E(e?%) < oo,
E(e®Y) > "P(W > 1) Vi >0.

Let us prove the other inequality. First, observe that for every distribution func-
tion F, Fubini’s Theorem gives

/Ooee‘)’(l —F(t))dt:/ooeeldt/oo dF(u):/oo</u9e9’dt> dF(u)
0 0 tt 0+ 0

:/oo(eW —1)dFu) :/megudF(u) — (1= F().
0

0
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Then
o o0
/ dF()=(1-F(©0)+ / 0’ (1 — F(1))dt. (2.12)
0 0
Note that
1 /
liminf —=log P(W > 1) =sup{#’: 3C <00 V1 > 0,P(W > 1) < Ce™? 1. 213)
t—00 t

Now, if 6’ > 0 satisfies P(W > ) < Ce=%" ¥t > 0, from (2.12) we get that any
0 € (0, 9") verifies:

o0 o0
E(Y) =P(W > 0) +/ 0’ P(W > t)dt <P(W > 0) + ce/ e~ =01 gy
0 0
1
The inequality > in (2.11) follows from (2.13) and (2.14). O

Remark 2.5 Note that if v is a QSD then E, (e?™7T) = co. Then, if 6 > 0 satisfies
the condition

sup(Ex(eeT) tx € X?) < oo,
there cannot exists a QSD v with 6(v) = 0 because otherwise we should have

oo=E, (ee(”)T) < sup(Ex (eg(”)T) ix € Xa) < 00.

2.4 Independence Between the Exit Time and the Exit State

Let us show that when the process starts from a QSD, the killing time and the state
where it is killed are independent random variables (see Martinez 2008).

Theorem 2.6 Let v be a QSD (for the process killed at 0X). Then T and Yr are
P, -independent random variables.

Proof We already proved that the QSD property implies P,(T € (s,s + ds]) =
O(v)e?™s ds. Let E € B(3X) be a measurable set contained in 9.X'. The Markov
property and the QSD definition P,(Y; € ¢|T > s) = v(e) imply that for all real
a > 0 and every integer n > 0,
PV(T € (na, (n+ l)a], Yre E) =P,(T >na,Yui1q € E)
=P,(Yut1)a € EIT > na)P,(T > na)
=P, (Y, € E)e 70,

We sum over all n > 0 to get

1

1
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So, the independence relation follows:

P(T <a,Yr € E)=P,(Y, € E) = (1 —e )P, (Y7 € E)
—P(T <a)P,(Yr € E). =

From this relation, we find

dd—a]P’v(Ya €E) =0()P, (YT € E). (2.15)

a=0

Remark 2.7 Let us give the proof of the above property in discrete time. For n > 0,
we have

P(T=n+1,Yr€E)=P,(T >n,Y,+1 €E)
=P,(Yy41 € E|T >n)P,(T >n)
=P,(Y; € E)P,(T > n).

When we sum over all n > 0 and use P, (T > n) = «(v)", we obtain

P,(Yr € E) = P,(Y; € E).

1—«k)
Since P(T =n+1) = (1 — k(v))x (v)", we find the result
P,(T=n+1,Yr € E)=P,(Yr €e E)P,(T=n+1) Vn=>0.

Example: The independent case Let Y5 k=1,...,K,be K independent Markov
processes taking values in X;. Assume that each Yy is killed at time 7} when it hits
30Xy, Let 0X = UK, 0y x [ 112« X1 Then, the product measure v = R v
is a QSD for the product process ¥ = (YX:k=1,...,K) killed at the region
dX. Indeed, the killing time is 7 = inf{Tk :k=1,...,K}. Moreover, in this
case the exponential rate of survival is § = Zle 6k. From the equalities P, (T* €
(t,t4+dt], T >t VI #£k) =6re " dt and P, (T € (¢, 1 +dt]) =0 Ke 7" dt, we find
P(T=T)=P,(Yr € 0X} x ]_[l# X)) =6/6.

2.5 Restricting the Exit State

Let E C 04X be such that P(Y7 € E) < 1. We will consider the process that hits the
boundary at X \ E. For this purpose, let 2* =2 \ {Y7 € E} ={Yr ¢ E} with the
restricted o -field F* = F|p+. We endow this space with the family of conditional
probability measures

P*(A) =P, (A|Yr ¢ E), xeX*:=X\E AcF*

Consider the process Y* = (Y;* : t > 0), with ¥;* := Y;,7 on £2*, so it is the restric-
tion of Y7 to £2*. The process Y* takes values in X*. We define dX* = dX \ E
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and the killing time 7% = inf{r > 0 : ¥;* € 0X™*}. The set of allowable states is
X3 =%\ 0X*.

Proposition 2.8 Y* is a Markov process with respect to the probability measures
Py : x € X*). The process Yj. takes values in dX* with the measure P} (Y7, €
C)=P,(YreC|Yr ¢ E)forx e X*,CeBOX\E).

Moreover, if v is a QSD for Y killed at T, the probability measure v* defined on
X2 by

V*(B) = Py (Y7 ¢ E)v(dx), B eB(x?), (2.16)

75,
Py(Yr ¢ E) Jp
is a QSD for the process Y* killed at T*.

Proof Let us see that Y* is a Markov process. Since P%(Y;* = x Vt > 0) =1 for
x € 3X*, we can assume that the starting point satisfies x € X'®. For s > 0 let ;" be
the o-field Fy restricted to 2* ={Yr &€ E}. For 0 <s <t we have

E(s(Y))|F) =E gYinr)lyr ¢k

]:s*>jlYT¢E

)JlYﬁZE = Ez* (g(Yt*_S)).

1
x(IPx(YT ¢ E)

1
= EYMT <g(Y(t—s)AT)]1YT¢E m

Then, the Markov property holds.
The only thing left to prove is that the measure v* given in (2.16) is a QSD for
the process Y* killed at T*. We have

P (Y e B, T" >1)

:/ Pi(Y, € B, T >t)v* (dx)
Xa

/ L b, eB.T>1y ¢E)PX(YT¢E) (dx)
= o v 2 < ix L >1, — v uax
P (YrgE) TP, ¢ B)

_ P(Y,€B,T>1,Yr ¢ E)

- P,(YT ¢ E) '

Then, from the QSD property of v and the Markov property satisfied by Y, we find
for B € B(X?) that

Ph(Y e B, T">1)= y(Y1 ¢ E)Py(T > 1)v (dy)

1 /]P’
P,(Yr ¢ E) Jp
WI=D [p vy ¢ By (dy)

= - v .
P,(vr ¢ B)Jy T Y
We conclude that
_ g Py(YT ¢ E)v(dy) —*(B).
JxaP:(YT ¢ E)v (d2)

Then v* fulfills the QSD requirements. g

(Y € B|T* > 1)
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2.6 Characterization of QSD by the Semigroup
Let (P; : t = 0) be the semigroup of the process before killing at d.X (often this
semigroup is only denoted by (P;)). Then

Ptf(x)zlEx(f(Y,),T>t), x € X?, (2.17)

and it acts on the set M, (X?) of real measurable bounded functions defined on A2,
The Markov property implies that it verifies the semigroup equation

PioPi=Py=PoP; Oan(Xa).

We denote 1 =1 ya. Then P, (T > 1) = P;1(x) for x € X2,
Let (Mp(X?), || - |loo) be the Banach space, where

I flloo = sup{| f(x)] : x € X?}.
Note that P; is a linear contraction on (Mp(X?), || - o).
IPlloc <1 where | Plloo :=sup{l| P flloc : £ € Mp(X?), || fllos < 1}.
Notice that for any g € M, (X) and x € X we have
E:(g(YD) =Ei(g(Y), T > 1) + g(Y7)P:(T <1).

In particular, if g(y) =0 Vy € 90X, we get E,(g(Yy)) = Ex(g(Y;), T > t) for all
x € X2,

For any measure v on X', the set of quantities (v(P;1g) : B € B(X?)) defines
a measure on X which is denoted by P,Tv. So, by linearization this action can be
also defined for all finite signed measures. Hence the action of the semigroup on the

space of measures on X2, or the space of signed finite measures on X2, is defined
by

Ve My(X*): (Bv)(f) = (P f).
We note that Pf is also a semigroup acting in these spaces of measures, that is,
P =P oP].

In fact,

P ((P]v) £) = (PJo)(P ) = v(Ps P f) = v(Prias ) = (Pli0) f.

For all v € P(X) we have
VieMp(X*) Vi =0 o(P f)=Ey(f(Y)1rs:).

Hence, from (2.6) and (2.7), v € P(X) is a QSD if and only if it satisfies

30 >0 suchthat VfeMy(X?*) V>0 v(Pf)=e"v(f),
or if and only if

30 >0 suchthat Vr>0: Plv=¢ . (2.18)

The parameter 6 turns out to be equal to 8(v), the exponential rate of survival of v.
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Let us show that there exists some QSD when the eigenmeasure equation (2.18)
is satisfied by a finite measure but for a fixed strictly positive time (result shown in
Collet et al. 2011). For this purpose, the following observation is useful. Since by
definition the process Y is adapted to the filtration F = (F; : t > 0), it is progres-
sively measurable (for instance, see Revuz and Yor 1999, Proposition 4.8), that is,
for all + > 0 the map

[0,1] x 2 — X, (s, w) = Ys(w),

is B([0, ]) ® F; measurable. Then also the killed process Y7 is progressively mea-
surable with respect to the filtration (F;a7 : ¢ > 0) (see Revuz and Yor 1999, Propo-
sition 4.10) and by integrating over §2 we deduce that P;1p is measurable in ¢.

Lemma 2.9 Let V € P(X?) and B > 0 be such that Pf’\j = BV. Then B < 1 and
there exists a QSD v whose exponential rate of survival is 6 :== —log 8 > 0.

Proof Let1 =1 ya. From condition (2.3), there exists some integer n > 0 such that
P3(T > n) < 1. From " = (PJ'J)I =Py;(T >n)<1,weget " <1,s08 <1 and
0 := —log B > 0. We must show that there exists v € P(X?) such that P,Tv =e 0y
forall t > 0.

Since P;1p is measurable in ¢, for all B € 5(X'?), the following quantity is well-
defined:

1
v(B) :=/ ST (Py1p) ds.
0

By linearity and monotonicity, we get that v is a finite measure on (X2, B(X?)). By
definition of RT , We can write

1
v(B) :=/ ¢ (PV)(B)ds.
0

Lett € (0, 1]. We have
K 1 1 KX
P,*u(B):u(P,JlB):/ QSP'v(P,]lB)ds_/ e P V(B)ds
0 0

1—t 1
- / Pl V(B)ds +/ Pl V(B)ds
0

1—t

+
:/ o= Z>PTu(B)du+/ "=V PI%(B) du
t

:e*“/ " PIV(B)du + e~ f/ Oue? (PJ PV (B) du
t 0
=e " (B),

where in the last equality we use PITF = ¢~ 7. (Note that the integrals folft and f[]

vanish when ¢ = 1.) In particular, we proved PlTv =e %y and so P,:rv =e 0y,
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Fort>1,wewritet=n+r withO<r <landneN=/{1,2,...}. We have
Pv=PPlv=ePlv=c"0c"y =

Now we normalize v. We have shown that it verifies the QSD condition (2.18). [

2.7 Continuity Assumptions

Let us recall one of the theorems of Krein in Oikhberg and Troitsky (2005), we refer
to Theorem 4 therein. Let (B, <, || - ||) be an ordered normed space and assume that
there exists an element e € B that satisfies ||e|| = 1 and e > x for all x € B with
|lx|| < 1. Then, every positive operator R : B — B is such that its adjoint R* has a
positive eigenvector v. The positivity property of v € B* means that v(b) > 0 for all
b > 0. This theorem implies the following result on the existence of QSD.

Proposition 2.10 Assume that X is a compact Hausdor{f space and that P pre-
serves the set of continuous functions: Pj(C(X?®)) C C(X?). Then there exists a
OSD.

Proof The set C(X?) is an ordered normed space, endowed with the usual order
between functions and the supremum || - ||c norm. The function 1 verifies the con-
dition f <1 for all f € C(X?) with | f|leco < 1. Since P; : C(X?) — C(X?) is a
positive operator, the above Krein’s Theorem states that P : C(X*)* — C(AX*)*
has a positive eigenfunction. The Riesz Representation Theorem implies that this
eigenfunction is a positive finite measure v. Hence P*v = Bv for some 8, and we
necessarily have B > 0. The probability measure v = v(1)~!v verifies Pfv = Bv.

Since P} = PlT on C(X?)*, from Lemma 2.9 we get that v is a QSD. O

Now we state an existence result of a QSD when X' is not necessarily compact.
It can be found in Collet et al. (2011). We recall that the set of bounded continu-
ous functions Cp(X'?) becomes a Banach space when equipped with the supremum
norm.

Theorem 2.11 Assume that P; maps Cp(X?) into itself, Py : Cp(X?) — Cp(X?).
Also assume that the following hypothesis holds: 3¢y € Cp(X?®) such that ¢y > 1
and it verifies

Hypothesis 2.1 For any u > 0, the set ¢, Y10, u)) is compact.
Assume also that there exist three constants c1 >y > 0 and B > 0 such that
Pi1>c1
and for any h € Cp(X?*) with 0 <h < ¢
Pith<ygo+B.
Then, there exists a QSD.
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Proof In the dual space Cp(X?)*, we define for any real K > 0 the convex set ¥k
given by

Ji’Kz{ver(Xa)*:vzo,v(l)zl, sup v(h)gK].
heCp(X2),0<h<gq
We observe that for any K large enough the set .k is nonempty. It suffices to
consider a Dirac measure §, at a point x € X2 and to take K > ¢g(x).
Since for any K > 0, #k is an intersection of weak* closed subsets, it is closed

in the weak* topology. We now introduce the nonlinear operator R with domain
¥ and defined by

Py
(P
Note that since P11 > ¢11, we have v(P11) > cjv(1) and the operator R is well
defined on #%. We obviously have Rv(1) = 1. We now prove that R maps #x

into itself.
Consider & € Cp(X?) with 0 < h < ¢g. Since

Pih <yeo+ B,

and obviously

| P1h]]
O<Phsy——,

we get
0 < Pih <y min(go, || P1hll/y) + B.

Therefore, since the function 2’ = min(gy, || P1h||/y) satisfies i’ € Cp(X?) and 0 <
h' <@g, we conclude that for v € #k

yv(h') + B
C1l '

Ru(h) <

From the bound v(h') < K, we get

h/
Yo B _ v B
Cl C1 1

Ru(h) <

if K > B/(c1 — y). Therefore, for any K large enough, the set Zx is nonempty and
mapped into itself by R.

It is easy to show that R is continuous on . ¥k in the weak* topology. This follows
at once from the continuity of the operator P;. We can now apply Tychonov’s Fixed
Point Theorem (see Tychonov 1935) to deduce that R has a fixed point. This implies
that there is a point v € %k such that Pv = v(P11)v. The proof will be finished
once we prove that v can be represented by a measure v on X2, that is,

VfeCy(X?): v(f):/fdv.

(Since v(1) = 1, v will be necessarily be a probability measure.) Let @ : [0, co0) —
[0, 1] be a continuous and nonincreasing with @ = 1 on the interval [0, 1] and
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@ (2) =0 (so @ =0 on [2, 00)). For any integer m > 1 let v, be the continuous
positive linear form defined on C(X?) by

v (f) =v( (po/m) f).

This linear form has support in the set ¢, 1([0, 2m]) in the sense that it vanishes

on functions which vanish on this set. Since ¢, 1[0, 2m)) is compact by Hypothe-
sis 2.1, the form v, can be identified with a nonnegative measure v, on X2, namely,
for any f € Cp(X'?) we have

V[ € Cy(a?): vm(f)=/fdvm.

We now prove that this sequence of measures (v, : m > 1) is tight. Let u > 0 and
define the set

K=y (10.u]).
By Hypothesis 2.1, for any « > 0 this is a compact set. We now observe that
1x; < (1- @ 2p0/w)).

Therefore,

Vm (ICZ) <V (1 - w_(z(pO/u)) =Unm (1 - w_(z(pO/u))
= v(w (go/m)(1 — @ (2g0/u))).
We now use the following facts: the function go@ (po/m)(1 — @ 2¢p/u)) is in
Cp(X®) and satisfies
S oo/ m)(1 = 2g0/w)) =  (go/m) (1= = 2p0/1)) g0 < 0.

and v € ¥ ; then from definition of ¥k we obtain that

2 2K
v(@ (po/m)(1 — @ 2o /u))) < ;v(W(wo/m)(l — @ (2¢0/u))¢0) < o

In other words, for any u > 0 we have for any integer m > 1
2K
Vm (’CZ) < 7
The sequence of measures (v, : m > 1) is therefore tight, and we denote by v an
accumulation point which is a nonnegative measure on X2. We now finish the proof
by showing that for any f € Cp(X?) we have v(f) = v(f). For this purpose, we
write

v(f) =v(@ (go/m) f) +v((1 =@ (go/m)) [).
We now use the inequality

90 = (1= (9o/m))po = m(1 — @ (go/m)),
and (1 — @ (po/m))@o € Cp(X'?) to conclude

[o((1 = o u/m)) £)] < o((1~ @ o/m)) 1) = 171 (o /m) = -
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Hence, for any f € Cp(X?) we have

K
() —vm(N)] < —.
m

From the tightness, we get lim,;,—, oo Vi, (f) = v(f) for all f € Cp(X?) (see Billings-
ley 1968), and therefore v(f) = v(f), which completes the proof of the theorem.
O



Chapter 3
Markov Chains on Finite Spaces

In this chapter, we introduce the main problems on QSDs for irreducible finite
Markov chains. In Sect. 3.1, we show that there is a unique QSD which is the nor-
malized left Perron—Frobenius eigenvector of the jump rates matrix restricted to the
allowed states. The right eigenvector is shown to be the asymptotic ratio of survival
probabilities. In Sect. 3.2, it is proved that the trajectories that survive forever form
a Markov chain which is an h-process of the original one with weights given by
the right eigenvector. In Sect. 3.3, we give some computations when the jump rate
matrix restricted to the allowed states is symmetric. In Sect. 3.5, we compute the
unique QSD for the random walk with barriers. In Sect. 3.6, we prove a Central
Limit Theorem for the chain conditioned to survive when time is discrete.

3.1 Existence of a QSD

Let Y = (Y, : t > 0) be a Markov process taking values in a finite set / with conser-
vative jump rate matrix Q = (g (i, j) : i, j € I). Then, the transition probability is
given by,

Vi,jel: p,j)=Pi¥, = j)=(e2)G, ),

where ¢€" = ano Q1 is the exponential of the matrix Q and 2 (i, j) denotes

n!
the (i, j)th entry of ¢’ (In general, M (i, j) denotes the (i, j)th entry of a matrix
M)

Let 01 C I be the set of forbidden states and T = inf{r > 0 : Y; € d1}. Since the
points in 3/ can be assumed to be absorbing, we have g(i,i) =0 fori € 97. Let
1?2 =1\ 01 be the set of allowed states and Q* = (¢(i, j) : i, j € I*). Then, the

transition probability before killing is given by
Vi, j eIt pi j)=(e2")G, ). 3.1)
We recall that (P; = eQ' ¢ > 0) denotes the killed semigroup. Observe that

0?1 < 0 where 1 = 1;a is the unit vector in /?. We assume that Q? is an irreducible
matrix, that is,
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Vi,jel?i+#j,an>0,3i,...,i,_1 €I*\{i,j} alldifferent

such that ¢ (ig,ig+1) >0 Vk=0,...,n—1, whereig=1i,i, =].
(3.2)

Then p;(i, j) > 0 for all i, j € I? and ¢t > 0, that is, (Y; : ¢t < T) is irreducible.
We also assume the existence of some ig € I? that satisfies (Q?1)(ip) < 0. Hence,
since I is finite and Q? is irreducible, we get that condition (2.1) is satisfied:
P;(T <o00)=1 for all i € I®. In fact, in this irreducible finite case with absorb-
ing forbidden states, conditions (2.2) and (2.1) are equivalent.

The Perron—Frobenius theory asserts (see Theorem 1.2 in Seneta 1981) that there
exists an eigenvalue —6 < 0 of Q? that has left- and right-eigenvectors v and v,
respectively, that can be chosen to be strictly positive. The vectors are written as
column vectors, and v’ denotes the row vector, the transposed v. We can impose the
following two normalizing conditions

Vi =1, V1=1,

where V'Y =3, ;a ¥ (i)v(i). In particular, v is a probability vector. Let us see that
v is a QSD and 6 is the exponential rate of survival. From (3.1) we get

(VP) () = (Ve (j) = e (),
SO
P,(T >t)=vP1l=e". (3.3)
Then,
(V'P)(j) =v()HP(T > 1),

proving that v is a QSD (see condition (2.5)).
On the other hand, as part of the Perron—Frobenius Theorem, we have

3y <—6 suchthat %" =e %"y + 0(e"), (3.4)
or equivalently,
pili, ) =e Y w () + 0(e").

Then, 0 is the exponential rate of survival for the process, that is,
1
Vi,jel* 6= —lim;logp,(i, 7).
Also we get that the probability of survival verifies

Viel* Pi(T>t)= Z P, ) =e Y @) + 0(e?). (3.5)
jel?
Thus, the following quasi-limiting behavior is obtained:
Viel? Vjel*: tlim P;(Yy = j|IT > 1) =v(j). (3.6)
—00
This property was shown in Darroch and Seneta (1965). When v € P(1?) satisfies
property (3.6), it is called a quasi-limiting distribution, or a Yaglom limit.
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On the other hand, (3.5) implies

Vi.jer lim o> _ V@
1m0 Pi(T >1t)  ¥(j)

Then, the ratios between the components of the right-eigenvector correspond to the
asymptotic ratios of the survival probabilities.
The same estimations imply

Vijerm fim ST >179) eV O
=% Pj(T > 1) v ()

Let us give some possible behaviors of initial distributions for which the killing
time is exponentially distributed.

Proposition 3.1

(i) Let p be a probability measure on I* for which o > 0 such that P,(T > t) =
e~ Yt > 0. Then its parameter is the Perron—Frobenius eigenvalue: o = 6
andP,(T > 1) = e Vi >0.

(ii) If the row sums of Q® are constant then = 1 and all probability measures
p on I* verify the exponential distribution property P,(T > t) = e vt > 0.
However, by irreducibility only one of them is a QSD.

(iii) Assume the chain is a random walk killed at 0, that is, I ={0,...,N}, Q is
conservative, 01 = {0} and for j € I we have: q(0, j) =0 and q(i, j) =0 if
and only if |i — j| > 1 for i € I*. Hence, if p is a probability measure for
which 3o > 0 such that P,(T > t) = e~ Vt >0, then « =6 and p is the
unique QSD.

Proof Part (i) follows straightforwardly from (3.5). Let us show part (ii). Denote
by —c the constant row sum of Q?, so (Q*)"1 = (—c)"1. Then, for all probability
measures p, we have

P (T >1)= e =e 1=,

Let us prove (iii). We have
n d" a\n
vn>1: (—a)"=—P,(T>1| =p(0*"1 (3.7
dr" t=0

Since the first coordinate of Q?1 is the unique one which is different from 0 and
in general for all n € {1, ..., N} the first n coordinates of Q?1 are the unique ones
different from O, there is a unique solution to (3.7). Since p is a probability measure,
this unique solution is necessarily the QSD. O

Remark 3.2 Let Q = (q(i,j) : i, j € I) be a nonconservative irreducible jump
rate matrix. Then, the associated chain looses mass at the states bl = {i € I :
Zjel q(i, j) < 0}. To each state i € bl, we add a new state 9; which is absorb-
ing, and we define ¢ (i, 9;) = — Zjelq(i, Jj). In this framework, 0 = {9; :i € bl} is
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the set of forbidden states and T' = inf{T), : i € b1} is the killing time. Let v be the
unique QSD of Y, the relation (2.15) in the proof of Theorem 2.6 gives
v(i)gq(i, ;)

P,(Y7r =0;) = . . .
=0 = (a0

3.2 The Chain of Trajectories That Survive Forever

LetO< sy <---<sg <tandi,...,i € I? From the Markov property, we obtain
P;(Ys, =it, ... Y =ix, T > ) =Pi (Y, =i, ..., Yy =i) Py (T >t —s¢).
Then,

lim Py, (Ys, =i1,.... Y =ix|T >1)
—o0

| . P(T>t—sp)
:Pio(yﬂ S P Ysk = lk)(t]—lfgo lk]P}(Tt)
io

= % zgz;PlO(Y?l =i1,..., Yy =1x)
k .

_ osi—sin YD o =i

_Ee Gy =i,

where we put so = 0. Therefore, the law of the process Z = (Z; : t > 0) starting
from i € I? is given by

Pi(Zs, =it ..., Zg =ig) ::ll_i)r&P[(Ys, =il,..., Yq =i|T >1).

Then, Z is a well-defined Markov chain taking values on 72, called the survival
process, and its transition probability kernel is given by
. v(j) .
Pi(Zs = ) w“mmm =
Its jump rate matrix Q =(q(@,j):i,j € I?) satisfies
o A0 ) R ..
q(l,J)=q(z,J)W ifi#j, q@i,i)=0+q(.10). (3.8)
Observe that é is conservative because
~ A0
Z q@, j) = Zq(l’])—W(i) +0=-60+6=0,
jerl? jer?
where we used Zje,a q (i, DY () =—0v ().
In this finite case, and under irreducibility, the chain Z is obviously positive
recurrent. Moreover, the probability measure

vh=(v(y):iel?), (3.9)
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is the stationary distribution for the process Z. In fact, it suffices to verify (vh)’ 0
= (0, which follows from

() D) () =Y vy ()G, j) = vy () + Y v DG, j)%
iel? iel?
= 0v()Y () — V()Y (j) = 0.

Below we denote by P the law of the process Z given by the jump rate matrix 0
defined in (3.8).

Let us summarize what happens with some pieces of the trajectory of the process
conditioned to survive. For any fixed u > 0 and every p € P(I?):

e We already proved the following convergence in distribution of the initial piece
of trajectory:

lim P, ((Yy,s €[0,ul) € o|T > 1) =B,((Z, 5 € [0,ul) € o).

t—00

e From the quasi-limiting behavior (3.6), we have the convergence of the final piece
of trajectory:

ll_i)IgOPp((Ys,s €t —u, t]) ceo|T > t) :IP’U((YS,S € [0, u]) ceo|T > u)

Here v is the unique QSD. This equality is a consequence of the following rela-
tions:

lim P,(Y;—y, =i|T >t —u) =v(i),
—00

P,(T>t—u) 1

u

lim ===,
t—o0  Py(T >1) Py (T > u)

and
Po((Ys,s €[t —u,t]) € o|T >1)

P,(T >t —u) .
= — P,(Y—, =ilT >t —
BT Z] o (Yi—y =i|T > 1 —u)

X IP’,-((YS,S e [0, u]) ceo, T > u)

e Let us see what happens with the renormalization of the whole trajectory. Con-
sider the space of right continuous trajectories taking values in /2 and the time
belonging to [0, 1], and let V), be its projections at time u € [0, 1]. The following
limit law is well-defined:

Vso=0<s] < <8, <1=8,01,00,i1,...,0n,j €I
Piy (Vs =it Vg = ins VI = )
= lim ]Pi(YS]t :il,...,stt :iant :]|T >t)
t—0o0

Let us compute it. Put i, | = j, we have
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IP)i(vﬂ =ila-~~aVS| =inavl 2])

7 P Vs —sior = i ﬁ Piy (T > (Sk1 —s)1) \ Po(T > 1)
io Pie (T > (Sk1 = $1)1) Po(T > (sk1 = s)1)  Pig (T > 1)’

k=0

where we used P, (T > t) = [[;_o Po(T > (sk4+1 — s1)t). Since v(¥) = 1, from
(3.5) we get

i Py, (T > (g1 — 8%)1) _
t=00 Py (T > (sg+1 — sx)1t)

WY (ik),

and so

n
Pi(Vy =it,.... Vs =ip, V1= j) = (H v(ikw(ik))v(j).
k=1
Therefore, the limit renormalized law P; is such that the projections (V; : s €
[0, 1]) are all independent with Vy ~ §;, V1 ~ v and Vs ~ vy forall s € (0, 1).

3.3 Symmetric Case

Assume the irreducible jump rate matrix Q? is symmetric with respect to some
measure 7 = (7r; : i € [?), that s,

miq(, ) =mjq(j, i), i, jel"
Denote by D, the diagonal matrix associated to 7, so (Dz);; = m;8(i, j) where
8(i, j) is the Kronecker’s delta, §(i, j) = 1if i = j and §(i, j) = 0 otherwise. Then,
D;l/z Q*‘ZD;I/2 is a symmetric matrix.

Let M = (m(i, j) : i, j € I?) be the orthogonal matrix formed by the normalized
eigenvectors of D}/z QaD;]/z. Then D}/z Q*‘D;l/2 = MDM’, where M’ denotes
the transposed matrix of M and D is the diagonal matrix made of the eigenvalues
of Q2. These eigenvalues are denoted by {—dj : k € I?}. From (3.4) we get that all
these eigenvalues are negative and dominated by the Perron—Frobenius eigenvalue
—0 of 02, s0

Vkel® dy>6. (3.10)

Then, we have

qi. j)= —,/Z—f kZI dem i, kym(j. k),
E a

which can be written as
7Tj o0
Q(i,j)=—,/—/ xdl3 j(x), (3.11)
i Jo
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where I ; is a signed measure, its total variation measure || ;|| = Fl‘; + FZ_J is
supported on (0, co) and satisfies

1757 1(0, 00\ {di :k € 1*}) =0 and I3 ({de}) = mG, bm(j, k).  (3.12)

Since M is orthogonal,

Viojel® Y mG.km(j k) =8G. j).

kel?
Hence,
[i(0,00) = Y Fi(fdd) = Y mGi k> =1, (3.13)
kel? kel?

and so I ; is a probability measure. From (3.10) we get that 6 is the smallest value
in the support of I ; with weight m (i, ko)z, where k is such that —6 = dj,.

Notice that the Cauchy—Schwarz Inequality and the orthogonal condition of M
gives

2
Vi, jel™ <Z|m(i,k)m(j,k)|> < <Z m(i,k)2)<z m(j,k)2> <1.

kel? kel? kel?
Then,

Vi, j el |I1jI(10,00) < 1. (3.14)

Also the Cauchy—Schwarz Inequality and orthogonality implies that for every inter-
val [a, b),

2
( > |m(i,k)m(j,k)|) < ( > m@pk)z)( > m(j,k)z).
kel?:dela,b) kel?:dyela,b) kel?:dyela,b)
Therefore,
2
Va<b: (III;,l([a.8))” < 15ill(la, )T, ([a, b)). (3.15)
We have e(D’IT/Z D7 s DleﬁeQa“D;l/z and so
eQas — D;I/ZMEDSM/D}Tﬂ.

Then, by using (3.11), we get

poli, =2, = [ZL 3" e hm, kym(j, b
T kel?

i [
- /_ff e dI j(x). (3.16)
i Jo

Notice that the columns of the matrix M = Dy Y201 are the eigenvectors
of Q2 and they are orthogonal with respect to the inner product (f, g)r =
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Y icqa f()g()m; induced by 7. The (i, j)th element of M is m, J)=m(@,j)/
/7. With this notation,

o0
0. ) = =) Y . = =, [ v F oo,
kel? 0

and

o0
psli ) =m; Y e Ui k)i(j. k) =7; / e dT j(v), (3.17)
kel? 0

where ﬁj = (mnj)_l/zﬂ,j.

3.4 Conditions for Lumping

Let us state some conditions for lumping based upon the hypothesis that the killing
time is exponentially distributed. This occurs, for instance, when the initial distribu-
tion is a QSD, see (3.3) and Proposition 3.1.

Let us introduce briefly what a lumping process is. Assume ¥ = (¥; : ¢ > 0)
is an irreducible Markov chain taking values on a finite set / with conservative
jump rate matrix Q = (q(i, j) :i,j € I). Let Iy, ..., I; be a partition of /. Define
I =1{0,...,s} and take the lumping function & : | — Tgiven by £(i) = a when
i €l, Thatis, foralla =0, e s,Nthe function & collap~ses all the states in I, into
a single state a. The process Y = (Y; : t > 0) defined by Y; = &£(Y7) is said to satisfy
the lumping condition if it is a Markov chain.

The usual lumping condition is

Va.be{0,....s}witha#b.Vi.jel,: Y qli.k)=)Y q(.k. (3.18)
kel kel
Since Q is conservative when (3.18) is satisfied, we also get

Viijels Y ql.k)=Y_q(.k. (3.19)

kel, kel,

Let us see that condition (3.18) implies that Y is a Markov chain and its jump
rate matrix Q = (g(a, b) : a, b € I) verifies

Viels: Gla.b)=Y_ q(.k).
kelp

First, note that foralla € {0, ..., s} the matrix Qy,x1, = (¢(i, j) : i, j € 1,) has con-
stant row sums (see (3.19)). Then, by Proposition 3.1(ii), we get that when starting
from any state i € I, the time of leaving I,, or equivalently, of reaching the com-
plement I \ I,, is exponentially distributed with parameter g(a,a) = ;. 1,90, k).
Hence

Viel,: Pi(Tpg, >0e 1@ =P,(F >1),
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where T =inf{r > 0 : 17, #* 170} denotes the holding time for Y. On the other hand,
from (3.18) and (3.19), we also get

Viels: Pi(Yr,, €lp) =3 b)=P,(Yz=b).

These relations imply that forall 0 <7y < --- <1, and all ay, ..., a,+1 €{0,..., s}
we have

P(Ytn+1 =dap+1 |Ytn =dp, ..., Yto =ayp)
= P(Yl,prl =dn+1 |Ytn = ln) = P(Yanr] = an+1|Ytn = an):

for all i, € 1,,. Then Y is Markovian.

In what follows, we fix I = {0, ..., ¢} with £ > 1 and we consider a two-state
lumping process, with the partition 1o = {0}, I} = {1, ..., £}. So, the lumping func-
tion satisfies £(0) =0 and £(i) = 1 for all i € I;. In our Proposition 3.3 (see below),
we shall give a more general condition than (3.18) ensuring that Y= &) :t=0)
is a Markov chain. This condition is related to positive exponential rate of survival at
state 0. For this purpose, let us consider 9/ = {0} as the forbidden set, then /2 = I;
and T = inf{r > 0: Y; = 0} is the hitting time of state O for the process Y.

As announced, our result will contain as a particular case the condition (3.18)
which in this context reduces to

Vieli: ¢q(i,0)=4¢4(1,0). (3.20)
When (3.20) is satisfied, ¥ is a Markov chain with jump rate matrix 0 given by

4(0,0)=4(0,0), 4(0,1)=—¢(0,0),
q(1,0)=¢q(1,0), g(1,1)=—¢(1,0).

Since Q? has constant row sums ¢ = —¢g(1, 0), we get that, starting from any initial
distribution on /1, the random time 7 is exponentially distributed with parameter
q(1,0) (see Proposition 3.1(ii)).

Let us state our generalization. The holding time of Y is denoted by t = inf{t >
0:Y; # Yp}. The transition distribution from O to I is

q(0,1)
Z Jjel q (07 ] )
We are in an irreducible finite case and we denote by 6 the spectral radius. We know

that there exists a unique QSD (for the process killed at {0}) and its exponential rate
of survival is 6.

e=(ej:iely) withe; =Py(Y; =1) =

Proposition 3.3 Assume that when the transition distribution from 0 to I is e, the
random time T is exponentially distributed. (This condition is satisfied when e is a
QSD ) If the distribution of Yy is a convex combination of &y and e then the process

= (Y, t > 0) is a Markov chain taking values in {0, 1} with jump rate matrix Q
given by

4(0,0)=¢(0,0), 4(0,1)=—¢(0,0), q(1,0)=0, g1, 1)=-6.
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Proof Since the killing time 7 is exponentially distributed under e, from Proposi-
tion 3.1(i) we deduce that its parameter is necessarily 6. We define the distribution
¢ on {0, 1} by: £(f0) =P(¥Yo =0), ¢({1}) =P(¥Yo #0) =1 — £({0}).

There is a unique (in distribution) Markov chain W = (W; : ¢t > 0) taking values
in {0, 1} such that the initial distribution is ¢ and the jump rate matrix Q is given by
7(0,0) =—g(0,1) =¢(0,0),g(1,0) = —g (1, 1) = . This process is characterized
by the sequence of independent sojourn times at O and 1, which are exponentially
distributed with parameters —g (0, 0) and 6, respectively.

On the other hand, the process Y is realized as follows. Since Yy is chosen at
random with the distribution ¢({0})§¢ + ¢({1})e, we get 170 ~ ¢. If Yo =0 then
Y remains at 0 according to an exponential distribution with parameter —g (0, 0).
If Yo # O then, conditionally on this event, this initial state has the distribution e.
By hypothesis, Y remains at 1 for a time whose distribution is exponential with
parameter 6. The process Y then continues afresh. In this way, Y and W have the
same distribution and the result is shown. 0

3.5 Example: Finite Killed Random Walk

Let us study the QSD for the finite random walk with absorbing barriers, see Fig. 3.1.
Take an integer N > 1 and two positive values A > 0 and p > 0. Let us con-
sider the time-continuous random walk ¥ = (¥; : r > 0) on the state space I =
{0, ..., N} with jump rate matrix Q = (q(k, j) : k, j € I) givenby: g(k,k+1) = A,
qk,k—1)=pu,qk,k)y=—A+pn)forke{l,..., N — 1} and such that all other
values g (k, j) vanish. In particular, g(0, k) =0 = q(N, k) for k € I, so the states
{0, N} are absorbing. The forbidden set of states is 3/ = {0, N}, then 12 ={1, ...,
N —1}. Since (Y;a7 : t > 0) is irreducible, there exists a unique QSD v which is the
normalized Perron—Frobenius left-eigenvector. Let us compute it.

Since v = (v(k) : k € I?) is a left-eigenvector of Q?, it must satisfy v/ Q? = —61v’
for some 6 > 0, so

=+ pu+0)v) + pv(2) =0,
MEk=1)—-A+pu+0)wk)+uvk+1)=0, kef2,...,N—-2},
AV(N =2) —(A+pu+0)v(N —1)=0.
These equations are equivalent to
v(0)=0=v(N);
wh—1)—A+pu—0)vk)+pvk+1)=0,
ke{l,...,N—1}.

This system admits a solution of the form

v(k) = Adk + Bak, kefo,...,N},
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Fig. 3.1 Trajectories killed at N
the boundary

State

Time

where

1
@ =5 (o m =0 Ot = 0)2 = 420).

The constants A, B must be such that v(k) > 0 for k € {1,..., N — 1} and they
are also fixed by the boundary conditions v(0) = 0 = v(N). From v(0) = 0, we
get A+ B =050 B=—Aand A#0. From A(a) —a")=0and A #0, we
find the necessary condition (A + p© — )2 < 4xu and we assume it. Note that (A +
wu —60)% =4au only for @ = 61 where 6+ = (A 4 1)£2+/At. Hence the condition
(A4 1 — 0)% <4 is equivalent to 8 € (6, 6,).

Let us write the solutions in polar coordinates (7, ¢). The modulus » > 0 satisfies

1 A
rP=—(+pn—0>+4pu— A +pu—0)7%) ==,
41 124

and the angle ¢ is such that

VA — O+ —0)?2
A+npn—0)
With this notation, a4 = re'? and a_ = re~"¢. The conditions A(a} —a¥)=0
and A # 0 imply sin(Ng¢) = 0, that is, No = 2wk for some k € Z. In order that
the solutions be real, we take A = Ci with C # 0 and real, and we can also choose
C > 0. Since A(@X —a*)>0fork=0,...,N — 1 and A(a) —a") =0, we
must necessarily have N¢ = 2m, so ¢ = 27/N. Hence v(k) = 2C(\/g)k sin(kg)

fork=1,...,N — 1.
The function x (0) defined in (3.21) is such that its restrictions

¢ =x(0) where x(0)= arctg( ), 0e@-,04). (3.21)

x: (O, A+p)—(0,00) and x: (A4 pu,04)— (0,00

are onto and one-to-one,

so there are exactly two values 6p € (60—, A + ) and 91 € (A + u, 64 ) satisfying the
equality x(f) =2n/N.
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On the other hand, the matrix Q? can be written as

Q' =—(+p) (H + M), (3.22)

A+
where I is the identity matrix and M = (m(k, j) : k, j € I?) is the matrix with val-
ues m(k,k +1)=—A, mk +1,k) = —u forall k € {1,..., N — 2} and all other
values m(k, j) vanish. Since M /(A 4 p) is strictly substochastic, its spectral radius
is strictly smaller than 1, and from (3.22) we deduce that the spectral radius of Q?
is strictly smaller than A 4 p. Since the eigenvalue —6 having left-eigenfunction v
is minus the spectral radius of Q?, we deduce that 6 = 6 is the unique value in the

interval (A + w — 2+4/Ap, A + w) such that arctg(, / (A-i-thi—%o)z — 1) =2n/N. Finally,

we fix the constant C > 0 in such a way that

™' =23 1/ sin@rk),
kel?

which implies ) ", cja v(k) = 1.

3.6 The Central Limit Theorem for a QSD

Let us assume the time is discrete. So, ¥ = (¥, : n > 0) is a Markov chain taking
values in I, 91 is the set of forbidden states, I? = I \ 91 is the set of allowed states,
and the time evolution is given by the stochastic kernel P = (p(j,[): j,l € I). Let
T be the hitting time of 9/, we assume that P; (T < oo) =1 for all i € I?, that
YT = (Y, :n < T) is irreducible and that the strictly substochastic matrix P? =
(p(j,1):j, 1 €I?) isaperiodic.

From the Perron—Frobenius Theorem, the spectral radius of P? is a strictly posi-
tive simple eigenvalue, we denote it by « and it satisfies « € (0, 1). Moreover, there
is a unique pair of left- and right-eigenvectors v and ¥ of P? associated to «, that
is, VP2 = V', P*y =k, which verify the normalizing conditions

Vi=1, Vi =1.
Hence v and vy = (v(j)¥(j) : j € I?) are probability distributions on /2. The

vector v is the unique QSD, and from the aperiodicity of P? it is also a quasi-
limiting distribution, that is, it satisfies

Vi, lel* lim P;j(Y, =T >n)=v(l).
n—od
Then for all f : I* — R we have
viel* lim E;(f(Y)IT >n)=V'f.
n—oo
Also aperiodicity implies that the Markov chain Z = (Z, : n > 0) that gives the

evolution of trajectories surviving forever has the transition matrix P = (p(j, k) :
J,k € I*) given by
l
PG = lim By(r =T = m) =« p(i.) L.
e ¥ ()
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Moreover, the distribution v/ is the stationary distribution associated to P. Hence,
vjel* lim lim E;(f(YDIT >n)=y) f.
[—o0on—00
We shall prove the following Central Limit Theorem.

Theorem 3.4 Assume P? is aperiodic. Let f : I* — R be a function such that
() f = 0. Then the following limit exists

N-1 2
2
0 =Nl£noo—]E ((Z(:)f(Yn)> ‘T>N).

Assume that n # 0. Then, the following convergence in distributions holds

N
Nli_r)noov( Z::f(Y)<I)T>N> m/ e "o dx

Proof For a function g : I* — R, we denote by D, the diagonal matrix indexed
by I* x I* such that D, (j, j) = g(j). Let z € C be small in modulus and take the
matrix P(z) = P?*D,, its coefficients are p(z)(j,]) = p(j, e () Then

2 N—1
VP /NN =B, (e 9% 2r=0 10 o ).

On the other hand, P(z) is analytic on z and P(z) = Y ;.2 P with P, = %P"‘sz.
By perturbation on z in a neighborhood around the origin, there exists a unique
eigenvalue «(z) of maximal modulus which is simple. Let v(z) and ¥ (z) be a left-
and a right-eigenvectors of P (z) associated to «(z). Also by perturbation around the
origin, we get the analytic expansions

k(@)= 7, v(x) =) 7', Y= .
>0 >0 >0
for z in a neighborhood of z = 0, and such that k (0) = «, v(0) = v and ¥ (0) = .
We can impose the following normalizing conditions on v(z) and ¥ (z):

V¥ (z)=1 and v(z)’'1=1 inaneighborhood of z=0. (3.23)

We claim that k; = 0, let us prove it. Recall P?¢ = k. In the equality
P(2)¥(z) = k(2)¥(z), the evaluation of the coefficient of z gives the equality of
functions Py + P3| = k1Y + k. Let us apply v/ to this equality and use
V' P? =/ to obtain v/ (P1y) = kv = k1. But

V(Pry) =V (PDyy) =V PA(f) = k' (fh) =0.

We have shown the claim «; = 0. Hence «(2) = k + k222 + O(23) where O(2%) is
such that O (z%)/z3 is finite for z in a neighborhood of the origin, but z % 0.

From the perturbation theory, we have P(z) = «(2)¥(z)v(z) + R(z) with
R(2)h(z) =0 and v(z) R(z) = 0. Also we can assume that for some ¢ > 0 small
enough, the spectral radius of R(z) is bounded above by some 0 < K < k — 2¢ for
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all |z| < €. Hence, for N big enough and any spectral norm || - || of the matrices, we
have

P@Y =k@Y @@ +R@",
with sup{ |[R@)" || : 1zl <€} < (k — V. (3.24)

Hence, for all z € C and N big enough such that |z|/+/N < €, we have
z N—1
E, (e¥% Zn=0 1 7 o )
=Vv'P(z/VN)M1
=k (z/VN)NV Y (z/vVN)v(z/vVN)Y1+ V' R(z/VN)V1.
Let s be real and N big enough such that |s|/+/N < €. We have
is \xN-1
Eu(eﬁz"=° f(Y")|T > N)
=k N (k(is/V NNV (is)v(is/vN) 1+ V' R(is/VN)V1).

From (3.24) the term « Vv R(z/+/N)N1 goes to 0 as n — oco. Hence, from
K(iS/\/N) =K — /<2s2/N + 0(33/N3/2), we get

2 3
. N /AN _ _ K28 s _ —K2S2
ngréo/c k(is)" = (1 N + O(—N3/2)) =e ,

is N-1
lim E,(ev¥ Lo f )
N—o00

and then

T > N)=e 2 vy (isnis)1=e">",  (325)

where in the last equality we used the normalizing conditions (3.23). Hence, if we
are able to show that k2 # 0 we will prove that ﬁ 2111\/:—01 f(Yy), conditioned to
T > N, converges in distribution to a centered Gaussian distribution with variance
2k as N goes to oo.
By differentiating twice expression (3.25), evaluating it at s = 0, and by using
the Dominated Convergence Theorem, we get
2 is N1
lim d—(Ev(eﬁ 2n=0 f(Yn)|T . N))|

—2K7.
N—oo ds

5=0

Hence,

. 1 /N 2
ngnooEy<ﬁ (;‘) f(Y,,)) ‘T > N) =2,

From the hypothesis, this coefficient does not vanish, hence the result follows. [



Chapter 4
Markov Chains on Countable Spaces

The main result of this chapter is the existence theorem of a QSD when the process
is exponentially killed and satisfies a condition of not coming from infinity in finite
time. This is given in Theorem 4.5 in Sect. 4.4. In Theorem 4.4 of Sect. 4.3, the
QSDs are characterized as solutions of an eigenvalue problem associated to the jump
rate matrix of the allowed states. In Sect. 4.5, we give conditions in order that the
exponential decay of the transition probabilities be the same as the exponential rate
of survival. Section 4.6 is devoted to symmetric semigroups (for some measure) and
we supply the spectral decomposition as a limit of finite truncations. For a monotone
process, the exponential rate of convergence and the stationary distribution of the
ergodic process are compared with the exponential rate of survival and the QSD,
respectively, when we impose killing; this is done in Sect. 4.7.

4.1 The Minimal Process

Let I be a countable set and Q = (q(i, j) : i, j € I) be a conservative jump rate
matrix, so

Viel®: q(i.i)>—oco and Y q(i.j)=0.
jel
Let 917 be the set of forbidden states and 12 =1\ dI. Let Q? = (q(i, j) : i, j € I?)
be the transition rate matrix restricted to the allowable set of states. We assume that
Q2 is irreducible (it verifies property (3.2)).
We also assume

Ji el qG,01)>0, whereq(i,dl):= Y q(.j), 4.1)
jeol

and so Q? is a defective jump rate matrix.
As usual we put

qi=—q(i,i) i€l
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Since the states in 0/ are absorbing, we have ¢; =0 forall i € 1.

All the notions related to a QSD only depend on the trajectory before killing, so
we can assume that the set of forbidden states d/ is a singleton. We assume this
condition and we denote 9/ = {0}, where O denotes a state that does not belong to
I12.S0, 1 =1*U{0}and q(i,d1) = ¢(i,0) fori € I.

We will consider the semigroup (P; = (p:(i, j) : i, j € I) : t > 0) which is the
minimal solution associated to Q. This is the transition probability realized with a
finite (but arbitrary) number of jumps with the rates given by Q. Thus, the transition
probability verifies

peGi, )= lim £, j)
n—oo

where ft(o) (i, j) = 8(i, j)e 4" and the sequences ft(") (@@, j), n > 1, satisfy the fol-
lowing backward and forward iteration equations:

!
fz(n)(i’j) — ft(o)(i, ) +Z/ q(i,k)fs("fl)(k,j)efq"(lfs) ds, 4.2)
k=i Y0

t
£ =126 H+Y /0 F70G gk, e ds. (43)
k#j

We assume that the minimal solution is the unique solution to the backward equa-
tions

Vi,jelt=0: piG, )= qlkpik, j), (4.4)
kel

where p;(i, j) = dp:(i, j)/dt is the derivative of p,(i, j) with respect to time ¢.
This implies that (P; : # > 0) is honest: Zjel p:(@,j)=1foralli el and t > 0.
See Theorem 3.3 in Anderson (1991) and discussions following it. Moreover, we
also assume that the minimal solution is also the unique solution to the forward
equations

Vi,jel,t>0: p;(i,j)=Zp:(i,k)q(k,j)- (4.5)
kel

We denote by Y = (¥; : t > 0) the associated Markov chain, so p;(i, j) =
P; (Y; = j) is the transition probability. We call it, as well as its transition proba-
bility, the minimal process. By irreducibility, p,(i, j) > 0 for all i, j € I, ¢t > 0, so
(Y; : t < T) is an irreducible chain.

From irreducibility and condition (4.1), we get P;(T < o0) > 0 Vi € I?, which
is condition (2.2). As announced, we will assume that the stronger condition (2.1)
does hold:

Viel? Pi(T <oco)=1.
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4.2 The Exponential Killing Condition

As already defined, 7 is the initial holding time, T = inf{r > 0 : Y; # Yp}. So, when
starting from i € I, 7 is distributed as an exponential with mean 1/g;. Also we
define

T(t) =inf{s >t : Yy # Y;}.

So, T =7(0).
From (2.10), a necessary condition for the existence of a QSD is the existence of
an exponential moment, that is,

3iel*30>0: Ei(eT) <oo. (4.6)

As we know from Proposition 2.4 and relation (2.9), condition (4.6) is equivalent
to the exponential rate of survival condition:

% el >0 Pi(T>1)<Ce ¥, Vt>0.

Let us show the following property concerning the uniform exponential moment.
Lemma 4.1 Since (Y; :t < T) is irreducible, condition (4.6) is equivalent to the
uniform exponential moment property

30 >0Viel® Ei(") <oo. 4.7)
All 0 > 0 satisfying (4.7) must verify
Viel*: 0<g;. 4.8)
Moreover, 0 defined in (2.9) does not depend on i € I1*, that is,
1
0* :=sup{0 : E;(’") < oo} = —liminf — log P;(T > 1), (4.9)
t—o00 t
does not depend on i € I*. Then,
Viel*: 0*<g;. (4.10)
Proof The last relation (4.10) is a consequence of (4.8). The relations (4.7) and (4.8)
will be consequences of the following relations. Fix i € /2 and assume 6 > 0 is such
that F; (¢?T) < co. From P;(t < T) = 1, we get E; (¢/T) < oo. Since E;(¢?7) = 0o

when ¢g; < 6, we deduce ¢; > 6 and E; (egt) =gq;/(qi — 0). Now, we are able to
show that

(Ei(e?T) < 00,4, j)>0) = E;("") <o0. 4.11)
This follows straightforwardly from the strong Markov property:

! ( > q(i,j)Ej(e”)).

9 =0 Jelq(, j)>0

B (¢'7) = By (¢ Ey, (7)) =
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From irreducibility, we get that E; (¢?T) < oo implies E j Ty < oo forall j € I?,
and so the equivalence between (4.6) and (4.7) is verified. We have also proved
relation (4.8).

Finally, from (2.9) and (4.11), we get that 91'* does not depend on i € 12, and so
(4.9) holds. O

From (2.9), relation (4.7) is also equivalent to the condition
30 >0Viel* P(T>1)<Ce?, Vi>0.

Proposition 2.4 implies straightforwardly the following result in terms of 6* de-
fined in (4.9).

Proposition 4.2 A necessary condition for the existence of a QSD is 6* > 0. More-
over, when v is a QSD, it verifies 0 (v) < 0*.

Any QSD that verifies 6 (v) = 6* will be called an extremal QSD.
Observe that since the forbidden state 0 is absorbing, we get
Viel® pi,00=P;(T <t).
Condition (2.5), in order that a probability measure v be a QSD, is written as
39 >0Vj e I*Vt>0: Z v(i)pi(i, j) = e ().
iels

Note that irreducibility implies that every QSD charges all points in /2.

4.3 The Infinitesimal Characterization of a QSD

This section is devoted to characterizing QSDs as (normalized) finite mass eigen-
measures of Q2. This result, due to Nair and Pollett (1993), will be shown in detail.
The proof presented in Nair and Pollett (1993) uses strongly results and elements
introduced in Tweedie (1974) and Pollett (1986). Among these elements are the
subinvariant measures, a notion that will be discussed in Sect. 4.5.

First, we give the following characterization of 6 (v), a result proved in Nair and
Pollett (1993).

Proposition 4.3 When v is a QSD, it verifies 0(v) =) ;. ja v(i)q(i, 0).

Proof The forward equation in (4.5) computed for j = 0 is p;(,0) =
Y ker Pi(i, k)g(k,0). By integrating it, we obtain

t
Vi eI p,(i,O):Zq(k,O)/ puli, k) du.
0

kel
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Hence

t
Zv(i)pt(z’,()):Zq(k,m/O > v(@)pui, k) du.

iel? kel iel?

Since v is a QSD, we find

t
(1—e 00y = Zv(k)q(k,O)/ e 0 gy,
0

kel

Since [y e~ du = (1 — e=00)") /0 (v), the result is shown. O

The following result describes the QSD in terms of the g-matrix, it is due to
Nair and Pollett (1993) and it uses Tweedie (1974) and Pollett (1986). Our proof
expands and simplifies some of the original arguments, but it follows closely the
original proofs. We use the vector notation (v'Q?®)(j) = ;;a v(i)q(i, j). Recall
our assumption that the minimal solution is honest and that it is the unique solution
to the backward and the forward equations.

Theorem 4.4 A probability measure v is a QSD if and only if it verifies
VOr=—-0v with = Z v(i)q(i,0)and 0 <q;Vj eI (4.12)

iel?

Proof Let us first show that if v is a QSD then it verifies (4.12). Let 6 =6 (v) =
Y icsav(i)g(i,0). Note that (4.8) implies 6 < g; Vj € I®. Fix j € I* and put
I12(j) =1*\ {j}. The QSD property gives

> v@pits )= (" = pGG D) = (e = 1) + (1= pi (GG, )))v ().
iel*(j)

Let 72(j, N) be an increasing sequence of finite sets converging to I2(j) as N
increases to co. We have

Y i ) = (7" = 1)+ (1= pi(G D)),
iela(j,N)
and so by dividing by ¢ and by taking lim¢ — 0" in the above expression, we get
D wgG, j) < (=6 — g, D))
icla(j,N)

Then, by making N — oo and since the terms in the sum of the left-hand side are
all positive, we deduce

D7 wg . ) < (=0 — g, D))
iel?(j)

We have shown Zie,a v(i)q(i, j) < —0v(j). Let us prove the other inequality.
Since v(i) < 1, we get
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e"v(y=Y_ v@piG, )

iel?(j)
< Y vOpGH+vDpG D+ Y Pl )
iela(j,N) iel*()HNI*(j.N)
< D v@Opi, DDy )+ 1= piGs i) = pi(j,0)
iel?(j,N)

- Y pGp.

iela(j,N)

By rearranging the above expression, by dividing by ¢ and taking lim,_, o+, we find
(0 —qG. D)= D vigl N —qG. D—qG.0— Y qG, ).
iela(j,N) iela(j,N)

Take N — oo in the above expression and use that the jump rate matrix Q
is conservative to get limy_, o Zie]a(j,N)q(i’j) = —q(j,j) — q(j,0). Thus,
we have proved (—6 — q(j, )H)v(j) < Ziela(j)v(i)q(i,j), so the inequality
Y icsav(q(i, j) = —6v(j) holds. Therefore, we have shown that if v is a QSD
then it verifies ' Q* = —6v’ with 6 = 6(v). The condition 6(v) < g; Vj € I* fol-
lows from 0 (v) < 6* and (4.10).

Let us now prove the converse. So assume that v verifies v'Q? = —0v’ with
0 = Ziela v(i)q(i,0) and O(v) < g; Vj € I*. We must show that v is a QSD.
Recall that the transition probability of the minimal process verifies p;(i, j) =
limy— oo £, j) where £ 0@, j)=8G, j)e %" and £ (i, j),n > 1, satisfy (4.2)
and (4.3).

‘We must prove that v verifies the relation

Viel® Y vi)pi, j)=v(je "
iela
In this purpose, define the matrix Q* = (¢*(i, j) : i, j € [?®) by
. .. N2
q*(z,])=(q(],l)+06(1,]))%. 4.13)

Since 8(v) < g; Vj € I*, the matrix Q* is a conservative jump rate matrix. Let us
consider the minimal process associated to Q*, so its transition probability veri-

fies py (i, j) = limaoe £, j) where %G, j) = 8G, e~ and £ (., j)
verifies the backward and the forward evolution equations for n > 1:

t
NENANGIEDY / g R [ e e ds, =1
- J0
ki

t *
ANOHESALNIEDY / FO G g k. e T ds, n= 1.
-J0
k#j
We will show by recurrence on n that

Vn>0Vi,jel® vi)f"a, j)=e"v(j) "™, i). (4.14)
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Since —g* = —g; + 0, we get v(Q) £V, j) = e v (j) £V (j, ), 50 (4.14) holds
for n=0. Let n > 1, so we assume that v(i) £V, j) = e~ (j) £V, i)
is verified for all i, j € I2. From the backward iteration (4.2) and since 0 is an
absorbing state, all i, j € I? verify

t
v G H=vi) O D+ Y /0 v(D)q (i, k) £k, e ds.,
kke;ia
(4.15)

From (4.13), we get v(i)q (i, k) = v(k)g*(k, i) for i # k in I?. On the other hand,
the recurrence hypothesis gives
(k) £V K, ) = e () £V

We recall —g; = —q;" — 6. We put all these elements together in (4.15) to obtain
. - - RO PP
v@) £ ) = e (A G

t
+e (i) Y / KM g ke ds.
kera V0
ki

Then, we use the forward evolution equation (4.3) for fl(")*( j,i) to get
v(@i) £, ) = e () £*(j, i). Hence, (4.14) is verified.
We now take the limit n — oo in (4.14) to obtain
Vi, je*Vi=0: v(i)p, j)=e"v()p; (i) (4.16)
We now claim that (p;(j,i) : j,i € It > 0) is honest, that is, Vj € I?* :
Y icqa Pi(j, i) =1, Note that this property implies
Vi jerrve=0: Y v@pi. ) =e"v() Y pi(i.i)=e (),
iel? iel?

and so v is a QSD, which finishes the proof. Let us show the claim. Since (p;(i, j) :
i, j€l,t>0)is honest and since v is a probability vector, we have

DO v@pi =Y v (1= pii,0) =1=Y v(i)p(i,0).  (417)

iel? jel? iel? iel?

From Fubini’s Theorem and equality (4.16), we get

DD vpi =YY e (i =" v(j)(Z ;s i))

iel? jel? iel? jel? jel? iel?
=e "> v(H (1= pfj. 00))
jel?
=e " — e N " v(j)p;(j.00), (4.18)

jera
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where p/(j, 00) is the probability that the Markov process governed by (p/ (j, i) :
J,i € I* t > 0) explodes for the first time before or at ¢. On the other hand,
since ¢(0,0) = 0, the forward differential equation in j = 0 gives p;(i,0) =
Y kesa Pe(i, k)g(k,0), and so,

t
pi(i,0)="" (/0 pu(i,kwu)q(k,m.

kel?

Then, by using again Fubini’s Theorem and (4.16), we obtain

t
D ov@pi, 0= (/0 V(@) pui, k) du)q(k, 0)

iel? iel?kel?

t
=22 ( / e Mk p, i)du>q(k, 0)
0

iel?kel?

t
- Z v(k)q (k, 0)/ e—f’"(z pik, i)) du
0

kel? icl?
t
- Z v(k)q(k,O)/ e " (1 = pi(k, 00)) du.
kel? 0

Now we use the equality 8 =6 (v) = Zkela v(k)q(k,0) to get

t t
Sovipti0 =0 [ e = [T v, 0pik. 00 ) au

iel? kel?

t
=(1-¢") —/O (Z v(k)q (k, 0) p (k, oo)) du.

kel?
Then

t
11— Z v()p:(i,0) = e bt +f <Z v(k)gq (k,0)pl(k, oo)) du.
iel? kel?
Hence, from (4.17) we deduce
t
Do vpti, =€+ / (Z v(k)g (k, 0) py (k, oo)) du.
iel? jel? kel?

By comparing it with (4.18), we get that p;(k, 0co0) = 0 for all k € I?. Therefore,
(pf(j,i):j,i eI® t>0)ishonestand v is a QSD. O

4.4 Conditions for Existence of a QSD

For countable state Markov chains, a reciprocal to the necessary condition 6* > 0
for the existence of a QSD was established in Ferrari et al. (1995a). Let us state it.
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Theorem 4.5 Assume sure killing P; (T < oo) =1 for some (or equivalently, for
al)i € I?, and

Vs > 0: Iim Pi(T <s)=0. 4.19)

iel?:i—o00
Under these conditions, the existence of the exponential moment property (4.6) is
necessary and sufficient for the existence of a QSD. Moreover,

0* =sup{0(v) : v OSD}, (4.20)

and when E; (¢ T) < oo for some (or equivalently, for all) i € I* then there exists
an extremal QSD.

Remark 4.6 For birth-and-death chains, discrete and continuous, the fact that the
existence of an exponential moment was sufficient for the existence of a QSD was
shown in Van Doorn (1991), Ferrari et al. (1995b) and Van Doorn and Schrijner
(1995).

The proof follows in detail the one given in Ferrari et al. (1995a). Let us first
introduce some useful probabilistic constructions done in Ferrari et al. (1995a).

4.4.1 The Resurrected Process

For p € P(I?®), define Q¥ = (¢ (i, j) :i, j € I*) by
g, j)=q(, ) +p(qgG,d), i jel (4.21)

It is easily checked that the matrix Q) is a conservative jump rate matrix. We
will construct a Markov process Y (¥ = (Y,(p )t > 0) with jump rate matrix Q)
starting from a distribution pg in /2. First, take a sequence of independent processes
Y® = (Y,(i) : t > 0), each driven by the jump rate matrix Q. We assume that the first
one of these copies, Y| starts from distribution 00, and all the others, YD with
i > 2, start from p. Fori > 1, denote TO = inf{t >0: Y,(i) € d1}. Consider

i
Ry =0, R,~=ZTU>, i>1.
j=1

Observe that lim; o, R; = 0o P-a.s. The process Y *), defined by
Y =3y (e R, R)), (422)
i>1

fulfills the requirements: it starts from pg and its jump rate matrix is Q”). The
process Y is called the resurrected process because at each time that the process
hits the forbidden states it is immediately resurrected with distribution p.
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Let us introduce an additional element in the proof of Ferrari et al. (1995a). Note
that the following transformation in P(/?),

p— ¢(p) where p(p)' Q" =0, (4.23)

is well-defined for all p € P(I?) such that E,(T) < oo. Indeed, in this case the
process Y ) is positive recurrent and ¢(p) is its (unique) stationary distribution.
From Theorem 2.4.2 in Asmussen (1987), we have the explicit expression:

1 o0
p(p)(@) = / P,(Y; =i)dt. (4.24)
E () Jo 7
Note that by definition of Q) in (4.21) we have that
VoM =0 & VO*=-00). (4.25)

Then, following Theorem 4.4, v is a QSD if and only if v is a stationary measure
for the process Y ™) such that 6(v) < q; Vi € I*. We note that the last condition
will be a consequence of our construction because we will show 6(v) < 6*, and so
(4.10) gives the condition. Observe that (4.23) implies that the relation (4.25) can be
written as: The probability measure v on /? is a QSD if and only if v = ¢(v), that
is, if it is a fixed point for the transformation ¢.

4.4.2 The Proof

The proof also requires the following elements. Let F be a distribution function
concentrated on [0, co). Consider a renewal process defined by a sequence of inde-
pendent random variables distributed as F'. The distribution function of the residual
time of this renewal process, denoted by ¥ F, is given by

1 N
UF(s)= mi(F) /0 (1 — F(x)) dx,

where m(F) = fooo(l — F(x))dx is the first moment of F. It is well-known and
easy to check that an exponential law is a fixed point for the transformation .

Let p € P(1?), and let F” be the distribution function of the killing time 7" when
the process starts from law p. From (4.24), we get the following key equality:

F?®) =y (FP). (4.26)

Indeed,

1 00 .
E,(T) /(; I;Pp(yz =DP;(T > s)dt

1— FW(D)(S) —

1 o0
= P,(T >t +s)dt
EP(T)/O P

1 o
) [ Po(T > 1)dt =1—W(F”)(s).

E,
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Then, equality (4.26) follows from

oo o
Ey(T) = / P (T >t)dt = / (1= FP (1)) =m(F).
0 0
Note that the existence of the exponential moment property (4.6) implies that the
sequence V" (F %) is well-defined for all n > 1. Indeed, F, = ¥" (F%) satisfies

1 o
ml(Fn)/s (1= F.())dt,

and, by integration by parts, it is deduced that for all £ > 0,

I— Fn—i—l(s):

mp2(Fy)
(k4 2)my 1 (Fug1)’
where we denote by m;(G) the /th moment of the distribution G. So,

my(Fy) =

miy2(Fy) _ miy3(Fp—1)
(k+2)mi(Fy)  (k+2)(k+3)mi(Fy)mi(Fy—1)’

and by induction we find

M1 (Fpq1) =

Min2(F)
(k+2)-(k+n+2)mi(Fy) - -my(F)
Hence, by taking & = 0 in this formula, we obtain

My (Fpe1) =

mu12(F)

(n+2)!my(Fy)---mi(F)

The existence of an exponential moment implies m, (F') < oo for all n, so the in-
duction argument gives m(F,) < oo for all n. Then, for all n > 1, P (Foy s
well-defined. An important step in the proof done in Ferrari et al. (1995a) is that
the existence of the exponential moment property (4.6) implies that the sequence
W (F%) converges along subsequences to a well-defined exponential law. More
precisely, the following result holds.

mi(Fpy1) =

Lemma 4.7 Assume that for some C < 0o and 6y > 0, the distribution F sup-
ported on [0, 00) verifies 1 — F(t) < Ce %' Yt > 0. Then, there exist 6 > 6o
and a strictly increasing subsequence N’ = {n; :i > 1} in N such that W"F con-
verges to an exponential distribution with parameter 6, as n — oo, n € N'. That i,
Vi >0:limaen (1 —W"F(1)) =e % Vi > 0.

n—o0o

For its proof, we refer to Ferrari et al. (1995a). The next step is the following one.

Lemma 4.8 Assume sure killing, condition (4.19) and the existence of an exponen-
tial moment. Then, Y9’ € (0, 0%) there exist some 0 € [0',0%] and v € P(I*) such
that when the process starts from v the time of killing is exponentially distributed
with parameter 9, that is, Py (T > t) = e 9 vt >0,

IfE;i(e”"T) < 0o for some i € I, then VO’ € (0,0%) the choice of 0 = 6* fulfills
the above result.
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Proof Fix i € I®. By definition of 6*, we have that for all " € (0, 6*) there exists
C(0') such that P;(T > t) < C(0")e~?" ¥t > 0. Therefore, Lemma 4.7 applied to
F = F% gives the existence of a subsequence A and 6 > 6’ such that F" = @"
verifies
. : _n — —0t
vt > 0: ’lllerj\r} (1 F (t)) e . (4.27)

n—o0

Let us see that the set of measures {v" = ¢"(8;) : n € N} is tight. Fix € > 0. From
(4.26) and (4.27), we deduce that there exists #(¢) > 0 such that

VneN: 1—F"(i(e)) <e.
Now
1= F"(t(€)) =P (T > 1(€)) = Z V()P (T > 1(e)),
jel?
and so
VI(jeI*:P(T > t(e)) > 1/2) < 2e.

From (4.19), we get that the set {j € I? : IP;(T <1t(¢)) > 1/2} is finite and verifies
Vi(j e I* :Pj(T <t(€)) = 1/2) > 1 — 2¢. This shows that {v" : n € N} is tight.

Therefore, there exists v>° € P(I?) such that for some subsequence N’ of N one
has V' — v>®, as n — 0o, n € . We have
Pyoo(T > t(€)) = Y v()P;(T >t(e))= lim N D VBT > t(e))
Jela n—0Q,ne Jela
= lim (1 - F"(t(e))) ="

n—oo

neN’

By definition of 8*, we get that 8 € [6’, 6*]. Finally, note that the above proof also
shows that if IE; (e‘g*T) < 00 then the above construction can be done for § = 6*. [J

The following result will finish the proof of Theorem 4.5.

Lemma 4.9 Assume sure killing, condition (4.19) and the existence of an expo-
nential moment. Then there exists a QSD v whose killing time is exponentially dis-
tributed with parameter 6 given by Lemma 4.8, so P, (T > t) = e~ Vt > 0.

Proof For any 6 define the set
Pl={peP(I*): ¥t =0,P,(T >1)=e"}.

From the last lemma, we know that the set P? is nonempty. It is clear that P? is a
convex set.

To avoid cumbersome notation, we assume [/? = N. The set P(/?) is en-
dowed with the metric d(p', p?) = Y oieN 27 pl(i) — p2(i)|. For a sequence (p" :
n > 1) and p included in P(/?), we have d(p", p) — 0 as n — oo if and only if the
pointwise convergence holds p" (i) — p(i) as n — oo.
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Note that the argument developed in the proof of Lemma 4.8 shows that every
sequence (p”" :n > 1) in P? is tight. So, it has some limit point p® € P(1?). Obvi-
ously, Pyoo (T > 1) = ™%, and so p™ € PY. This shows the compactness of P?.

From relation (4.26), F¢®) = ¢ (F*), and since an exponential distribution is
invariant under ¥, we find that go(”Pe) C P?. Now, we shall prove that ¢ : Ppo — po
is a continuous transformation. We recall (4.24),

1 o
o)) = s [ B =it
Eo(T) Jo "
Let (p" :n > 1) be some sequence in PY that converges to p € P?. Observe that

Em(T) =1/6 =E,(T) for all n > 1. From Fatou’s Lemma, we get that for all
subset L C N,

lin_l)ioréf2<p(p”)(i):1irgiorc1)f9/ DG P =iydt

ieL jeN ieL
> 911m101<1>f/ Zp(J)ZP,(Y, =i)dt
jeN ieL
=D 0()). (4.28)
ieL

Since this also holds for L€, we get that the equality holds in (4.28). Finally, by
taking L = {i} and L = {i}¢, we can conclude

liminfo(p") (i) = ¢(p)(i) = limsupp(p") (i).

n—00 n—00
Then ¢(p") — ¢(p) as n — o0o. The continuity of ¢ in the metric d follows.

Since ¢ : P? — P? is a continuous transformation acting on a convex compact
metric space P?, it has some fixed point v (see Tychonov 1935). Since the equality
@(v) = v is equivalent to v being a QSD, the existence of a QSD is shown.

Finally, the equality 6* = sup{6(v) : v is a QSD} follows from the fact that for
each 0’ € (0, 0*) we can find some 6 € [0, *] for which there exists a QSD with
the exponential rate of survival 6. 0

Remark 4.10 In relation to quasi-limiting distributions (which satisfy (3.6)) for
countable infinite Markov chains in discrete time, more general conditions for their
existence were supplied in Kesten (1995).

4.5 Kingman’s Parameter and Exponential Rate of Survival

We will state sufficient conditions for the exponential rate of survival to coincide
with the exponential rate of the transition probabilities. Let us introduce this last
quantity. For an irreducible and surely killed Markov chain, the exponential rate of
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the transition probabilities, denoted by 6 and called the Kingman’s parameter, is
well-defined and does not depend on i, j € I,

1
Ok = — lim —log p;(i, j): (4.29)
t—>oo t

see Kingman (1963). This parameter verifies 6x < inf{g; : i € I?}, a subadditive

argument gives p;(i,1) < e 9k i ¢ [* ¢ > 0, and it can be shown that for all pairs

i, j € I* there exists a finite constant C;; such that p; (i, j) < Cije_gK’ vt > 0.
From p;(i, j) <P;(T > 1) fori, j € I?, we get

o* zliminf—llog]P’i(T >1) < limsup—llogIP’i(T >1) <0g.
t—oo f t—00 t

Hence, if under some conditions we are able to show 6* = 6k, then we will also get

that the exponential rate of survival is the limit 6* = lim;_, —% loglP; (T >t) Vi e

I?. A trivial case is O = 0 because it implies 6* = 0 = 0.

To get sufficient conditions in order that the equality 6* = 0k be satisfied for
some strictly positive value, let us first state some previous results on subinvariant
measures.

Let i be a measure on /? and 6 > 0. Then, u is said to be a 6-subinvariant
measure of Q2 if it satisfies

Vjiel®: (WQ*()=<-0u),
and it is a 6-subinvariant measure for the semigroup (P;) if
V=0, Vjel* (WP)(j)<e " u(j). (4.30)

In Tweedie (1974), it was shown that if & is a -subinvariant measure of Q? with
0 <inf{g; : i € I?} then it is a f-subinvariant measure for (P;). (The proof of this
fact can be found in the arguments and constructions supplied in the proof of Theo-
rem 4.4.) The converse was also shown in Tweedie (1974), if u is a 8-subinvariant
measure for (P;) then 6 < inf{qg; : i € I} and w is a f-subinvariant measure of Q2.

If 1 is a subinvariant measure for (P;) and for some j € I? we have u(j) =
0, irreducibility implies u = 0, the null measure. Hence, a nontrivial subinvariant
measure is strictly positive.

We can also define an analogous concept when the semigroup acts on the right.
A nonnegative function ¢ = (¢(j) : j € I?) is a O-subinvariant function for the
semigroup (FP;) if

Vi>0,Viel® (P)(j) <e o(j).

As before, if ¢(j) = 0 then ¢ = 0, the null function. Hence, a nontrivial nonnegative
6-subinvariant function for (P;) is strictly positive.

Let us show that for every 6 € (0, O] there exist strictly positive 6-subinvariant
measures and strictly positive 6-subinvariant functions. The 6-subinvariant mea-
sures will be constructed as limits of subinvariant measures for the discrete skeletons
of the original chain. First, let us fix § > 0. From (4.29), we get

Viojel®  tim (pus, )" =e 0, @31)
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Put p(i, j) := ps(i, j), so P, j) := pps(i, j). The matrix P = (PG, j) : i, €
I?) is the (strictly substochastic) transition matrix of the Markov chain Y= (?,, =
Yus : n > 0) which is surely killed at the killing time 7 = inf{n > 0: ¥, ¢ I?}. Note
that |67 — T| <.

Define the series i’;j (r) = Zn>0 ﬁ(”)(i, Jyr*fori, j € I* and r > 0. Itis known,
see Theorem 6.1 in Seneta (1981), that there exists a common convergence radius
for these series,

-1

= (7))

so for all i, j € I%, Pi;(r) < oo for r € [0, R) and P;j(r) = oo for r > R. From
(4.31), we find R = 9.

For i e 12, denote by T, =inf{n > 0:Y, =i} the hitting time of i € I? for the
chain Y. Note that T can be infinite. A standard proof shows that

TAT-1
Vjel®: ( Z ]l{Y_j}R> (4.32)

see Lemma 2.3 in Sect. 5.2 in Anderson (1991). Below we show the existence
of subinvariant measures for (P;) by using the existence of subinvariant mea-
sures in discrete time: a measure 4 iS «-subinvariant for (F”) if (' F”)( Jj) <
e " (j)Vj € I* Vn > 0, and this happens if and only if it is «-subinvariant for P,
that is, (' P)(j) < e~ (j) ¥j € I*.

The following result is stated in Kingman (1963), see Theorem 2.7 in Sect. 5.2
of Anderson (1991). Also see Theorem 6.2 in Seneta (1981) for the discrete time
case.

Lemma 4.11

() Let iq be fixed. For any 6 € [0, 0k, the measure 1**, defined by

TignT—1
Vjel* u3~9(j)=11<:i0< Z e%”ﬂ{?nzj}), (4.33)

n=0
takes strictly positive finite values, and it is 0§-subinvariant for (P"):

Vnz0 Vjel® Y uttOhpMa. ) se 0. (434)

iel?

(i) Forany 0 € [0, O], there exist a strictly positive measure ue = (,u0 (j):jel®
and a strictly positive function ° = (¢?(j) : j € I*) which are 0-subinvariant

Jor (Py).

Proof (i) Put p := u®?. Since 6 € [0, Ok ], we have /% < R, so (4.32) implies that
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W is finite. Let us show that p is 6§-subinvariant for P. Since T < ﬁo implies
Y7 AT ¢ I?, we get
T AT 00
. () . _ 08 ~ A ~
n(j) = Eio( doe nﬂm—j}) =D B L7 n7m Li7,=)-
n=1 n=1

By developing this last term, we find

o
w() = Y By (B(Lg a7 anpeLig,—ylo (i sk <m)))
n=1
o
(2] PN =R N
=2 (Z Eio(]lmoﬂw}cﬂ{yn1=k}Ek(1{Y1=1}))>
n=1 kel?
o
08 -~ : 05(n—1)q -
="y p(k,J)(IE:,-O (Ze <” )]l{TiOATZn}]l{Ynl:k})>
kel? n=1
=" " Pk, ).
kel?

Then, w is 65-subinvariant.

Let us prove (ii). Fix # > 0. Now we allow é to vary in (4.33). We consider
§=1/N for N > 1 and define n? := liminfy_ oo '/N-?. Let t > 0 be fixed. We
take a sequence of positive integers (ny : N > 1) such that = limy_, ooy /N.

Since for 6 = 1/N we have ﬁ(”N)(i, J) = puy/N(, j), by continuity of py(i, j)
on s € R} we obtain

lim PN (i, j)= lim pay/nG, j) = piG, j).
N—o0 N—o0

Take § = 1/N and n = ny in (4.34) and compute liminf. By using Fatou’s Lemma,
we get for all j € 12,

> (timinf Y@ oy n . ) < nminf(Z w0 @) pay G, j))
icra N—oo N—oo fere

<liminfe 0"N/N  UN8 5y,
N—o0

‘We have shown
Vjier Y liminfu’ ()piG. j) < e u’ ().
ield
This holds for all 7 > 0, so x? is a 6-subinvariant measure for (P;). Note that the
measure /1,0 takes strictly positive values because from definition /L‘W(io) =1 for
all § > 0 and so u? (ip) = 1.
Now, fix 6 € [0, 6x]. We will show that there exists a strictly positive function

¢ that is f-subinvariant for (P;). Let 1 := 7 be a strictly positive #-subinvariant
measure for (P;). Define

V=0, Vi, jel* pia, j)=n()p,D/u@).
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It is easily checked that (P = (p;(i, j) : i, j € I*) : t > 0) is a semigroup, and it is
substochastic because ) jera pi, j) < e~ Notice that
.1 v
— lim —logp, (i, j) =0k.
t—o00 t
Then, by the part already proved, for all 6 € [0, 6] there exists a strictly positive
f-subinvariant measure p = (o (j) : j € I?*) for the semigroup (P, : t > 0). Thus,

Viel Y p@plG j) e o()).

iel?
Since pf(, j)p@) = u(j)p:(j,i)p@)/u(i), the positive function ¢ given by
@) = p@)/wn(i) is O-subinvariant for (P;). O

Let us prove that if the set of states connected to the killing state {0} is finite, then
0™ = Ok, the subinvariant measures are finite and the positive subinvariant functions
are lower-bounded. This result is Theorem 3.3.2(iii) in Jacka and Roberts (1995).

Proposition 4.12 Assume that the set 15 :={i € I* : q; o > 0} is finite.
(i) We have

1
0* =0k and 6*= lim —=logP;(T > 1). (4.35)
t—>o0 t

(ii) If Ok > 0, then for all 6 € (0,0k] any 0-subinvariant measure ue has finite
mass. When ,ue* is normalized, we get
e 0"t
Pi(T>1t)< ———.
’ 1 (@)
Moreover, for all 6 € (0, O] any strictly positive 0-subinvariant function ¢° is
lower-bounded by a strictly positive value.

(4.36)

Proof Since 0 < 6* < 6k, for proving (4.35) we can assume 0g > 0, and it suffices
to show 6* > 0. '
We denote by S/ = fooo 1y,—; dt the total time spent in j € I*. We have

Ei(s7) = /0 pi(i, j)dt.

Let Tjr =inf{r > 0:Y; € 15} be the hitting time of /5. From the hypothesis
]P’,-(Tlg <T)=1 forall i € I?, and since P;(T < o) = 1, we have ]P’,(TIS < 00)
= 1. Obviously, Ex (S¥) > Ex (1) for k € I¥, where T = inf{r > 0: Y; # Yo} is the
holding time. These relations imply

oo
Vel Y / pi(k, j)dt =]Ek<z S/> =Ek<EyT1* (Z S/))
jerg 0 jel O Njer
> Ek(EYr[* (r)) > min{IEj(r) 1j € I(’)k} :min{qj_1 1j € I()k}.
0 (4.37)
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Let 6 € (0,6k] and let u be a 0-subinvariant measure. Let us prove that u has
finite mass. By integrating equations (4.30) with respect to time, we get

viers Yt [ ppar<"P.

kel?
Then,

3 u(k)(z f Pk, ndr) (Z ;ﬁ(j))

kel? Jely Jely
From (4.37), we have Zjelg Jo petk, jydt > min{qj_1 :jelj)forallk € I*, and
then we obtain

e 1)

Z uk) < <00,

keln Qmm{q] cjelf)

proving that u has finite mass. We normalize it, so by using (4.30), we get

ROPAT >0 < Y p(HDPIT>0=) (Z w(Hpi(, k))

jel? jel* Mkel?

<e Y u(p=e

jel?

By taking 6 = 0k, we obtain P;(T > ) < e~ %%/ (i). Then #* > 0k and both
relations (4.35) and (4.36) are shown.

The only thing left to prove is that for 6 € (0, 6k], all 8-subinvariant strictly
positive functions ¢ are lower-bounded by a strictly positive constant. Note that

Z/ pu(is e(j)dt = 2/ P, J)¢(J)dt</ e V(i) dt = ‘p;l)
]EI’k jera

From (4.37), Zjelg‘ fooo p:(Q, j)dt > min{qj_1 1 j € 18‘}, so we obtain the result
(i) > 6min{g; " : j e Ig} Vie I, 0

4.6 Symmetric Case
Let us assume there exists some measure 7 = (77; : i € I?) such that Q? is symmet-
ric with respect to 7, that is,

Vi,jel* miq(,j)=mjq(j.i).

Let (Iy : N > 1) be an increasing sequence of finite subsets such that Iy 7 I? as
N 7 oo.Let QW) = (q(i, j) i, j € Iy) be the truncated jump rate matrix and let

.. (N) .. .
pM G, jy= (2", ) =Pi(Y, = j, Traygy > 1) (4.38)
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be the truncated kernel. The matrix Q") is symmetric with respect to the restriction
of w to Iy. Let {d(N) 1k € Iy} be the set of eigenvalues of 0™ which are all

negative and denote by D™ the diagonal matrix whose elements are {d; M ke
In}. Recall the decomposition given in (3.16),

W oy [T [T gt gy
pr G )= _ e ij (x),

where I"( )isa signed measure supported on (0, o0). When i = j, F( )isa prob-
ability measure Let

(N) (N)+ (N)— (V) (N)+ (N)—
Ly =L —Lij |n =0+
From (3.12) and (3.13), we get that the total variation measure || Fl(;v) || satisfies

|57 1(0. 00\ {4 -k e 17}) =0,
53 (=) = @ om™ ko,
where M) = m™) (i, j) : i, j € I?) is the orthogonal matrix formed by the nor-
malized eigenvectors of (D(N))l/2 Q"(N)(D(N))_l/2
From (3.14), we get that the masses of the positive measures I';’ M+ and T (7)_

are bounded by 1. The Helly’s Theorem implies the existence of an infinite subse-
quence (N; : 1 > 1) and of measures F F such that

N Np)— —
Fl.fj’)Jr — I}, and F,.fj’) — I, ; vaguelyas! — oo. (4.39)
Therefore, the signed measure
Ly=r5-T; (4.40)

is well-defined, and (3.14) implies that the mass of the total variation measure
1151l = F+ + I is bounded by 1:

Vi, je I |I17,;1([0,00) <1.

When i = j, I ; is a measure whose mass is bounded by 1. Moreover,

0o o0
/ et dFﬁ (x) = lim e X d[‘i(l.vl)+(x)7
0 J I—>o0 Jo o

o0 o0 N,
/ AT (x0) = lim e~ d]"i(j’)_(x).
0 -0 ’

0
Put
1
T ) .
Oy _htglogf ; logP;i (T > t, Tja\1y <1),
we have that the spectrum of 0W) satisfies 0N = inf{d,EN) :kel,...,N}. From

1 1
liminf ——logP; (T > t) < liminf ——logP; (T > ¢, Tja\jy <1),
t—00 t t—00 t

we get {d,EN) ck e I?} C[0%, 00).
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Remark 4.13 From Fifj.v”({O}) —0= Fifj.v”({O}) VN, we get I ]1({0}) =
117 ;11({0}) = 0. Therefore, from

I5,1(10) =0 Vi,jer* and {4V :kel?}c[6% ),
we get fooo drli j = f(ff dT;, j, where the domain of integration is the set [0*, 00) N

(0, 00).

Recall that the closed support of a measure v, denoted by Support(v), is the
smallest closed set in R such that its complement has no mass, v(Support(v)“) = 0.
We have 6y = inf Support(v), a finite number, if and only if v((—o00, 6p)) = 0 and
for all € > 0 we have v([6p, Oy + €)) > 0. The support of a signed measure v is by
definition the support of the total variation measure ||v|| = v +v™.

Proposition 4.14 Assume that there exists an increasing sequence of finite subsets
(Iy : N > 1) such that Iy /' I* as N / oo and

Vi >0, VielI* lim P;(Tya\g, <1)=0. (4.41)
N—o0

Then I3 ; is a probability measure ¥i € I®. Moreover, 6g = inf Support(I5 ;) Vi, j €

1? and
T [ _
pii = [ [ “eman,
i JOg

If, in addition to condition (4.41), the set I} = {k € I? : q(k,0) > 0} is finite, then
0* = inf Support([; ;), so

T [
pi == / e I (x). 4.42)
T Jox |

Furthermore, the following relation is satisfied.:

oo ,—tx
BT >0=Y q(k,0) /%fe —

kel?

drl; i (x). (4.43)

Proof From (4.38) and condition (4.41), we deduce

Vi >0, Vi, jer* 1im p™a,j)=pG, ).
N—o0

T [
p,(i,j)=,/—f/ VAT (),
T Jo

If i = j, we evaluate this formula at r = O to get that I ; is a probability measure.

Let us show that for all i, j € I? we have 8¢ = inf Support([7 ;). We first prove
it for i = j. Fix i € I* and denote by 6y = inf Support(I; ;) which is nonnegative.
For all € > 0,

Hence,

pi(i i) = e ®FO L (160, 60 + €]).
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From (4.29), we deduce 0 < 6y + € for all € > 0, so Ox < 6y. Then, if 9y = 0, we
obtain the equality O = 6y = 0. Assume 8y > 0. In this case, we find
pi(ii) <e”"™ I3 (160, 00)) < ™',

and so 6k > 6y. We have proved 6k = inf Support([; ;). Then, in the case 6k > 0,
we have shown that we necessarily have || 5 ;|| ([0, 6x)) =0 Vi € I2.

Let us show the result for a pair i, j. Denote 6y = inf Support([7;, ;), we first prove
6o > Ok . This obviously holds if 6x = 0, and in the case 6x > 0 we use (3.15) with
[0, 6k ) to obtain

Vi, Jj: (IIE‘,;II([O,@I()))2 < I3 11(10, 0)) 1T, 1 (10, 6x)) = 0.

This implies 6y > 0. In the case 6y > 6k, we deduce that for all 6 € (O, 6p) the
following relation is satisfied:

T ; o0
eetpz(i7j)=,/n—j_/e e A i(x) >0 ast — oo,
i 0

which contradicts (4.29). We conclude 0 = inf Support([; ;) Vi, j € I®.

Under the additional hypothesis that /; is finite, we get 6 = 6k, and then rela-
tion (4.42) is satisfied. Let us show (4.43). We first evaluate the forward equations
(4.5) at the killing state j = 0. We have

Vs >0, Viel* pli.0)=Y_ p.k)qk.0).
kel

Since g (k,0) =0 except for k € I, the last sum is finite, and it runs over k € I].
By integrating this equation in the interval (¢, co) and using the fact that the process
is surely killed, we get

Pi(T >0)=1-p(i,0)=) q(k,O)/ ps (i, k).
kely !

Then, by using equality (4.42) and Fubini’s Theorem, we obtain

Pi(T > 1) = Zq(k,O)\/?/m</eooe—”dn,k(x)> ds
i Jt *

kely
Tk o0 eftx
=> q(k,O)‘/—/ dr} i (x).
T Jo* X
kely
Hence, relation (4.43) is proved. Il

Remark 4.15 Since by hypothesis the process Y is nonexplosive, when from each
state the chain can only jump to a bounded number of states, then there does always
exist a sequence of finite sets (/y : N > 1) that verifies (4.41).

Proposition 4.16 Assume conditions (4.41) and that I = {k € I* : q(k,0) > O} is
finite. Then,

lim e pi(i. i) = I ({07})- (4.44)
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Moreover, we have the following solidarity property: If T, ;,({0*}) > 0 for some
ip € I* then I; ;({6*}) > 0 Vi € I?.

The exponential killing condition 6* > 0 is necessary in order that Jig € I? such
that limy_ o0 e~ py (i, i) > 0.

Proof From (4.42), we have p;(i,i) = 90*0 e ™ dTI; ;(x). By the Dominated Con-
vergence Theorem, we have that for all § > 0,

o0
lim " f e ™ dI};(x)=0.
0*45

—>00

Hence

0* 45 . 0*+8 X
ri({e*}) < liminf/ e ari(x) < limsup/ e 'O dr 1 (x)
=00 Jox t—o0 Jo*
< 1},,-[9*, 0* + 8].

Then, the first part is shown. To prove the solidarity property of the second
part, an argument based upon irreducibility suffices. This is given by the inequal-
ity pnts+s(, 1) = pn(i, io) p:(io, i0) ps(io, 1) for fixed s, h > 0. The inequalities
pr(i,ig) > 0 and p;(ip, i) > O give the second part.

The final part is a simple consequence of I ;{0} = 0. g

A state i € I? is called R-positive if lim;_, e Okt p:(i,i) > 0 (see Anderson
1991, Sect. 5.2, therein it is also shown that the limit exists). Now, under the as-
sumptions of Proposition 4.16, we have 6x = 6%, so we can rephrase the result as:
A state i is R-positive if and only if the spectral measure [ ; gives positive measure
to the bottom of the spectrum.

From the solidarity property, we can refer to the R-positive chain when some
state is R-positive. When this happens, it can be shown that there exists a unique
6*-invariant measure. If this measure is finite, it can be proved that its normalization
is a QSD (6* being its exponential rate of survival). For these results, see Seneta and
Vere-Jones (1996) and Proposition 2.10 in Anderson (1991), Sect. 5.2.

4.7 Comparison of Exponential Rates for a Monotone Process

We will give some comparisons between the stationary distribution and the QSD,
and between the exponential rates of survival and the exponential ergodic coeffi-
cients. This will be done in the framework of monotone processes. Here ¥ = (¥; :
t > 0) is an irreducible positive recurrent Markov chain taking values in the count-
able set 1.

As before p;(i, j) = P;(Y; = j), and denote by P, = (p:,j):i,jel),t>0,
the associated semigroup. (Recall that notation (P;) is reserved to the killed semi-
group). We assume that the Markov chain Y is positive recurrent with stationary
distribution 7 = (77; :i € ), so

7P, =n' forallz>0.
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Consider the exponential rate of convergence to equilibrium starting from the distri-
bution §; fori € 1,

a*(i) =sup{a : 3C < 00, 8] Py — 7'|| 1y, < Ce '}, (4.45)

where ||e||Tv is the total variation metric.

Let < be a partial order on /. A function f : I — R is called monotone if
i < j implies f(i) < f(j). It induces the following stochastic order relation be-
tween probability measures: For py, p2 € P(I), we put p; < p2 if p1(f) < p2(f)
for all monotone functions f (where p(f) =>,.; f(i)p(i)). The Markov semi-
group (P; : ¢ > 0) is said to be monotone with respect to < if

i<j = &P <8P Vt=0.

Proposition 4.17 Assume that the Markov semigroup (P, :t > 0) defined by Y
is monotone. In addition, suppose that the countable state space 1 has a strictly
smallest element O in I, that is, 0 < j for all j € I \ {0}. Consider the process
YT = (Yynr 1 1 > 0) with hitting time T = inf{t > 0:Y; = 0}. Let v be a QSD for
YT then (@) m < v and (b) 0(v) < a*(0).

Proof We will repeat the proof done in Martinez and Ycart (2001) which uses cou-
pling arguments.

(a) Since the process is monotone and since §p < v, from the Strassen’s Theo-
rem (see Lindvall 1992), we can construct a Markov process (W1 Ww2) with right
continuous trajectories taking values in / x [ starting from the distribution g ® v
such that each coordinate evolves with semigroup (P;) and W! < W2 P-as. Let
T? =inf{r > 0: Wt2 =0}. Since W! < W2, we get W;Z = W%z = (0. We redefine
the process at time T2 by resurrecting W2 with distribution v. Since W}z =0 and
the coupling is Markovian, at T2 we are as at the initial time r = 0 with distribution
80 ® v, so the same construction can be done once again. This iterative procedure
gives a monotone coupling (Wl , Wz), W' < Wz, for which W' evolves with semi-
group (P;) and W? evolves with semigroup (P,(v)) (see the construction of the res-
urrected process (4.22)). Since v is a stationary distribution for (P,(”)) (recall (4.25))
and lim, o0 [|8) P; — 7' [ITv =0, we conclude 7 < v.

(b) Let (U 1. U?) be a Markovian coupling, both components evolving with semi-
group (P;) and such that U& ~ §p and Ug ~ 1. Also from the Strassen’s Theorem,
we can assume U! < U% a.s. Let T/ = inf{r > 0 : U,1 = U,z} and T” =inf{t > 0:
U?=0}. Since T' < T", we get P(T" > t) <P(T" > t) = P, (T > t). From Doe-
blin’s Inequality, we find P(T’ > ) > ||56Fz — 7/||tv. Then

Pr(T > 1) = |[86P; — 7' | 1y

Now, let ( (V!, V2) be a Markovian coupling, both components evolving with semi-
group (P;), and such that VO1 ~ 7 and VO2 ~v.Let T =inf{t > 0: Vi(r) = 0}.
From part (a) we can assume TW <T@ Then
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lsoP: — 7'r’||TV <P (T >1t)= P(T(l) >1) < IP’(T(2) >1)=P,(T >1)= e 0w
The result follows. O

We point out that part (b) can be also deduced from (4.20) and Theorem 2.1 in
Lund et al. (1996). Indeed, in this work, it was shown that 6* < «*(0) under the
same hypotheses we had on the order relations, including the existence of a smallest
element. Since 0(v) < 6* for all QSDs v, the part (b) follows directly. Other order
relations involving QSDs can be found in Collet et al. (2003).



Chapter 5
Birth-and-Death Chains

In this chapter, we study QSDs on birth-and-death chains. In Sect. 5.1, we describe
the quantities relevant for this study. The main tools for describing the QSDs are
the Karlin—-McGregor decomposition and the dual process, which are supplied in
Sect. 5.2.

Among the main results of the chapter is the description of the set of QSDs done
in Theorem 5.4 of Sect. 5.3: exponential killing implies that there exist QSDs; if
oo is a natural boundary, there is a continuum of QSDs; when oo is an entrance
boundary, there is a unique one. In Theorem 5.8 of Sect. 5.4, it is shown that the
extremal QSD is a quasi-limiting distribution. The process of survival trajectories is
studied in Sect. 5.5 and its classification is given in Theorem 5.12. In Sect. 5.6, it is
proved that the QSDs are stochastically ordered, the extremal QSD is the minimal
one. In Sect. 5.7, explicit conditions on the birth-and-death parameters ensuring
discrete spectrum are supplied. Some examples of killed birth-and-death chains can
be found in Sect. 5.9. In the last Sect. 5.10, we study QSDs for a population model
where each individual is characterized by some trait, and it can die or gives birth to
a clonal or a mutated individual.

5.1 Parameters for the Description of the Chain

Let Y = (Y; : t > 0) be a birth-and-death chain taking values in Z, = {0, 1, ...}. Its
jump rate matrix Q is such that ¢(i, i — 1) = pu; (death rates), g (i, i + 1) = A; (birth
rates), g (i, i) = —(A; + u;) and all the other coefficients vanish. The chain is killed
at 0/ = {0}, and the set of allowed states is N = {1, 2, ...}. We assume that the birth
and death rates (A;, u; : i € N) are strictly positive. Obviously, ©y = 0. Since we
impose killing at 0, Ag = 0. We recall the notation p; (i, j) = P; (Y; = j).

We assume that the chain is surely killed at 0,

VieN: Pi(T <oo)=1 withT =inf{r >0:Y; =0}.
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This property implies
VieN: P;j(Too <00)=0,
where
Too = ngnoQ Tn, withTy =inf{t >0:Y; = N}.
Indeed, as already stated, sure killing implies there is no explosion.

Note that the backward and forward equations (4.4) and (4.5) have respectively
the following form. For all 7, j > 0 and all r > 0,

P, ) = wipe — 1, j) = Qi + 1) pe Gy J) +2ipe 41, ), (3.1
P, ) =xjoapi(i, =1 = G+ up)peli, )+ pjarpe G j+ 1, (5.2)

where we put A_1 =0.
Consider 7 = (7r; : i € N) with the coefficients

i—1

)\’.
m=1 and m=[]—. i>L (5.3)
jzl,U«jJrl

The relations m;41/m; = A;j/pi+1 Vi € N, imply that the birth-and-death chain is
reversible with respect to 7, that is,

Vi,jeN: miq(, j)=mjq(j,i). (54

(Relation that only needs to be verified for j =i + 1.) Put

A=Z()»iﬂi)_l, B=Zﬂi, CZZ()\iﬂi)_IXl:ﬁj,
j=1

i>1 i>1 i>1
- (5.5)
i
D= T Ty = Ym0 Y my= Yo Y oy
i>2 j=i i>1 i+l i>2  j=I
We have

C+D=AB, A=cc=C=0cx), (B=oco=D=00). (5.6

It is well known that the assumption on sure killing, P; (T < co) =1 Vi € N, is
equivalent to A = oo. Indeed, the quantities u; = P; (T < 00), i > 0, verify the set
of equations

= u; ! ui—1, 1>1, up=1.

Ai + i Ai =+ i
By iterating these quantities, it is shown that #; = 1 is equivalent to A = o0o. So, the
assumption of sure killing is A = co. Hence, we also have C = oco. These assump-
tions are taken all along the chapter.
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Let us now consider the quantities w; = E; (T), i > 0. They satisfy the equations

w; = 1 + M Wi+ + Hi wi—1, >1, wo=1.

it i i Ai + i B
The analysis of these quantities in the case A = oo allows proving that B < oo holds
if and only if [E;(T) < oo for all i > 1. Analysis for both A and B can be found in
Karlin and Taylor (1975, Theorem 7.1, Chap. 4).

Let us give meaning to C and D. We follow the approach developed in Ander-
son (1991, Sect. 8.1). Let us do it first for D. For each n > 1, consider the chain
Y™ = (Y,(") :t > 0) reflected at n, so taking values on {0, 1, ..., n}. Its parameters
(k;"), /Ll(") :i=0,1,...,n) coincide with the original ones Af”) = Aj, le") = Wi,
with the unique exception Xf,") = 0. So, when the chain is at n, it waits for an ex-
ponential time of parameter w, before jumping to n — 1. Observe that this chain is
also surely killed at 0. Denote by Ti(") the first time that the chain ¥ hits i, and
denote y; = E; (Tl.(f)l) fori € {1, ..., n}. From the Markov property, these quantities
verify the equations

1 A
= +
Ai i At

yi -(Yi+1+yi) forl<i<nandy,=—
1

n
It is not difficult to show that y; = ()1 Z’}-zi wjfori=1,...,n. Then D =
lim,—, 00 Y_7_; yi- The Markov property gives

D= lim E,(Ty").

Regarding the quantity C, the analysis is done on the reflected birth-and-death
chain YU'T = (, [[r] :t > 0) taking values in N with the same parameters as for Y with
only one exception: if the chain Y"1 is at state 1, it waits for an exponential time
of parameter A; before jumping to state 2. In this chain, let Tj[r] be the first time
that the process Y"1 hits j and define z; = Ei(Ti[Jrr]l), i > 1. The Markov property
implies that

L M iz !
zi = zZi-1+z)i =22, z1=—.
TRt kit T

i

It is easy to show that z; = (A;7r;) ™! Z/

the Markov property, we find

_y7jfori >1.Hence C =} .z From
— L [r]
C—nILH;oEl(Tn )

So, C = oo is the condition for having infinite mean time of explosion for the re-
flected chain.
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Let us note that D < oo implies B < oco. From Karlin and Taylor (1975, Theo-
rem 7.1, Chap. 4), we also get

B+ D= lim E,(T). (5.7
n—oo
Since we are assuming A = oo (and so C = 00) there are only two possibilities
left for oo in the Feller classification:

e If D = oo then oo is a natural boundary;
e If D < oo then oo is an entrance boundary.

In both cases, the minimal solution is the unique solution to the backward and
forward equation, see Anderson (1991, Sect. 8.1, p. 262).

5.2 Polynomials, Representation and Duality

In the analysis of the birth-and-death chains, a main role is played by the family
of polynomials (v;(0) : i > 0) defined by 19(0) = 0 and the following recurrence
relations:

i) =1, Aivip1(0) — i + i —O) Vi (0) +piyi-1(0) =0, i eN. (5.8)

The polynomial v;(6) is of degree i — 1 when i > 1. By definition, the sequence
v (0) := (i (0) :i € N) verifies

QM (0) = -0y (9). (5.9)

Also notice that f = v/ (6) is the unique solution to the equation Q? f = —6f up to
a multiplicative constant.

It can be shown that for i > 2 the roots of the polynomial ;(0) are all real;
moreover, they are simple and strictly positive. Let us denote them by a1 ; < --- <
a;—1,;- When i varies, they verify the interlacing property (see Karlin and McGregor
1957b and Theorem 5.3 in Chihara 1972),

Aki+1 <agi <ag+1,i+1 Yk=1,...,i. (5.10)

Therefore, there exists

&= lim ar;, k=>1. (5.11)
11—
The interlacing property of the roots also gives
g =sup{60 >0:v;(0) >0Vi > 1}. (5.12)
In the rest of this chapter, we put Iy ={1,..., N}. Forall N > 1, we denote by

v M) =y Oy = (V10), ..., ¥n©))
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the restriction of ¥ (6) to Iy.
From definition of the function ; (9) and the truncated matrix Q). it is easy to
see that for each k € Iy the vector w(N)(ak,NH) is an eigenvector of Q(N),

OMy M (@ y11) = —ak N4 1¥ N (@ v11).

Hence, (™) (ay ny+1) : k € Iy) is a set of N independent eigenvectors of Q).
The eigenvalues of Q(N ) are minus the zeros of YN+1, and so

[aV) ke ly) =lansi ke ly).
Therefore, we find for Fl(ﬁl;/) defined in (3.12) and (3.13)
VN >1: ajy = infSupport(I{’). (5.13)

Let us give more insight to the spectral decomposition of the truncated matrix
O™, Let (f,8)x =Y jcsa f(D)g(i)m; be the inner product defined by 7 in RV

and || - ||l = (-, ~)71,/ ? be the 7-norm. The matrix 0™ is symmetric and negative
definite with respect to (-, ). Since (W(N) (ak.n+1) : k € Iy) is a complete set of
eigenfunctions of Q)| it is a basis of orthogonal functions of (RV, (-,-),). Then
forall f € RN,

Q*f=-> __RNEL v (an+0), ¥ ™ @ v

S ™ @ v 12
o
== / o(f. y M @), v™©)ar™ o,
0
where '™ =3 ;8\, with xi v = ag 41/l ™ (0) 1. Then
o
(N) _
@ f = /0 ey ©), v ™ ©)dar™®).

The transition probability p,(N)(i , j) of the semigroup generated by Q™) is given
by

N),. . (N)y . . (N) .
VG, ) =e@ G, ) = (97 1) (),

where 1}, is the function that verifies 1{;;(i) = §(7, j). Then, we obtain the follow-
ing formula:

o
vi,jely: pMa, ) =nj/0 ey Mo M e)ar™Me). (514
From 1//1(N)(9) =1,m =1, we get

o0 00
pt(N)(L 1) :ﬂ1/ e—GZ dF(N)(G) :f e—@t dF(N)(Q),
0 0
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and so I''M) = FI(IY) = FIUY), where Fl(ﬁ]) and 1:1(];]) are the measures defined in
(3.16) and (3.17). ’ ' ’

Formula (5.14) admits a limit when N — oo, giving the so-called Karlin—
McGregor representation. In this formula, it is shown (see Karlin and McGregor
1957b) that there exists a measure I" supported by [6*, co) N (0, co) such that

Vi, j e N: p,(i,j):n'j/() e~y (0)Y;(6)dT (0). (5.15)

In Anderson (1991, Theorem 2.1 in Sect. 8.2), the Karlin-McGregor representa-
tion is shown, and its proof is based upon a recurrence argument on i, j. Below we
give the constructions that are required and the main steps of the proof.

The class of sets (Iy : N > 1) verifies condition (4.41) because the chain Y is
assumed to be nonexplosive and from each state in N a birth-and-death chain can
jump only to two states (see Remark 4.15). Besides, the set I = {k e N: q(k, 0) >
0} = {1} is a singleton. Then we can apply Proposition 4.14 to have

.. i i [ i ® 0
vVi,jeN: pQ,Jj) = p e 7dl j(0)=m; e dI; ;(0).
i JO 0

Here I7; ; are signed measures whose total variation measures have mass smaller or
equal to 1 and I} ; = (w7 j)’l/ 21",-, j- We recall I} ; are probability measures. Let
us put

r=n,=rI,, (5.16)
SO

pi(1,1) = /Ooe—’er(e).
0

From Proposition 4.14, the construction of I;; done in (4.39) and (4.40), relation
(5.13) and definition (5.11), we also get

& < 6* =infSupport(I"). (5.17)

Since the measure I" is supported in the domain [6*, co) N (0, co), instead of the
integral [ -dI" we can also put [, -dT.
Let us prove that the representation (5.15) is verified for j = 1, that is,

Vi>1: p, 1):fooe—’9w[(e)dr(9). (5.18)
0

By definition I" = I 1, so the formula holds for i = 1. For the induction step, we
assume it has been proved up to i, we will show that it is verified for i 4+ 1. By using
the Dominated Convergence Theorem, we differentiate this equality to get

Pl 1) =— [wee—’%(e)dr(e). (5.19)
0
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From the backward equation (5.1),

Aipii+1, D) =piG, D) — wipi (i — 1, 1) + (& + i) pr (i, 1).

By writing p;(i — 1, 1) and p;(i, 1) as in (5.18) and p;(i, 1) as in (5.19), and using
the recurrence relation (5.8), we obtain

Aivip10) = =09 (0) — iy —1(0) + (A + ui) i (0),
and we find
Aipii+1,1) = /ooe_te?»ilﬂiﬂ(@)df(@)-
0

Then, the induction follows. We have shown that (5.18) is verified. Let us now prove
the general case in (5.15),

Vi,jz 1 Pt(iv]')=77,//0 e Y (0)y;(0)dT (6),

by induction on j. It holds for j = 1, assume that it holds up to j and let us prove
it for j 4+ 1. By using the Dominated Convergence Theorem, we differentiate the
above equality and get

o0
pii, j)= —ﬂj/o 0e "0y ()Y (©)dI(©), i, j>1.
From the forward equation (5.2),
Wj+1pe(is j+1) = pi(, j) = Ajo1pe(i, j— D4 O+ i) pe(Q, j),
and the recurrence relation (5.8),
ﬂj)\.jlﬂj.H (9) = —ﬂjelﬁj(e) — ﬂjﬂjwj—l (9) + Tl’j()"j + /Lj)Wj(e),
we find
o0
wisipeinj+1) =n,-x,-/0 e Y (O)941(0) AT (0).
Since A /jy1 =7 jy1,(5.15)is verified for (i, j +1). This shows formula (5.15)
and finishes the proof of the Karlin-McGregor representation.
Let (f, g)r =/ fgdI be the inner product defined in L?(I"), which is the set of

real functions f with domain R and such that || f ||2F :=(f, f)r is finite. Observe
that when we evaluate (5.15) at r = 0, we get that the polynomials are orthogonal,

Vi, jeN: ﬂj(!ﬁi,llfﬁr:ﬂj/() Vi@)y;0)dI(0) =453, j).

Also y; € L*(I) with ||y | r = 1//7.
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We recall that from Proposition 4.14 we have O = 6*, and so
. « .1
VieN: 6" = —thm " log Pi(T > 1), (5.20)
— 00

and Vi, j € N, 0% = —lim,, o0 +log p; (i, j).

Also, from Proposition 4.16, we get lim;_, oo e’g*’p,(l, 1) =TI"1,1({6*}). Then
I’ ({6*}) is the necessary and sufficient condition in order that the chain be R-
positive, 6* > 0 being a necessary condition in order for this to happen.

Let us obtain the following expression for the survival probabilities:

oo ,—t6

Vi>1: P,-(T>z)=m/ —i(©)dr ). (5.21)
0*

It is shown in a completely similar way as when proving relation (4.43) in Proposi-
tion 4.14. In fact, from the forward equation (5.2), we get

VieN,s>0: pi(i,0)=pipsG,1).
By integrating this equation in the interval (#, c0), by using the fact that the process

is surely killed and from expression (5.18), we obtain

Pi(T>0=1 —Pz(i,0)=,u1foops(i, Dds = /oo/we_mlﬁi@)df(@)d&
t Jor

t

Hence, Fubini’s Theorem implies equality (5.21). By evaluating this expression at
i =1 andt =0, we obtain

m/ ldr(e):l. (5.22)
o 0

Proposition 5.1 We have 6* = &.

Proof From (5.17), we are reduced to showing the converse, & > 6*. Fix N and put
T>y =inf{t > 0:Y; > N}. By definition of the truncated kernel OW) | there exists
some cy > 0 that verifies

Vi>0: PV =1,t<T ATy} =(e")(1,1) > cye N+,
By definition of 6*, we deduce 0* < a;_y-1. The result is shown. O

Let us introduce the dual birth-and-death chain defined in Karlin and McGregor
(1957a). All the parameters and quantities related to it will be written with a su-
perscript ~. The dual chain takes values in N = {1,2,...} and its birth and death
parameters are given by

Ai = Wi, wi=Xi—1, ieN,
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in particular, 7t; = 0. Then, the coefficients 7r; verify

~ ~ A .
=1 m=[]=—=]][%="L ien (5.23)
r=1 Hr+1 r=I1 Ar HiTti

Also, the associated family of polynomials (@,- (0) : i = 0) verify {0\0 (@) =0 and

Vi) =1, wiiv1(0) = (i +ri-1 =Y (0) —ri—1yi-1(0), ieN.
(5.24)
Let us prove that the following relations between both classes of polynomials is
satisfied (see Karlin and McGregor 1957a, Van Doorn 1985):

VieZyt Yir1(0) — Vi (0) =Fip19%i41(0) (5.25)
and

VieN: §i(0) — Yit1(0) = py 'm0y (6). (5.26)
First, let us show (5.25). By using

,uiﬁi:LII = kiﬁi_l and the shifted relation Ai_1ﬁi:11 = l/-i—lﬁ,-_l,
we find that for i € N,
0= w7 (Yir1 0) = i 0)) — (i + A1 = T (Vi (0) — Yi-1(0))
+ a7 (Yi10) — ¥ia(6)).

From the uniqueness of the family of polynomials satisfying (5.24), we deduce
equalities (5.25). We note that (5.25) holds for i = 0 because 7 = 1.
Let us now prove (5.26). From (5.25) and (5.8), we get

-~ ~ 1
Vit1(0) —¥i(0) = S (Ai (Wi10) = ¥:1(0)) — i (Vi (0) — ¥i-1(9)))

1
= —0v;(0).
WiTTi

Then, (5.23) shows the result. Note that the equality (5.26) implies
VieN: 4;(0)=1. (5.27)

It can be shown (see Theorem 7.1 in Ch/ipara 1972 and Kiji/lpa et al. 1997) that
the zeros of both families of polynomials (v;(6) : i > 0) and (;(0) : i > 0) verify
the set of inequalities,

O<ayj<ayj<---<ap;<ari, k=1,...,1i. (5.28)

The above relations allow one to get the following increasing property, which is
a stronger version of (5.12).



78 5 Birth-and-Death Chains
Proposition 5.2 Assume 0* > 0. Then,
0<0* = (1//,~(6) > 0and ;i (0) < ¥i41(0) Vi € N). (5.29)
In particular, 6 < 6* implies y;(0) > 1 forall i € N.
Proof The last relation follows from (5.%9) and ¥ (0) = 1. Let us show (5.;9).
Recall & = 6*. From (5.28), we get & < & for all k > 1, in particular, & < &;.
We are assuming A = oo and 6* > 0. Since this condition implies B < o0, we
are under the hypotheses that in Kijima et al. (1997) allow showing & = &; (see
Case 4.1 in this reference). Since ¥;(#) > 0 when 6 < &, from (5.25) we deduce
(5.29). O
We introduce the following measure

dri ) = % dro), (5.30)

which is supported on [6*, c0) N (0, 00). From (5.22), I'lisa probability measure.
Equality (5.21) can be written as

o0
VieN: P(T >1)= / e "y (0)dr o).
0*
In particular, when we evaluate at = 0, we find that
o0
Vi e N: / wi(e)drd(e) =1. (5.31)
9*

We observe that Support(1"?) = Support(I").
Let us show that the family of polynomials (¥;(6) : i € N) is orthogonal with
respect to the measure I'?. From (5.25) and (5.26), we find for j > i + 1:

/6 fo(%- 0) = Vi+1(0) ¥ (0)d " (6) = % /0 OO Vi (0)(V;(0) — ¥j-1(0)) dT"(6)
=0.
Let us take j > 2. Forall/ < j — 1, we have
oo -1
Y ([ Wir10) = i (©))¥;(6)d T (6) =0.
i=1

9*

Then, since 1’/71 =1,

fg* @(9)%(9)01#(9):[0* tﬁl(e)@(e)drd(e):fm ¥ (©)dre®).
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Now, we use equalities (5.25) and (5.31) to obtain

o R 1 o0
/9 v 0)dree) = ﬁ—/@ (¥;(6) = ¥j-1(6))dI () = 0.
Hence, feof 1}1 (0)1}\]- ) dFd(G) =0 when! < j — 1, and so by the symmetry of the
argument, we show it for all / # j. The orthogonality is shown.

Observe that from (5.15) we have ; fgof wiz(é) dI'(0) = 1. We claim that the
following set of equalities hold:

OOA
Vil 7 | yrO)=1.
9*

For i = 1, it follows from 7| [ h3(0)d I (0) = [;° dT'¥(6) = 1. Now, with the
same computations as above, we obtain

/9 ($i®) = Fi41(0)) i1 0)d T (0)
=T [ O (i1 ) — i ) dTO)
Ti+1 Jo*
1
T

Since f(ﬁo Ui (0)Vip1(0)dI?(9) =0, the claim is shown.

5.3 Structure of the Set of QSDs

As we saw, each vector ¥ (6) = (;(0) : i € N) is a right-eigenvector of Q? associ-
ated to the eigenvalue —6 and it is unique up to a multiplicative constant. From the
equality 6* = &, the eigenvector v (6) is strictly positive when 6 < 6*. The birth-
and-death chain is reversible with respect to 7. Then if we choose C(6) > 0, any
strictly positive constant for 8 < 6*, the measure vy = (vg (i) : i € N) defined by

VieN: (i) =CO); (0)m;

is a strictly positive left-eigenvector of Q? associated to the eigenvalue —6. So, it
verifies vg Q? = —0vy. Observe that by evaluating at i = 1, and since ¥1(8) =1 =
71, we find C(0) = vy (1), so we can write

VieN: v(@i)=ve(D)y;(O)m;. (5.32)

On the other hand, in Proposition 4.2, it was proved that 6* > 0 is a necessary
condition for the existence of QSDs for Markov chains on countable states; and
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from Proposition 4.3 and Theorem 4.4, we get that a QSD v must necessarily verify
V 0 = —06(v)v' with

9(U)=ZV(i)q(i,0)=1J(1)M1- (5.33)
ieN
Hence, v is a QSD if it verifies the following system of equations

VieN: Aiovi —D+pipvG+ 1) =X +pi —vDu)v@),  (5.34)

with v(0) = 0. Observe that (5.33) can be written as & = vg (1) when vg is a QSD.
Then, for 6 <0, vy is a positive measure but it cannot be a QSD.

Remark 5.3 For instance, in the case 6 = 0, the left-eigenfunction vy verifies

i—-1 j
W (i) =vo(1)7fi<1 +3° 11 %)

j=11=1

but as shown it cannot be a QSD.

Let us assume
*>0.

The candidates to be QSDs are the measures vy for 8 € (0, 0*]. Note that we
proved that vg = (vg(7) : i > 1) is a QSD if and only if it is a probability distribution
onN, >, vg(i) = 1, and if it verifies (5.34). This result was shown in Theorem 3.1
in Van Doorn (1991).

The following characterization of the set of QSDs is given in Theorem 3.2 in Van
Doorn (1991). (For the last part of the statement also see Cavender 1978.)

Theorem 5.4 Let A = 00. Assume 6* > 0. If D < 00, then vg+ is the unique QSD.
When D = oo, the set of QSDs is given by the continuum (vg : 6 € (0, 6*]).

Proof Letus cons1der0 € (O 0*]. From relatlons (5.32) and (5.26), we have vy (i) =

ve (1) (0)m; and w, ) — w,+1(9) ny n,@tﬁ, () fori > 1. Hence, by using 6 =
w1ve (1), we get the expression

vo (i) = Vi (6) — Yit1(0).

Therefore, by using 1’/71 =1, we get

N —~
D ) =1—Pn1i(0).

i=1
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Hence ZieN V(i) =1 limy_ {ﬁ\N (6) =0, and we get the equivalence
Vo e (O, 9*]: vpisaQSD & Nlim Un(6) =0. (5.35)
—>00
Recall that for i > 2, the polynomial fﬁ\i (0) is of degree i — 1 and all its roots

@/J :j=1,...,i — 1) are strictly positive and simple. Let 8 € (0, 6*). Since
¥i(0)=1foralli > 1 (see (5.27)), we get

i—1

vi(0) ( 9)

i(0) = =—— 1——). 5.36
Vi (0) 70 ,Hl : (5.36)

From the interlacing property (5.10), we find

i—1 i—1

—~ 0 0 0 ~
(0) = 1 —— 1— = 1— = =Y;11(0).
Vi (6) ]"[( am’)>1’[< a,-,l-H)( a,-,m) Vit10)

J=1 j=1

Then, the sequence I/ﬂ\,' (0) is decreasing and it converges to the limit:

VO € (0,6%):  lim %;(0) = H(l - ;) (5.37)
i—00 =1 j

Recall that the sequence ?, is increasing, /S\] =&jand & =0">0.

From (5.37), we obtain lim;_, o ¥; (0*) = lim; _, o ¥; (§1) = 0, and then vy« is
always a QSD.

On the other hand, (5.37) also implies

V6 € (0,6%): il_i)n;()@(@)>0 & Y &' <oo (5.38)
j=1

Since the right-hand term does not depend on 6 € (0, 6*), we get from (5.35) and
(5.38) that:

o If)jn Sj_l < 0o then the unique QSD is vgx;
o If Z/zl Ej_l = oo then (vy : 6 € (0, 0%]) is the set of all QSDs.

The above argument was given in Chihara (1972) and it was further developed in
Van Doorn (1986) in the framework of QSDs.
The only thing left to prove is the equivalence

D<oco & Y &'<oo. (5.39)
j=1

Since @;; \ &; forall j > 1, we get

ia‘—l Py Zg— (5.40)

izl
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From (5.36), we have that
m; = — Za‘;} (5.41)

is the coefficient of order 1 (in #) of the polynomial {h\,- (6). From equation (5.24)
and since the constant term is ¥; (0) = 1, we find

wimipr = (@i +Ai—)m; — 1 —ri_ymi_y,
where my =m =0 and my = —1/u1. By iteration, we get
i
mip] —m;=— Z (l_[ M) =—7; Z(Mm)_l-
I=1

Hence

1 ol B
miy1 = ——7; +7; Zﬂj Z()»jﬂj) L
H1 J=1 =1

This expression, together with (5.40) and (5.41), gives

Y gt = Z+Zn, Z(AA,n‘,)71:%B+D.

j>1 Uis1 =1 =1

Since D < oo implies B < 00, the last equality shows the equivalence (5.39). [

Recall that the relation (5.7) is B + D = lim,_, » E,(T). Again by using that
D < oo implies B < oo, from the last theorem we get that there exists a unique QSD
only when there is an exponential moment and the mean killing time is uniformly
bounded. The conditions A = 0o, D < 0o and B < oo imply that oo is an entrance
boundary, then Theorem 5.4 can be rephrased in the following way.

Theorem 5.5 Assume the birth-and-death process is exponentially killed. Then the
extremal QSD vy« does exist.

If oo is an entrance boundary then vy« is the unique QSD, and when oo is a
natural boundary, the set of QSDs is the continuum (vg : 0 € (0, 6*]).

Let us show that for birth-and-death chains the QSDs are determined by the ex-
ponential distribution property of the killing time.

Proposition 5.6 Let v be a probability measure on N for which 30 > 0 such that
P(T >t)=e"?" VYt >0. Then v is a QSD.



5.4 The Quasi-limiting Distribution 83

Proof By integrating the forward equations (5.2) for j = 0, we find p;(i,0) =

75 fooo pu(i, 1) du. Multiplying by v(i), summing over N and using P, (T > t) =

e % we get

t
1—e—9’=mf P, (Y, = 1)du. (5.42)
0

By differentiating at = 0, we obtain & = p1v(1). Now, we integrate (5.2) for j > 0
to get

t

t
Pz(i,j)=?»j—1/0 Pu(i,j—l)du—()»j-i-uj)/o Pui, j)du

t
+ M+ / pu(i, j+ Ddu.
0

In a similar way as before, we obtain

t

t
IP)v(Yt:j):)\j—lf Pv(Yu:j_l)du_()\j‘f'Mj)/ Py(Yy = j)du
0 0

t
i Mj+1/0 Pu(Y, =+ 1)du. (5.43)

From relations (5.42) and (5.43), we obtain a system of equations that must be sat-
isfied by (v(i) : i € N) in terms of 6 = pjv(1). Moreover, this system is a linear
recurrence on n € N so it has a unique solution. But this system of equations is
the same as the one satisfied by a QSD, thus v must satisfy (5.34). Since v is a
probability measure, we deduce that it must be a QSD. O

5.4 The Quasi-limiting Distribution

The following result, useful in the study of ratio limit behavior, can be found in Van
Doorn (1991).

Lemma 5.7 Define
o0 *
M(1) =/ e 1O ard o).

Let w : [0%*, 00) — R be a measurable and I'" d—integrable real function, continuous
at 0* and vanishing at 0*, w(0*) = 0. Then, it verifies

o0
lim M(t)~! / e 1O ©)dr©) =0. (5.44)
—>0o0 6*

Proof (i) Suppose ' ((9*,0* +8)) = 0 for some & > 0, so necessarily ' ({#*}) >
0 (because 0* = infSupport(Fd)). Then, lim;_, oo M(¢) = I'({#*}). On the other
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hand, from w(6*) =0, w is I"?-integrable, and by using the Dominated Conver-
gence Theorem, we find

o0 o0
lim e 1Oy 0y drd ) = lim e 1O ©)drd©) =0.

100 Jgx =00 Jor 4

Thus the result.

(i) Assume I"?((0*,6* +8)) > 0 for all § > 0, so #* is an accumulation point of
the support. Fix € > 0 and let § > 0 be such that [w(#)| < € for all 0 € [6*, 6* + §).
Then

0*+8 .
56/ e 1O qard )

*

o0
+/ o—1(0—0")
0% +3

§
M(t)_le</ e—’<9—9*)drd(9)) <e.

On the other hand, " ([0*, 6* + §/2]) > 0. We have

00 *
/ e 1O @) dr? )

w(@)|dr®).

We have

0*+8/2 .
M) > / e 107 ard (g,

*

and then the result will be shown once we prove

9*+8/2 . -1 00 *
(/ o166 )drd(e)) <f o100 )|w(9)\d1"d(9)> -0
* 0*+6

ast — o0.

Define the function

0*48/2

-1
VO € [6* +8,00): g(0):= (/ e’(”*)drd(e)> e~ 0= y(0)].

*

It verifies
VO € [0* +5,00): g (0) < T([6%, 6% +08/2]) e |w ().
So the Dominated Convergence Theorem gives the result. O

In Good (1968), it was shown that the quasi-limiting distribution (3.6) exists and
that it is the extremal QSD vy=. Let us prove it.
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Theorem 5.8 Assume A = 0o and 6* > 0. Then the following limit exists and veri-

fies
VieN, VjeN: tlim P;(Y; = jIT > t) = vg=(j).
—> 00

Proof We follow the proof in Van Doorn (1991). From relations (5.15), (5.21) and
definition (5.30), we find

pilij) i fp 0T Y O)Y;(0)dr )

P[(Yt:j|T>t):]P’i(T>t) = feioe_tel//i(g)dpd(g)

Recall the definition of M () and the relation (5.44) stated in Lemma 5.7. We ob-
serve that ; (6*) > 0Vi > 1, then we can consider w(6) = ¥; (6) — ¥; (™) in (5.44),
to obtain

—>0o0

lim M(1)™! /Ooe—“@—@*)w,- @) dr©) = (0%). (5.45)
0*

Since 6* > 0, we can also take w(0) = 6y (6)¥;(0) — 0*y; (0%) ¥ (67) to get

M) / OOe—’<9—9*>9w,-<9>w,-<9)drd(m = 0"y, (6%)v;(6%).
0*

Now, by putting all the elements together and by using (5.33) and (5.32), we con-
clude

) T %Y O (0%)  6* ¥ X
Pi(Y; =jIT >1) = M_jll/fz(—Q*)j = E”ﬂﬂj(e ) = ve= ()7 (6%)

= v+ (j).

The result is shown. O

5.5 The Survival Process and Its Classification

Let us give the following result for the process of survival trajectories as an h-
process. See Jacka and Roberts (1995), and Martinez and Vares (1995) for the dis-
crete time case. We assume 6* > 0, which implies the existence of a QSD.

Proposition 5.9 Let 6* > 0. The process Z = (Z; : t > 0) whose law starting from
i € N is given by

]P)i(ZS] zilv"'7ZSk Zlk) = lim ]P)i(YS] Zila---aYSk :lle >t)
1—>00

is a Markov chain and its transition kernel is
Vi (0%)

Vi,jeN: Pi(Zy=j)=e""
I, ] € i(Zs=j)=e Vi (6%)

Pi(Ys = j). (5.46)
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Proof Observe that when we take w(0) = ¢*©@=¢") — 1 and apply (5.44), we get

. M@ —s) i [ —to—0%( so—0%) d _
tliToiM(;) =M(®) (/ e (e 1)dre@) ) +1=1. (547)

Now, we have

lim Py, (Yy, =i1,..., Yy = it|T > 1)
11— 00
: oy P (T >t —sp)
=Py (Vyy = i1, Yy =) Jim —o 2,

—oo P (T >1)
On the other hand, from formulas (5.21), (5.30), (5.45) and (5.47), we get

. Pi(T>t—y5)
lim ——~
t—oo  Pi(T >1t)
_ Jor e Ty 0)d T (6)
= lim =
=00 [ e~10y;(0)dI(0)

—00 M@~ 7 et 0=y (0)dI(0) r—oo  M(t)
o v (9*>.
¥ (0%)
Then, the result follows. U

So, the extremal QSD vy« is the significant one for describing the survival process
Z because it is the quasi-limiting distribution.

From (5.46), we get that the process Z is a birth-and-death chain taking values
in N (so reflected at 1), and its birth and death parameters (A; :i € N), (1@, : i € N)
verify

1ﬂz'Jrl(Q*))L_ _ v+ 1)
Yi©%) T vee(d)
i—1(0* «(1—1
VieN: 7= W{/f‘ég*))m - v‘)v;’*(i) ) aiot. (5.49)

Observe that, as expected, these formulas give 1r; = 0. Also it holds that

Vi e N: X,’Z

Hit1s (5.48)

M+ =i+ — 0"

The classification of the stopped process Y7 was introduced in Vere-Jones
(1962). Based upon the results already found for the survival process Z, the clas-
sification can be presented in the following form. The chain Y7 is said to be 6*-
transient (respectively, 6*-null recurrent, or 6*-positive recurrent) if Z is transient
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(respectively, null recurrent, or positive recurrent). To show which of these prop-
erties is verified at each case, it is useful to compute the vector 7 = (; : i > 1)
analogous to (5.3): w1 =1 and

- i—1 2
_ I,/fr+1(0>k)> )‘-r %\ 2 .

= — = = i 0 Is 1 550
=1l g( 7@ ) VO i1 530

The constants A, B, C, D are the analogs of A, B, C, D in (5.5), but computed with
7, A and 7 instead of 77, A and p. This gives:

A=Y (Wi (@) i@)m) ™ B=Y vi(6*) .

i>1 i>1
C= Z(Wi+1(9*) i) Z‘p/ 77/"
i>1
D= (Yin1(6 Vi) Z v; (0
i>1 Jj=i+1

We have that the process Y7 is @*-transient if A < oo and #*-positive recurrent
when it is *-recurrent and B < 00.

From now on, we assume D = 0o, so oo is a natural boundary and there is a
continuum of QSDs.

Lemma 5.10 Under the assumption D = 00, we have that Y T is 0*-positive recur-
rent if and only if B < 0.

Proof We claim that D > D. In fact, from Proposition 5.2, we have that v; (6*) is
increasing with i > 1, so

D> Z%H (%) (Wit1 (07) i (07) 2ii) Z T

i>1 Jj=i+1
00
-1
ZZ()\ijTi) Z wj=D.
i>1 j=i+l

Then D = oco. From (5.6), we get co = C + D = AB. Hence B < oo implies A =
00, and the result follows. U

We will develop an approach based on the behavior of the sequence of the expo-
nential rates of survival to classify the limit Markov chain Z. For this consider the
following sequence of killing times that expresses more and more restrictions. Let
a > 1 be fixed and consider the hitting time of the set of states {0, ...,a — 1},

T,1=inf{t >0:Y;, <a—1}.
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So T,—1 =T when a = 1. We denote by yla-1 = (Yin1,_; : t = 0) the process
stopped at {0, ..., a — 1}. It is always assumed that the initial distribution of ¥ 7e-1
is concentrated on the set of states {a, a + 1, ...}. Note that when dealing with Y Ta—1
it can be assumed that A; = 0 = u; for i < a. We observe that A = oo also implies
P;(T,—1 <o0)=1forsomei >a (or forall i > a).

From (5.20), there exists the limit exponential rate of survival of the chain Y
which is

Ta—l
b

1
0*@ = — lim —log P;(Ty_1 > 1), i>a.
t—o0 t

By solidarity property, this limit does not depend on the initial condition i > a.
The sequence (0* : a € N) is nondecreasing in a. Note that *()) = 9* is the
exponential rate of killing of the original chain.

The following property is verified.

Lemma 5.11 We have the equivalence

0*>0 & [Ja=1:04">0]

Proof If 6* > 0, it is obvious that 0*@ = 0Va > 1. Let us prove the converse.

Assume that 6*@0) > 0 for some ap > 1. We can assume ag > 1; for if not, it
is trivial. Note that it suffices to show that starting from any a > 1 the time of first
visit to a — 1 has a finite exponential moment, that is, there exists 6, > 0 such that
E,(ePaTa-1) < 0o, where T,_; = inf{t > 0:Y; =a — 1}. In fact, this proves that
T has a finite exponential moment because, from the Markov property, E, (e/7) =
5=, E;(e?Ti-1) is finite forall 0 < & <min{; : j =1,...,a}.

We need to show that for all @ € {1, ..., ap} the exponential moment [E, (e
< oo is finite for some 6 > 0. This property will be shown by induction on a =
ap,ao — 1, ..., 1. It holds for a = ap because, from our assumption and by taking
B4y € (0,0%@)) we get

9Ta71)

as an, VO <0 Ey(e) <E (¢ 1) <o

Now we show the induction step. Assume that for some a € {2,...,a0} 36, > 0
such that E, 4 (69“ T“) < 00, then we will get the existence of 6,_; > 0 such that
E, (e%a~1Ta-1) < 0o. This will be done by studying the sequence of times of succes-
sive visits to a, starting from a, before visiting a — 1. Let (E,, : m > 1) be a sequence
of i.i.d. random variables distributed exponentially with parameter A, + u,. These
random variables represent the time spent at a in each successive visit.

On the other hand, consider (L, : m > 1), a sequence of i.i.d. random variables,
where the common distribution is the one of the hitting time at a, under P,1. We
also take them independent from (E,, : m > 1). The last ingredient we need is M,
arandom variable geometrically distributed with parameter 0 < € = )\a)‘:llla < 1, that
is, P(M =m) = (1 — €)€e™ for all m € Z,. M represents the number of excursions
from a to a, prior to visiting a — 1 for the first time. The variable M is taken inde-
pendent from (E,, :m > 1), (L, :m > 1).
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It is straightforward to show that under P,:
M M—1
i~ Y Bt Y L
m=1 m=1
From ZZ’:] En+ fo;ll Ly < Zﬁ;’:] (Ep + L), we get

VO > 0: Eq(efTe1) Z (! EVFLDN)™ (1 — €)e™.

We notice that for 0 < 6 < min(6,, A4 + ftq) one has E(e? E1tL1)) < 0o, From the
Monotone Convergence Theorem, we have

lim E(e”F1HE0) = 1.
AN

Therefore, there exists 6,1 > 0 such that for all 6 € (0,6,_1)

1

9

O(E1+Ly)
E(e ) < .

and then E, (e%-17a-1) < co. Hence, the result follows by induction. O

Let us write the parameters, measures and processes already obtained for ¥ 7a-1.
We put

i—1
Aj

9
:a:uj-I—l

7@ =1 and =¥ =

On the other hand, since we assumed D = 0o and 6*@ > 0 Va > 1, there is a
continuum of QSDs (Uéa) 10 € [0,0%)), the extremal one being v@ " Each one of

gx(a)*
these QSDs, v(“) = (vé“) (i) :i > a), verifies
v = 1)+ iy G+ D = 0+ — O (), i >a,
where v, )(1) =0fori <a.Letf €[0,6%). Then the function

(a) .
Y @@): {i eN:i>a}— (0,00) givenby (@)= <a§ 2

(D
verifies Q*@Wy @ (9) = —0y (@ (0), where 0*@ is the jump rates’ matrix Q? re-
stricted to {a,a + 1, ...}, more precisely,

VOO =1, O — (i + i —OW D O) + v 0) =0, i=a,
(5.51)
where 1/fa(a_)l ©)=0.
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The process Z (@) — (Z,(a) :t > 0) conditioned to survival starting from i > a,
P(z =iy,.... 2 =) = lim Py(Yy, =1 Yy = ikl Tam1 > 1),

is a birth-and-death chain taking values in {a, a + 1, ...} reflected at a. Its birth and
death parameters (i :i>a), (@; =i > a) verify ﬁﬁf’ =0, and for i > a,

X(a) w(a) (9*(61)) éi()a) (l + 1)
i Ai = Mi+1,
@ (0 @) v (0)
@ _ U@ ) . G —1)
i = i—1-
i 1/,(“)(9*(“)) é‘:?g) @)

The following equahty holds A + ,u(a) Ai 4 — 0@,

The constants A (a) , C (a), D( @) are the analogs of A, B, C, D, but for a
instead of a = 1.

The chain Y7%a-1 is 9*@ _transient (respectively, 0*@_null recurrent, or *@-
positive recurrent) if Z@ is transient (respectively, null recurrent, or positive recur-
rent). Based on the behavior of the sequence of survival rates, in Theorem 1 in Hart

et al. (2003), the following classification result was shown.

Theorem 5.12 Let 1 <a < b, then:

@) If 0@ < 0*® for some b > a then YTa-1 is 0*@ _positive recurrent. When
a > 2 we also get 0*@~D < g*@

In particular, 0*@ < 6*®) for b > a implies that Y is 0*-positive recurrent.

(b) If0*@ =6*® for some b > a then Yo-1 is 0*®) -transient and 9*®) = *b+D,

For the proof of Theorem 5.12, we need to establish some notation and some
intermediate results.

Lemma 5.13 Let 8 > 0 and p > a. Assume that I/Ii(a)(ﬂ) is increasing in i €
{a, ..., p}). Then, so is wi(a)(ﬁ/) for B’ € [0, B]. Moreover, we have 1//,.(”)(,3’) >
v (B) fori e{a+1,..., p).

Proof Since w(”)(ﬁ) is increasing, (5.25) implies that 1//71.(”)(/3) is positive when i €
{a,..., p}. Hence B < <at the first zero of w . Then, I/ﬁi(a)(x) and 1//i(a)(x) are

both strictly decreasing on [O, Bl foralli €{a,..., p}. Hence, wi(a)(ﬁ’) > wl.(“)(ﬂ)
forief{a+1,...,p}.

Now, we introduce the discrete Wronskian. For two vectors u, v € RN, we define
w:=wu,v)eRY by

wi = Wit1 —uj)v; — ui(Vig1 — Vi) = Uj 1V — U;jViy].
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Lemma 5.14 Let 1 <a < b. Let § < 0'. Fix the vectors u and v by u; = wi‘“)(e)
and v; = wi(b) (0", i > 1. Then the Wronskian w(u, v) verifies

1 i
wj = — ((9/ —0)> uvm? — Mbu“), i >b. (5.52)

b
)\iﬂi( ) r=b
Proof From definition, relation (5.51) and by development, we find for i > b,

wi —wij—1 = Wig1 +ui—1)v; —u; (vig1 +vio1)

Wi 0" —0)
= —(—ui—1v; + uivi—1) — Uivi—1 — ui—1v;) + ujv;,

Ai A

then we obtain
Wi 0" —0)
w; = )\—:wiq + v (5.53)

By noting that wp_1 = upvp—1 — up—1vp = —up—1, we iterate (5.53) to get the re-
sult. O

Lemma 5.15 Let a < b and assume 0*@ < 0*®)_ Then, for all € (0*@,6*®)],

we have
(@) (nx(a) b)
) 0 )
I//l:,;)l( )<¢,(J;)1(ﬂ)’ b, (5.54)
;O @) 7 (B)
Moreover,

(9*(1?) _ 0*(0)) i I//r(a)(9>i<(a))wr(b) (9*(b))7.[r(b) — ,Uvbwlga_)l (9*(11)). (5.55)
r=b

Proof Assume that wp(l//.(”) (6% @), 1//.(b) (B)) > 0 for some p > b. We know that
there exists 6 > 9*(@ gsuch that 1/fi(”)(9_) is increasing in i € {a, ..., p}. So, from
formula (5.52), we get

p
B-0> v Oy B > npy,”, 0).
r=>b

Thus w p(w.(“) ), I/f.(b) (B)) > 0. Then, since t/fl.(b) (B) is positive and strictly increas-
ing for all i > b and ¥ () > 0, we deduce that wfjﬁﬁl(é) > ¥ () > 0, so that
wi(a)(é) is increasing in i € {a, ..., p, p + 1}. Hence, also from (5.52), we deduce
that w1 (4" @), ¥&” (B)) > 0.

By applying this argument in an inductive way, we find that I/fi(a) (6) is increasing
in the variable i > a, but this is a contradiction to 8 > 6*@ _ Then, we deduce that
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w, (@), ¥ (B)) < 0 for all p > b. From (5.52), we get that this inequality
must be strict for all p > b. Then formula (5.54) holds.

Let us now show (5.55). We have proved w, ({” (6*@), (" (6*@)) <0, then
(5.52) gives us the inequality < in (5.55). So, we are left with proving the opposite

inequality.
Let p > b be as large as necessary. We can always find g’ > 6*® such that
wl.(b) (B') is strictly increasing for i € {b, ..., p}. Since B’ > 6*®) there exists s > p

such that ‘/fs(i)l B) < ¥P(B') and we fix s as the smallest value bigger than p
satisfying this condition. We get w, (¥ (6*@), y{? (")) > 0. Now, by definition
of s, wi(b) (B) is strictly increasing fori € {b, ..., s}, with s > p. Since Lemma 5.13
implies v,? (0*®) > v?)(8'), we find

r=b
- (= 079) Sy O (B = (),

r=b

Letting B\, 6*® allows one to get the inequality > in (5.55). This proves the
lemma. O

Let us now finish the proof of Theorem 5.12. Let us show part (a). So assume
that for some a < b we have 0*@ < 0*®) We must prove that Y7e-1 is 9*(@)-
positive recurrent. From Lemma 5.10, we only need to verify E(a) < 00. From rela-
tion (5.54), we have ¢ (6*@) < ¢\ (6* @)y P (6*®)) (recall " (6*®)) = 1),
Then, from (5.55), we find

b—1 [e'e)
B - 06 = Y (06" )
i=a i=a
o
< 1//150) (9*(a))n1§a) Z 1//l_(a) (9*(a))wl_(b) (9*(h))ni(b)
i=a
=" =) i ), 07
< Q.

We have proved BY < 00, so the first part of (a) follows.

Let us show the second part of (a), that is, 1 < a < b and 6*@ < §*® imply
grla—l) o gx@) Suppose the contrary, that is, g*a—D — g*@ Thys, from (5.52),
we get

-1 _
R A I

)»,‘7'[[.(“) )»iﬂ-(a).

1

Wi = w; (wi(a—l)(e*(a—l))’ wéa)(e*(a))) —
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For p > a, the last equality implies

(a—1) —1 p—1
I/fpa(—g*(a)) _ w(afl)(g*(afl)) _ Z W
a
V) 2. 31 oo g

p—1 1
= —Ma Z @

= v @ @)y O @), 7
Then,

1'[/l(:l—l)(e*(a—l))

p—1
1
=" (0") <Wa(”l)(9*(al)) —Ha )= @ )

=0 0@y D (0@
(5.56)

. . .. —a .
Since YTa-1 ig 9*(“)-posmve recurrent, we have A( - 00, and so there exists some

large p’ for which

’
—1
k 1

Wa(a_l) (9*(11—1)) < Ua Z .
= v O @)y @) r, 7

Hence wé“*‘)(e*m—l)) < 0, which is a contradiction, and we conclude 6*(@~1 <
6*@ _Thus, part (a) of Theorem 5.12 has been proved.

Let us show part (b) of Theorem 5.12. Assume 8*@ = 6*®) for some b > a.
From equality (5.56), we deduce that Z(b) < 00, so YT is *® _transient. On the
other hand, if 6*® = ¢*®+D we should deduce from part (a) that Y7 is 9*(®)-
positive recurrent, which is a contradiction. This finishes the proof.

5.6 Comparison of QSDs

We recall that for two probability vectors p = (p(i) :i € N) and p’ = (p’(i) :i € N)
we put p’ < p and said that p’ is stochastically smaller than p if p’(f) < p(f) for
any increasing real function f with domain N. It is easy to check that p’ < p if and
only if all j € Nsatisfy >/_, p'(i) = Y"/_, p(i).

A stronger order relation between probability vectors is the following one. We
put o’ < p if and only if the sequence (p(i)/p’ (i) : i € N) is increasing. To show that
this order is stronger than =<, observe that, since p’ and p are probability vectors,
o' < p implies the existence of some k € N such that

e<plk=1D/p' k=1 <1=pk&)/p'(k) <---.
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From this set of inequalities, we find that all j € N necessarily satisfy Z{: AOE<

j .
i=1 P @).
The next result can be found in Cavender (1978).

Proposition 5.16 Let 0,0" € (0,0*], 0 < 0'. Then vy < vy, and in particular
Vor <X Vy.

Proof Recall that the family of QSDs verifies (5.34), with 6 € (0, 6*]:
VieN: Ai—jvg(i —1) — (i 4+ pi — ve(Dp1)vo (i) + pig1ve (i +1) =0.
Let 0 < 0 < 0’ < 6*. Define the sequences p and o’ by p(i) = vg(i) and p(i) =

ver (i) for i e N. If (p(i)/p' (i) : i € N) is not increasing in i € N, there will exist
some k > 1 (we take the smallest one) such that

ptk=1/p' (k=1 < p®)/p'(k) > p(k +1)/p'(k + 1).

Note that k = 1 if and only if p(1)/p'(1) > p(2)/0’(2). Since p’ is a QSD and the
coefficients of p and p’ are strictly positive, we have

VieN: A_i1p/(i—1) p,(l.) = (i + i — o' M) p' () /()
o' () o' (@)
+ wiy10' (i + 1) ,(())
Then
, pk—1) p (k)
M k—1 A 1
k—1p"( ) k=1 — (M + =0 ),ul)p() )
/ ok +1)
+Mk+1,0(k+1)—p,(k+l) <

Hence Ag—1p(k — 1) — (hx + i) p (k) + pr10'(k) + p' (11 p (k) < 0, which is a
contradiction to the fact that p verifies the QSD property. g

The next result was shown in Ferrari et al. (1995b).

Proposition 5.17 Assume Vi > 1: A; + u; = c is a constant. Then for all 0,0’ €
(0,0*] with 8 < 0, vy has a tail exponentially lighter than vg, more precisely,

. / _pr\i—1
ven W0 0 (e
vg (i) 6 \c—06

Proof Let 0 € (0,6*]. We know from relation (4.8) that ¢ = A; + u; > 6. On the
other hand, if ¢ = 6 the right-hand side in (5.34) will vanish and there cannot exist




5.7 Action on ¢2 and Discrete Spectrum 95

the QSD vg. Therefore, we can assume ¢ > 0. Let us define

o Mig1vei+1)
() = =g (5.57)

So, the QSD equation is equivalent to

Ai—1 i

z10)=1landVieN: z;41(0)=1-— m

Since z;(#) > 0, the above evolution equation implies that z;+1(6) € (0, 1) Vi € N.
An inductive argument gives that for all i € N, z;(0) decreases with 6 € (0, 6*]. In
fact, if 0 <0 <60’ <6* z;(8') < z; (), then (¢ — 0")%z; (8') < (c — 0)2z;(9), and so
Zi+1(0") < zi41(6).

By iterating expression (5.57), we get

ve(i+1>=ve<1>(1_[M 1)(c—a)",
— Mt

and then

v+ 1) vgr() li[z,-(e’) (c—e/)"
v +1) v\ L z;@) J\ce—0)"

j=1

For 0 < 9 <0’ <6*, we have I—[] 1 Z (6) < 1. Since vy (1) = 0/, the result fol-
lows. O

Since in Proposition 5.17 we assume A; 4+ u; = ¢ is a constant, it applies to
discrete Markov chains. In this case, in the QSD equation, A; and u; are respectively
the jump probabilities to go to the right and to the left from site i, and so their sums
are equal to c = 1.

5.7 Action on £2 and Discrete Spectrum

We will prove that Q? admits a spectral decomposition on 672, ={(fu:neNyeCN:
ZneN | fnlzrrn < oo}. Afterwards we give conditions in order for the Q? to have a
discrete spectrum, that is, pure point spectrum without a finite accumulation point.

In the case 6* > 0 and ), .y 77; < 00, we study the conditional limiting behavior
when the spectrum has a gap after 6*.

We recall that 0 = (¢ (i, j) : i, j € N) verifies m;q(i, j) =mjq(j, i), see (5.4).
Let (f,g)r = ZneN f(n)g(n)m, be the inner product on Z% and let || f|lr =
({f, f)=)/? be the associated norm.

Notice that for every function f : N — R, Q? f can be defined pointwise by

VneN: Q'f(m)=pnf(n—1) = Qun+p)fm)+rfn+1.  (558)
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Consider the following dense linear domain in £2:

D(Q%) = {f €20 (inf (0 =1) = o + ) £ (1) + A f (0 + D)7, < oo}.

neN
We have
D(Q*)={fetz:Q*feti}. (5.59)

and 0?2 : D(0Q?) — 6% is well-defined.
We recall that we defined I" = I7 1 in (5.16) in Sect. 5.2.

Theorem 5.18 The operator Q* : D(Q?) — E% has spectral decomposition
o
Qaz—/ 0dEy, (5.60)

where (Ey : 0 € [0*, 00)) is a right-continuous increasing family of orthogonal pro-
Jections and the integral — fecio runs over the domain [0, 0c0) N (0, 00) (if needed,
we put Eg =0 for 0 < 0*). Moreover,

a o
Vi >0: 2! :=/ e " dEy
is an analytic semigroup, and we have the equality
0
P, = / e " dE, (5.61)
on the set of bounded functions in D(Q?). In particular,

o o
pii. jy=m;" / e " d(Eglyy. 14)) =7 / e "dE j(0),  (5.62)

* *

where &; ;(B) = fB d{Egl{jy, 1(i))x for B € B(Ry) is a finite signed measure on
(R4, B(Ry)), and for j =i, & ; is a probability measure. Furthermore,

=&, (5.63)

and

5,;] L& with

O) =7y (O)Y;(0), £1,1-a.s.
dé&i

Proof We first state some properties of the operator Q2 : D(Q?) — 272,, allowing
one to get a spectral decomposition.

If (f¥:keN)c D(Q?) is such that f¥ — g 66721 and Q*fk — h 66721 as
k — 00, then necessarily for all n € N,

hn) = Bm (s G0 = 1) = G + ) £ 00) + 2n f5 01+ D) = Q7 ().

So, g € D(Q?) and Q?g = h. Then, Q? : D(Q?) — 6321 is a closed operator.
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Let Iy ={1,..., N}. We denote by éi(N) the set of functions f € E% such that
flmvy = 0. We identify ¢2)
matrix Q(N) =(q(i, j):i, j € Iy) acts. Notice that the set UNeN Z%(N) is dense in
2.

Since QM is symmetric with respect to 7 and Q? is closed, we find (Q? f, g) =
(f, O%¢)r Vf, g € D(Q?*). We claim that Q2 : D(Q?) — 2% is self-adjoint; this
means

with RN which is the space where the truncated

D(0*)=D(Q") and Q"= Q" on the domain D(Q*").
We recall that

D(Q*) =g € €2 :3g* € ¢2 such that (0*f.5), =(f.g%), Vf € D(@")}.

and Q% g = g* for all g € D(Q?*). This map is well-defined because when g €
D(Q?), the density of D(Q?) implies that the element g* is unique. Let us show
the self-adjointness.

Since 1(j; € D(Q?®) Vj € N, we can take f = 1y; in (Q*f, g)r = (f, 8%)x tO
obtain (Q*1}), g)r = g*(j)m; = Q*g(j)7; Vj € N. On the other hand, by defining
Q?g pointwise as in (5.58), we get (0?1}, &)= = (1}, O%g)r = Q?g(j)m;. We
have shown Q*g(j) = Q%g(j) Vj € N. By definition, we have Q*g € ¢2, then
(5.59) implies g € D(Q?), so D(Q?*) = D(Q?**) and Q0** = Q2. The claim has
been proved.

Since Q2 : D(Q?) — E% is self-adjoint, it has spectral decomposition

o0
Q“=f 6 dE,,
—00

where (Ep : 6 € (—o0, 00)) is a right-continuous increasing family of orthogonal
projections, see Riesz and Nagy (1955, Sect. VIII.120).
On the other hand,

VieD(QY): — (0 f), =D (i +ud(f@) — £+ D) m+ i fim.

ieN
In particular,

VfeD(QY)\(0): — (0. f) >0. (5.64)

Then 0 does not belong to the spectrum of Q2. We also have
inf{—(Q*f. f), + I fllx =1} = Jim inf{—{Q"f. f) : I fllx=1.f € GV}
Since the spectrum of —Q(N) satisfies {a; v : j € Iy} C [0*, 00) N (0, 00), we get

inf{—(Q*f, f), I fllx = 1} = 6™. (5.65)
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Then, the relation (5.60) is shown:

o0
Qa=—/ 0dEg,

%

where from (5.64) and (5.65) the integral runs on the domain [6*, co) N (0, 00).
From the spectral decomposition, we get that

a oo
vi>0: 2" ::/ e " dE,
is a semigroup. By using the Dominated Convergence Theorem, it is shown that this
semigroup is analytic. So, it verifies the backward and forward equations
(eQar)/ _ QaeQ“‘t — eQ“‘t Qa7

and our condition A = co guarantees that the unique solution to these equations is
given by the minimal semigroup () (see the end of Sect. 5.1). We have proved

(5.61), that is, the equality
o
P, = / e " dEy

*

is satisfied on the set of bounded functions in D(Q?). Since
pei, ) = (P @) =77 (P, Ly,

we obtain that (5.62) holds. Then,

o0
pt(1,1>=/ e dE 1 (0),

0*

Since po(1, 1) =1, we get that p;(1, 1) is the Laplace transform of the distribution
probability &1 1,. On the other hand, from (5.15) and by using ¢/1(#) = 1 and 71 =1,
we get

o0
pL 1) =/ 0 dr @),
0*

where I" is a probability distribution on (0, co). Since the Laplace transform de-
termines the distribution (see Sect. VIL.6 in Feller 1971), we find I" = £;,1,. Then
(5.63) is satisfied.

From the spectral decomposition and relation (5.15), we get

pe(i i) = / o d&;i(0) =m / ooe—”(w,-(9>)2dr(9>.
0* 0*

Then, also by arguing that the Laplace transform determines the distribution, we get
Eii < €11 and ggtt (0) = i (Y1 (0))*.
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Let i # j. We have &; ; < %(6},[ + &}, j) because by polarization & ; + &;; +
2&; ; is equal to the measure defined by d(Eg(1(;y — 1(;}), 1iiy — 1) =, Which is a
positive measure. Hence

Ei<kEi+E <8

From
P j) = /0 g ) = /9 @)Y dr @),

we deduce

Support(é’;j) = {60 >6%:y;(0)¥;(6) > 0} N Support(I") and
Support(&; ;) = {6 = 6" : i (6)y;(6) < 0} N Support(I").

Finally, again by using the fact that the Laplace transform determines the distribu-
tion, we conclude ;12/] @) =7y (0)¥;(0). Il

Remark 5.19 Assume 6* > 0. We recall that I'({6*}) > 0 is a necessary and
sufficient condition in order that the birth-and-death chain be R-positive. But
I ({6*}) > 0 is equivalent to the fact that 6* is an eigenvalue of Q? : D(Q?) — 572,.
Since f = ¥(0) is the unique solution to Q2 f = —6f up to a multiplicative con-
stant, 0* is a simple eigenvalue and the associated eigenfunction is proportional to
¥ (0*). Hence, the chain is R-positive if and only if ¥ (6*) is an eigenfunction of
Q% : D(Q?) — €2, in particular, ¥ (0*) € 2.

Now, let us recall (5.32),
VieN: vp(j)=cy;(0")mj=c <1y, ¥(0") >z  withc=vp=(1). (5.66)

In the next result, we require the existence of a gap after the bottom point of the
spectrum.

Proposition 5.20 Assume 6* > 0and ) jenTj <o0.If Q2 has a spectral gap after

0*, that is, Support(I") N [6*, 0* + €) = {6*} for some € > 0, then the conditional
evolution of every probability measure p € P(N) that satisfies

Z i 00 (5.67)
=

converges to vg«, that is,

VieN: P,(Y;=j|T >1)=vg(j). (5.68)
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Proof Define p/m (i) = p(i)/m; Vi € I®. From hypothesis (5.67), we have p/m €
ZJZT. Notice that p(f) = (p/m, fiz Vf € E%. From the condition ZjeN Tj <00, wWe
get 1€ ¢2. Then P1 € €2 and [~ d(Eg f, 1)z = (f, 1)y is finite V f € £2.

Hence,

Yicra P)pe(, j) _ p(Pilyjy) _Ap/m, Pl

Po(Y; = jIT >1) = = - '
p(Ye=JjIT >1) Yicin Ygesa p(Dpii k) p(P1) {o/7, Pil)x

Since 6* € Support(I”), the gap hypothesis implies I"{0*} > 0. Then 6* is a sim-
ple eigenvalue and v (6*) is an eigenfunction, so necessarily ¥ (60*) € 5721. Then,
1}\ @*) := ¥ (O")/|1¥(O*)|lx is a normalized eigenfunction, and for all bounded
function i, g € D(Q?), we have

(h, Pg)=e"""(g. ¥ (0%)), (h. ¥ (67)), + /9 e " d(Egh, g)x.
*+e

Hence,

p(PAGY eV 1, WO lp/m, U O Nx + foeyc e d(Eop/m, 1(j))x
p(Pi1) e 1, Y (O))n (0/T, U (05 + [ e P d(Egp/m. 1)z

By the Dominated Convergence Theorem, we get

o0
lim e~ O A(Epp /7, 14j))n

1200 Jou e

o0
=0= lim e O Q(Egp/m, 1) =0.

=00 Jo*4e

By using (5.66), we obtain

= c'vp=(j)

Pyt = jJIT > 1) = tim 280D _ A $ O
t—oo p(P1) (1, (0%))x

for some constant ¢’. So, necessarily ¢’ = 1 and the limit is vg=. Then, (5.68)
holds. O

Now we turn to the conditions ensuring discreteness of the spectrum of the oper-
ator Q? : D(Q?*) — E%.

The measure I" = I'1;; was constructed as the limit of spectral measures of
the truncated matrices Q(N ), and the spectral measures of these truncated matrices
charge the roots 0 < aj y < --- <ay—1,n of the polynomial ¥ (6) when N > 2.
By the interlacing property (5.10), the limit & = limy_, o ax, v exists for k > 1. The
sequence (& : k € N) is increasing, and we define

£ i = lim &.
k—o00
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It is straightforward to show, see Van Doorn (1985), that Support(1”) is discrete, that
is, constituted of isolated points, only when

Eoe = 00. (5.69)

In this case,
Support(I") = {& : k > 1}.
So, under condition (5.69), from (5.15) we get
peli ) =1 Y ey @Y EOT ({8)). (5.70)

keN

where I'({§}) > 0 and ), . " ({&}) = 1.
The first eigenfunction (&) is strictly positive and all other eigenfunctions

(¥ (&) : k = 2) do not have a defined sign. Since | = 1, this is written as
Vk >2,3i; suchthat ; (&) <O.

This follows from the equality & = sup{6 > 0: Y () > 0 Vk > 1}, see (5.12).

Theorem 5.21 The operator Q* : D(Q?) — Z% has discrete pure point spectrum if
and only if £, = 00. In this case, the spectrum consists of isolated simple eigenval-
ues {—& : k > 1} with eigenfunctions {{r (&) : k > 1}. The eigenfunction (&) is
strictly positive and all other eigenfunctions (Y (&,) : n > 2) do not have a defined
sign.

The relation (5.70) holds, py (i, j) =1} Y gen € Wi (€)W G T (&), with
vkeN: o=yl

Proof The first part is a simple consequence of Theorem 5.18. The set of eigen-
values is {&; : k € N}, let Eg — ES{ be the eigenspace associated to —&;. From
(5.9) and the discussion after it, f = 1/ (6) is the unique solution to Q? f = —0f
up to a multiplicative constant. Hence, all the eigenvalues are simple and the asso-
mated eigenfunctions are proportional to (&), so necessarily ¥ (&x) € 52 Denote
lﬂ(’;‘k) =Y/ ||1ﬂ(§k)||ﬂ, the normalized eigenfunction associated to —Sjk Since
02 :D(0?) — Eﬂ is self-adjoint, the set of eigenfunctions {w(Ek) :k e N} is an
orthonormal family on Efr , and for all g € D(Q?),

=Y &V @ 8), V.

keN
and so for all g bounded in D(Q?) we find
Pig=Y e (Y (&), g), V(&)

keN

Since 1) € €2 for all j € I* and ¥; (&) = nj_l (1(}, ¥ (), We obtain



102 5 Birth-and-Death Chains

i, ) =7 PGy L) e =75 Y e 5 5 (80 (&)

keN
From
peli, ) =m; ) e F @)Y, EDT (&),
keN
we conclude I" (&) = || (€0l 2. O

In the sequel, we will give some conditions for the Q? to have a discrete spectrum
on Z%. These conditions and the result we give now follow closely Kreer (1994).
Below we denote by O(1/j) a quantity depending on j that satisfies O(1/j) — 0
as j — oo.

Proposition 5.22 The assumptions

lim uj=co= lim A;,  lim L =g withq#1; (571
j—o00 j—o00 j—o0 j

Iy 1 : 1

RIS =1+0<—.), i =1+o<—.), (5.72)
Aj+l J Hj+1 J

imply that the operator Q* : D(Q?) — 6% has a discrete spectrum, and so the rela-
tions stated in Theorem 5.21 are satisfied.

Proof Let D,lr/ % be the diagonal matrix D}T/ % whose (j, j)-termis ,/7; (also con-

sidered in the finite case in Sect. 3.3). Define R = D},ﬂ QaD;I/z, which is a tri-

diagonal symmetric matrix. The diagonal elements of R are the same as those of
0%, that is, R(j, j) = —g;; and the nondiagonal terms are given by R(j, j +1) =
VAjmjrr =R+ 1, j).

Let 2 ={(fy:neN) e CN: Y, 1 ful* < 00}. We have that D /< : 2 — ¢2
is an isometry satisfying R = D,lr/ 2 0*D, 1 2, and so the spectrum of Q% on €2 is
the same as the one of R on ¢2. Then, the spectrum of R is contained in (—oo, 6*].

Let z > 0, so it is not in the spectrum of R. We will find conditions ensuring
that (R —zI) "L isa compact operator, that is, (R — zZD~IB; is compact where Bj
denotes the unit ball in £? and I denotes the identity operator. Let D be a diagonal
matrix whose elements are the diagonal elements of R, so its ith element is —g; for
ieN.Let M=R—Dand D=D —z. Then R —zI=M + D= I+ MD)D.
The matrix MD~! is a tri-diagonal matrix whose diagonal elements vanish and it
satisfies

1/2

RG,i+1)

R(i+1,i)
givi+z )

MD NG, i+1)=—
( )(ll-l-) o

(MD™ )G +1,i) = —

Then, under the condition
R@i,i—1) 1 R@G,i+1) 1
nd

dz>035 >0Vi e N: < a < )
qgi—-1+z 2+46 qgi+1+2z 246

(5.73)
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we have ||M1/?\_1 ;2 < 1. In this case, the Neumann expansion implies that (I 4
MD~1~1is a bounded linear operator on £

Since by hypothesis ¢; = A; + u; — 0o as i — oo, the elements in D~YB))
satisfy

lim< sup Z|f, )
"N feD1(BY) izn

and so D~ L(B)) is relatlvely compact (see Dunford and Schwartz 1958, Exerc1se 3,
Sect. IV.13). Hence D lisa compact operator actmg on £2. Slnce I+m D~ h=1i
a bounded operator, we obtain that (R —zI) ™' =D~ 11+ M D- h=lisa compact
operator. Therefore, R has a compact resolvent.

The restrictions R(i,i + 1)/(gi+1 +2) <1/(2+ ) and R(G + 1,i)/(gi +2) <
1/(2 + 8) are respectively equivalent to

VieN: 2+4+08)Aipiv1 <z+min{d; 11 + wip1, Ai + @i}

These inequalities are equivalent to the following ones:

and  V/(8) < —,
Mi+1 i

Ait1 Ai 2 Ait1 g
Vi(§) =2 +8). | - Y (Y e L
0=+ Mz’+1< Ait1 2+5> < it )
V/(5) =2 +5) (/“”“ 2 )-( ﬁ_1>2

Wi wi  2+38 Wi '

Hence, conditions (5.71) and (5.72) imply that there exists § > O such that

VieN: Vi(§) <

where

and

limsup V;(§) <0 and limsup V/(8) <O.

i—00 i—>00
On the other hand, for all § > 0 and all iy € N, we can find z > 0 such that
sup{Vi(z,8):i <ip} <0 and sup{V/(z,8):i <io} <O.
Hence, conditions (5.71) and (5.72) imply (5.73), and so R has a compact resolvent.

We deduce from Theorem 6.29 of Sect. II1.8 in Kato (1995) that R has a pure point
spectrum that can only accumulate at 0. Then, Q? has a discrete spectrum. g
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5.8 The Process Conditioned to Hitting Barriers

We are assuming that D = 00, so 0o is a natural boundary. For 8 = 0, the polynomial
family ¥ (0) = (¢¥;(0) : i € N) is given by

i-1 J

v =1+ 15

j=li=1
Fixi e Nand let M > i. From Q% (0) =0, we have
E; (wyt/\TM/\T (0)) =i (0).

By taking t — oo on the left-hand side and using P; (T)y A T < 00) =1 and vy (0)
=0, we get

tl_l)Igo E; (IﬂYMTMAT 0) = YmOP;(Tyy <T).

Therefore,
i (0
VM >i: Pi(Ty<T)= Vi) ) (5.74)
Ym (0)
Proposition 5.23 Assume D = co. Let ig, ..., iy €N, s =0 < --- < s¢. Then, the

following limit exists

Piy(2) =i, .... Z) = i) = lim Pi(Yy, =1, Yo =il T < Ty).

The process Z° = (Z? 1t > 0) is a Markov chain and its transition jump matrix

o~

0= (q(,j):i, jeN) is given by

¥;(0)
¥i(0)

Proof We take s < M. From the Markov property and (5.74), we get

vi,jeN: g, j)=q(,j)

Pi(Ys, =11, ..., Yy =i, sk <T <Ty) =Piy(Ys, =01, ..., Yy =1 Py (T < Tyy)

. . Y (0)
=Pi(Yy, =i1,.... Yy = ix)——.
¥ (0)
Note that iy € N implies sy < T. Then, by using (5.74) again, we obtain
: : : . Vi (0)
Pig(Ysy =ity Yo = il T < Tn) =Py (Vs =i, ..., Yy, = zk)m
k—1
=196 i)
1=0

The result follows. O
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5.9 Examples

Below we compute some of the quantities in three examples of birth-and-death
chains. We recall that Ao = 0 = . Below A and p represent two strictly positive
constants.

5.9.1 The Random Walk

The random walk A; = A, u; = w. This case was treated in Cavender (1978); Seneta
and Vere-Jones (1996). The system of equations associated to the QSD equality
V' Q* = —0v’ is equivalent to

pvi — D)+ (1= pl+1)=yv@), i>1, (5.75)

where v(0) = 0 and

A 6
P=3vw 7 P

In order for some y to exist for which there exists a probability measure as a solution
of (5.75), a necessary and sufficient condition is p < 1/2, which is equivalent to
w > A. In this case, the set of y’s for which there exists such a solution is the interval
[y*, D) withy* =2{/p(1 — p). Then 0" = (A + w)(1 = 2/p(1 = p)) = (A + p) —
2./Au. For each y € [y*, 1), or equivalently, for 8 € (0, 6*], the associated QSD
(which, by abuse of notation, we denote by v,, instead of vg) v), = (v, (i) : i € N) is

i—1 i—1
sl 755) -l )

N y+4 ! y—A4 - *
wo=s((5) () ) e

where A and B are normalizing constants and

A=y —4p-p)= )\/< + 1 =0 —dhp.

We claim that the process Y T is 6*-transient. Indeed, we use (5.50) to show that T

verifies
i—1 2
_ vy*(r+1)¢ﬁ) <(r+1>> 5
”l_H( vy (VA _,I:II r) T

r=1

and

Then

v
_Z ENES N

and the 0*-transience is shown.
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5.9.2 The Linear Birth-and-Death Chain

Let A; =iA and u; =iu fori € N, with u > A. This case was treated in Van Doorn
(1991). Here 6* = . — A and the extremal QSD vy« verifies

et wo=(3) (1-7)
VieN: ve«(i)=|— 1——).
M M

By using (5.48) and (5.50), we get

_ A i—1
VieN: X =il and ﬁi=i<—> .
"

Hence, the process Y is 6*-positive recurrent.

5.9.3 The M /M /oo Queue

In this case, A; = A and p; =ip for i € N. This example was treated in Martinez
and Ycart (2001). Consider the generating function

g(s)=Y vpi)s’, 520,

i>1
where vy verifies (5.34). We find
g(s) =1+ (1 —5)"eM/H(—14L(®,s)),
where
)\‘ S
L@ =2 [ e g,
mJo

The function L(#, 1) is smooth and strictly increasing in the interval of 6 € (0, ).
Since L(0, 1) =1 — e~ */#* and L(0, ) = oo, there exists a unique 6y € (0, i) such
that L(6p, 1) = 1. If 0 > 6y, we get that for s close enough to 1 the following in-
equality holds: —1 + L(8,s) > 0. From g(1) = 1, we get that g decreases close
to s = 1. Therefore, in the domain 6 > 6, the function g cannot be the generator
function of some vy, so 6* < 6y < .

On the other hand, in Martinez and Ycart (2001) it was also shown that the expo-
nential rate to equilibrium of this chain satisfies «*(0) = u (see (4.45)). Therefore,
the inequality 6(v) < «*(0) proved for monotone process turns to be strict in this
case. Indeed, 0* = sup{f(v) : v QSD} < u = a*(0).
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5.10 Structured Birth-and-Death Processes with Mutations

We consider a discrete model describing a structured population whose dynamics
takes into account all reproduction and death events. Each individual is character-
ized by a trait which is a heritable quantitative parameter. During the reproduction
process, mutations of the trait can occur, implying some variability in the trait space.
In the general model, the individual reproduction and death rates, as well as the mu-
tation distribution, depend on the trait of the individual and on the whole population.
In particular, cooperation or competition between individuals in this population are
taken into account.

In a general model (see Collet et al. 2011), the set of traits is a compact metric
space. Here we will deal with a simplified model, so we assume that the set of traits
is A, a finite set.

At a given time, the structured population is described by an atomic measure on
the trait space with integer weights, these weights are the numbers of individuals
with the given trait. Then, the time evolution is an atomic measure-valued process
on the trait space. The state space is thus the collection / of finite point measures on
A, which is a countable set. So, a configuration x € [ is described by (x, : a € A)
with x, € Z4 = {0, 1, ...}, where only a finite subset of elements a € A satisfy
x4 > 0. The finite set of present traits (i.e. traits of alive individuals) is denoted by
{x}:={a € A:x, > 0} and called the support of x, its cardinality is denoted by
#x. We denote by |lx|| =", {x} Xa the total number of individuals in x. The void
configuration is denoted by x = 0, hence #0 = ||0|| = 0, and we define 12 = I \ {0}
the set of nonempty configurations.

The clonal birth rate, the mutation birth rate and the death rate of an individual
with trait a in a population x € I are denoted respectively by AT ,, AT, and jiy 4.
The total reproduction rate for an individual with trait a € {x} is equal to A, , =
AS o+ AV, We assume that A , > 0 and iy, > O forall x € /? and a € A.

For each a € A, let k, be a probability measure on A\ {a}, ZbeA\{a} ka(b) =1,
that represents the probability distribution of the trait of the new mutated individual
born from a. To simplify notations, we express the mutation part using location
kernel G (x, b) given by

VxelVbe A: G(x.b)= Y xahl ka(b).

aef{x}

Note that the ratio G(x, b)/ ZCE 4 G(x, ) is the probability that, given there is a
mutation from x, the new trait is located at b.

Let Y = (Y; : t > 0) be a Markov process taking values on / and with cadlag
trajectories, defined by the following jump rates’ matrix Q = (q(x, x") : x,x" € I):

q(x,x +84) = x4A5 4. a€{x} (clonalbirth);

q(x,x —38q) = Xqpx,a, a€f{x} (death);
q(x,x+6) =G(x,b), b¢{x} (mutated birth);
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and
—q(,x)= Y (g0, x+82) +q(x,x =8)) + D q(x,x+8).
ae{x} be A\{x}
All other values of g(x, x") vanish. As usual we put g, := —q(x, x) for x € I. The

trajectories of the process Y starting from x are such that after an exponential time
of parameter g, the process jumps to x 4 &, for a € {x} with probability g (x, x +
8a)/qx,0rto x — 4§, for a € {x} with probability g (x, x —8,)/qx, or to a point x + p
for b € A\ {x} with probability distribution g (x, x + 8p)/q.. The process restarts
independently at the new configuration.

Since go = 0, 0 is an absorbing state, which is natural for a population dynamics.
We denote by 7 = inf{r > 0 : ¥; = 0} the time of extinction. In what follows, we will
assume that the process is a.s. extinct when starting from any initial configuration:

Vxel: P(T <o0)=1.

So, in our setting, we assume that competition between individuals yields the
discrete population to extinction with probability 1. We will exhibit some conditions
ensuring the existence of a QSD.

Denote by

VkeZy: Ix= {x el :|x| =k}
the sets of configurations with a fixed number of individuals. It is also useful to

introduce the following parameters:

p,:liminf( inf inf uw‘), ﬁ:limsup(sup sup y,x,a),
— k—o00 \xel;aef{x} k—>o00 “xelpaef{x}

A =lim sup(sup sup AMI).

k—o00 “xel;ae{x}

Note that when A < oo we also have supA < oo where supA :=
SUPyef SUPgefy) Ax,a- On the other hand, when p > 0, we deduce that infu > 0
where inf ;= infyej infuefx) tx a-

Theorem 5.24 Under the following assumption
X<E§ﬁ<oo, (5.76)
there exists a QSD.

Proof To show the existence of a QSD, we shall use Theorem 4.5, so we must prove
that its hypotheses are fulfilled, and for this we must prove that the following two
properties are satisfied:

Vs > 0Ve >03kg=ko(e,s) Vk>ko: supP, (T <s) <e€; 5.77)

xely
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and the existence of an exponential moment
30 > 0: Ey () < oo. (5.78)

Let us show (5.77). Let (R, : n > 1) be a sequence of independent random
variables such that R, is exponentially distributed with mean (zn)~'. From the
definition of the process Y and w, we have that for all x € I, P, (T <) <
IP(Z];:] R, < 5). On the other hand, it is known that Zn>1 (ﬁn)’1 = oo implies
P -1 Ry =00) =1 (see Lemma (33) in Sect. 5.5 in Freedman 1971). Then, for
all s > 0 and all € > 0 there exists ko = ko (e, s) such that for all k > ko we have
P(YX_, R, >s) > 1—e. Then, (5.77) is satisfied.

The proof will be finished once we show that Y is exponentially killed, which
is (5.78). Note that from the hypothesis of the theorem, we have supA < oo and
inf > 0. Let us introduce the following notation: for any integer m > 1,

—~ 1
Am= sup — Z xa)tx,a

m
O<llxll<m ae{x}

and

= inf inf pyg,.

L

Since supA < 0o, we have Sup,, > f):m < 00. On the other hand, inf u > 0 implies
infy,>1 > 0. We claim that the hypothesis of Theorem 5.24 implies

limsupi, <A <pu= liminfp . (5.79)

m—00 m—00 —
Let us show this claim. By definition of A and (5.76), we need only to prove the first

inequality. By definition of A, for any € > 0, there exists an integer K (¢) such that
for any k > K (¢) we have

sup sup Ay <A +e.

xely ae{x}
Therefore, for m > K (¢),

-~

1 1
Am < sup  — Z Xahxa+  sup  — Z Xahx,a-
O<llxlI=K(e) ™ ;205 K(©)=|xll<m ™ ‘50

This implies

lim supxm <Aite
m— 00
Since this holds for any € > 0 the claim follows.
To show the existence of exponential moment of Y, it is useful to introduce a
birth-and-death process X = (X; : t > 0) on Z4 killed at 0, with individual birth
rates (/):m :m > 1) and individual death rates (&m :m > 1). The result will be shown
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once we prove that ||Y|| is dominated by X and that X is exponentially killed. In
fact, this ensures that || Y || is exponentially killed, and so also Y.

Let us first prove that || Y] is dominated by X. We introduce a coupling on the
subset J of I x Z defined by

J = {(x,m) el X Zy:|x| §m}.
The coupled process is defined by the nonzero rates

J(x,m;x—i—éa,m—i—l):xa)»;a, a e {x},
Jx,m;x+68,m+1)=G(x,b), bd{x},
J(xym§x:m+1)=m3:m_ Zxa)\x,av

ae{x}
J(X,m;x_‘saam_l)Zﬂmxaﬂ-\lxII:ma a € {x},
J(xvm;x_(Savm):xa(#x,a_ﬁm]]-llxuzm)a a € {x},

Jx,mix,m—1)=mp Ljj<m,
JO,m;0,m + 1) = man,
JO,m;0,m—1) =mu, .

It is easily checked that the marginals of this process have respectively the laws of
Y and X. On the other hand, when the coupled process starts from 7, it remains in
J forever, so the domination follows.

As noted, from the coupling it suffices to show that X is exponentially killed.
We claim that starting from any & the time of first visit to k — 1 has exponential
moment, that is, there exists 0; > 0 such that [E; (eeTkX—I) < oo for all < 6, where
we put TIX =inf{t > 0: X; =} for [ € Z4. This proves that TOX has exponential

moment, starting from any k because Ek(eeTOX) = ]_[}zk E; (eefofl) which is finite
forall0 <6 <min{f; : j=1,...,k}.

The condition (5.79), namely lim supm_)ooxm < liminf,_ o M, implies there
exists ng such that for n > ng

Tx A*_ - _
0<A, < M, where A, = ?EEM’&*” —llgfﬁl.

From the results of Van Doorn (1991) on linear birth-and-death chain, we get that
for the birth-and-death chain X (killed at any n > ng) there exists 6,, > K, ~ Ar>0
such that

Ent1 (60"T"X) < 00.

Therefore, the existence of exponential moment for n > ng is satisfied. The exis-
tence of exponential moment for TOX follows from the solidarity property shown in
Lemma 5.11. Thus, the result is proved. O
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We observe that Theorem 5.24 also holds even when & < oo in (5.76) is not
verified. In fact, in Collet et al. (2011) it was shown under the unique condition
& < 1 and also when the set of traits A is a compact metric space. Theorem 2.11 is
a keystone to study the existence of a QSD in this more general case.



Chapter 6
Regular Diffusions on [0, 00)

6.1 Hypotheses and Notations

The purpose of this chapter is to develop the theory of QSDs in the framework of
one dimensional diffusions absorbed at 0. So here the space is X = R and the
trap X = {0}. Some of the applications of this theory can be found in models of
ecology, economy (see Sect. 7.8 in the next chapter) and Markov mortality models
(see Steinsaltz and Evans 2004).

In what follows, we assume (B;) is a Brownian motion that starts at x, under P,.
The main object of this chapter is the diffusion X = (X; : ¢ > 0) given by the unique
solution to the stochastic differential equation (SDE)

t
X,:B,—/ a(Xy)ds. 6.1)
0

In this chapter, we shall assume that o € C' (R..), although most of the results hold
for piecewise C ! functions. Under this condition, there exists a unique solution to
the SDE (6.1), with initial condition x > 0, up to an explosion time.

The main interest of this chapter is to develop the theory of QSDs for the process
X under the hypothesis that co is a natural boundary (see Hypothesis H in (6.4)). Af-
ter studying the finite interval case in Sect. 6.1.1, and some other preliminaries, we
prove a ratio limit theorem for the unbounded interval in Sect. 6.2.2, Theorem 6.15.
The main result of the chapter can be found in Sect. 6.2.4, Theorem 6.4, where the
Yaglom limit is shown, as well as the existence of the Q-process. The rest of the
chapter is devoted to the study of the k-process associated to X (Theorem 6.35) and
the R-classification of X (Theorems 6.45 and 6.50). We finish with some examples
in Sect. 6.7.

We denote by T, the hitting time of a, that is, T, = inf{r > 0 : X; = a}. In what
follows, we denote T = Ty. Then the process X is well definedupto t =T A To.
We shall mainly consider the case where P, (75, < 00) = 0, which means that the
process cannot explode to oo in a finite time. In the context of Markov processes,
v =T will be the explosion time of X. We are interested in the absorption to 0

P. Collet et al., Quasi-Stationary Distributions, Probability and Its Applications, 113
DOI 10.1007/978-3-642-33131-2_6, © Springer-Verlag Berlin Heidelberg 2013
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and we define, as usual, X; = 0 for ¢+ > 7. Associated to X we consider the sub-
Markovian semigroup given by

Pf(0) =E.(f(X0),1 <T),

defined in principle for all bounded and measurable functions f. We denote by
p:(x, ) the transition density of this semigroup. Under some extra conditions on «,
this transition density can be computed using the Girsanov’s Theorem by

pr(x,y)dy =e" [fa®dsg, (e*% Jo o (By)—a'(By)ds B edy,t<T).
The generator of this semigroup depends on the behavior of o near oo, but is
given by

1
L= 58” — a0y (6.2)

when applied to smooth functions with compact support contained in (0, co). Unless
specified, we shall denote by L the second order differential operator given by (6.2)
and by L£* its formal adjoint given by

1
Lru= Eaxxu + 0y (au).

The functions given by y (x) =2 fg o(z)dz and

X
A(x):/ e’® dz
0

will be relevant for our study. The importance of A lies on the fact that it satisfies
(%8” —ady)A =0, A(x) > 0, for x > 0, and A(0) = 0. This implies that A(X)
is a nonnegative local martingale. A is called the scale function of X. The other
important piece of information is the measure defined as

du(y) :=e7V dy.

We notice that this measure is not necessarily finite and p is half the speed measure
of X. The unbounded operator £ is formally self adjoint in L (du), which here
means that for all f, g € Cé((O, 00)) we have

/ﬁ(f)gduszﬁ(g)du-
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On the other hand, we point out that £* acts naturally on L? (d A) and is formally
self adjoint there, that is, for all f, g € Cg((O, 00)) we have!

/ £H(f)gd A= / FL(g)dA.

Let us introduce some of the elements we need for the spectral study of L. Con-
sider the eigenfunction ¢, , the solution of L*¢; = —Aig,, with the boundary con-
ditions ¢;(0) =0, ¢;(0) = 1. Also, ¥, denotes the solution of Ly/; = —Ay;,
with the boundary conditions v, (0) = 0, w)/L(O) = 1. Since « is regular at 0, the
C? functions with compact support contained in [0, o), vanishing at 0, belong to
the domain of £. This is the main reason why we impose the boundary condition
¥,.(0) = 0. The other condition v, (0) = 1 is imposed for a normalization of the
eigenfunctions (see Coddington and Levinson 1955, p. 226). The spectral proper-
ties of £* and L are related by the equality ¢, = e~V .. We point out that v, and
¥, satisfy the equalities

vl (x) =ey(x)<1 —2,\fx Vi (2)e 7D dz) =eV<X><1 —2 /x m(z)dz),
0 0

i , (6.3)
sz(x)=/ e””(l—%/ m(z)dz)dy.
0 0

Then . (x), ¥; (x), ¥ (x) are continuous functions of (x, 1).

We shall use the theory developed in Coddington and Levinson (1955). For that
purpose, we introduce the operator Au = %axxu + %(axa — a?)u. We denote by
u(x, A) the solution to the problem Au = —Au with u(0) =0 and u’(0) = 1. These
functions are related to the eigenfunctions of £ by the equality

Yo (x) =u(x, )\)e%}/(X).

Notice that A is an unbounded self adjoint operator on L? (dx).
The main hypothesis of this chapter, denoted by H, is

. J1 zfooo eV(X)(f(;‘ e~ 7@ dz)dx = oo, 64
: JZ:fooo E—V(X)(f(;“ eV (@ dz)dx = oo. '

According to Feller’s classification (see Feller 1952), this means that oo is a
natural boundary for the process. Under Hypothesis H, we have (see Azencott 1974)

!Given a measure p, the integral /i ab f(x)dp(x) is interpreted as the integral over the closed interval
[a, b], unless a or b are o0 in which case they are excluded from the integral. When it is necessary
to exclude, for example, the point a, we shall use the notation f( @bl f(x)dp(x).
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forany s > 0

lim P,(s <T)=1,
X—> 00

(6.5)
lim P, (Ty <s5)=0,
M—o00

which means that the process can neither explode from, nor explode to, infinity in
finite time. On the other hand, Itd’s formula gives

A(x) :EX(A(XT/\TM/\S))
=Ec(AM), Tyy <T As)+Er(AXy), s <Ty AT)
> By (A(X),s < Ty AT). (6.6)

Then the Monotone Convergence Theorem implies that E, (A(Xy),s < T) < A(x).
Similarly, we have for x € (0, M)

Ax)

P.(Ty<T)= A (6.7)
In particular, we have, using (6.5),
Py (T = o0) = 28 (6.8)
A(00)
We introduce the second hypothesis we use in most of our results
Hl: Vx>0 P (T =00)=0. (6.9)

This hypothesis is equivalent to A(co0) = oo (recall that we assume the drift is reg-
ular near 0).

Under Hypotheses H, the operator A is of the limit point type at infinity. This
means that for every (or equivalently, for some) complex value ¢ the ODE Au = ¢u
has a solution which is not square integrable (see Coddington and Levinson 1955,
Theorem 2.1).

To see that A is of the limit point type, it is enough to consider ¢ = 0. The
function ug = Ae~"/? satisfies Aug = 0 and is not in L% (dx) as the following
inequality shows

o0 o0
/ eV A2(x)dx > A(z)/ e"® A(x)dx = 00.
0 z

Here we have used that A is increasing and positive on (0, co) and J2 = oo.

The study of general one-dimensional diffusions can be reduced, under suitable
conditions on the diffusion coefficient, to the previous setting. In fact, consider the
solution of

dYy =o(Y)dB, — h(Yy)dt, Yo=y,
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where we assume o > 0, o € CL(R), fooo L du = co. Take F(y) = foy #du,

o(u) o(u)

then F € C2(R) and F~! exists. By It6’s formula, we obtain
t

FO) =FO)+ B [ a(F() ds
0

where o (x) = (f’; + %0’) o F~1(x). If we consider the process X; = F(Y;), Xo =
x = F(y) then

dX[ :dB[ _(X(Xt)dt

Since the hitting time of 0 is the same for both processes, T = T'Y, we get
P(X €At <T Xo=x)=P(Y e F ' (A), 1 < T} . Yo =).

Therefore, for our purposes it is enough to study the semigroup associated with the
process (X;).

The multidimensional analogues of the results we are going to consider (see
mainly Theorem 6.26) have been studied by Pinsky (see Pinsky 1985) in bounded
regions. The methods he used are based upon the theory of Stroock and Varadhan
about the martingale problem. We remark that for unbounded regions, as occurs in
our case where the domain is (0, 0o0), the Hypotheses 2 and 3 of Pinsky do not hold,
in general. This is due to the fact that the spectrum of £ is not necessarily discrete.
This is the case, for instance, if the drift « is a positive constant.

6.1.1 QSDs on a Bounded Interval

In this section, we consider the diffusion X living inside the interval (0, ) and the
process killed at 0 and b. In this situation, both ends 0 and b are regular points for
the diffusion X. We will see that the killed semigroup

Pl(b)f(x) = ]Ex(f(Xt),t <TA Tb)

has a discrete spectrum.

Using Girsanov’s Theorem, we conclude that Pt(b) has a kernel with respect to
the Lebesgue measure given by (see Theorem 3.2.7 of Royer 1999 for a similar
calculation)

POt x, y)dy = 3V VYOVE (e~ o9 B B ocdy 1 < T AT),
where p = %(w2 — o). Thus, P,(b) has a symmetric kernel with respect to p given
by

7(;'—)‘)2
e 2t

N2t )

1 .
r®(x,y) = eg(y<x)+y<y>>Ex(e—f(§p(B;)ds’t <T ATy|B, =)
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We point out that for each r > 0 and x € [0, b] the function rt(b) (x, ) is well defined
dy-a.s. If we define C = C(b) = max{—%(az(x) —a’(x)) : 0 < x < b}, we obtain
the following Gaussian bound for r®)

_ =02

(b) loyw+yo+en®  *
rpo(x,y) <e? —,
' 2t
and the following uniform bound
_ ()';X)z
1 | e 1
PG, y) <k, b)= max ev®TyWICnZ_—_ (6.10)

x,y€l0,b]? 2t

We shall show later that »® has a smooth version.

On the other hand, in L%([0, b], dx) there is a complete orthonormal basis 6, j, of
eigenfunctions for the operator A with Dirichlet boundary conditions at x = 0 and
x = b (see Coddington and Levinson 1955, Chap. 7). Thus, there exists a sequence
of numbers r, 5 > 0 and eigenvalues A, , such that 6, ,(x) = ry pu(x, Ay p). The
completeness theorem says that

b 0
[ 1P as =3 o
n=1

The mass distribution I}, associated to [0, b] is given by the distribution concen-
trated on {A, 5 : n > 1} with weight |rn,b|2 at A, p, thus

b 2
/ Sulx, A p)dx| . (6.11)
0

b 2 2
/O o dx = f g @)
where

b
g(/\)=/0 Sulx, Anp)dx.

We notice that each u(e, A, ) is zero at x = 0 and x = b, which means that
u(e, 1, p) changes sign on R (being a solution of Au = —,, pu it cannot satisfy
u’(b) = 0 because in this case it is the zero function). This shows that the support
of I, is contained in J = {A : u(e, A) changes sign in R }. The basic oscillatory
theorem for second-order linear ODE (see Coddington and Levinson 1955, Theo-
rem 1.1) allows us to conclude that J is an interval. Since u(e, 0) is nonnegative
(actually, positive in (0, 00)), we conclude that J C (0, o). We also have the fol-
lowing important property.

Lemma 6.1 Each A, p is simple and the only possible accumulation point of the set
{Anp:n>1}isoo.
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Proof Assuming that A, = At p, for n # k, we conclude that u(e, A, ) and
u(e, Ly p) are equal because they satisfy the same second order differential equa-
tion with the same boundary conditions at 0. Since they are orthogonal, we arrive at
a contradiction.

The function of A given by u(b, A) is analytic and not constant, which implies
that there cannot exist a sequence (A,;) which accumulates on a finite point A € C
for which u(b, A,,) =0. U

This result shows that we can assume without loss of generality that
O<Mp<Ap<-<Ipp<Ing1p<---.
Given the relation between the eigenfunctions of A and £, we can translate the
previous discussion as follows. The linear operator ¥, defined as

b
g0 = W () () = fo B OOV (0 dpt(x)

is an isomorphism between L2([0, b],du) and L? (dI}p). Its inverse is given by
¥, ' (g)(x) = [ g()¥a(x)dTb(R). This is obtained by replacing i = fe!/?” and
dp=e7"dx. We also get

b
2 2
[ I f duew = [leof ar.
Consider ¢ € Cg((O, b)) and take h = L££. Then integration by parts shows that

/ LECY () dp(x) = / LY (¥ dp(x) = — / Y () dpe ().

This equality for any £ implies that ¥, L = K¥}, on Cg((O, b)), where K is the
(unbounded) operator of multiplication by —A in L2 (dT}). Then £?, the minimal
closure of £”, has the domain given by the functions & € L?([0, b], d) such that
—AW,(h)() € L (dI}). This minimal closure satisfies £ = tl/,;llC!lfb. Also the
resolvent of £” can be obtained from this isomorphism ¥. For ¢ € C such that
N¢ > 0, we get

W, (c1 =22y =

c +)L‘I’b(h)(k)-

In particular, foreveryn > 1 and € LZ([O, b],du), we have
o0 by —1 2 o 2
/O |(1 = 1/nLP) " h(x)| du(x)zfo (L+2/m) "2 gM)|"d ()

Sfo |g(/\)|2de(/\)=/0 |h(x)|2du(x),
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This implies that £” is the generator of a uniquely determined contraction semi-
group (Tt(b)) of class Cy in L2([O, b], d ) (see, for example, Corollary 7.1, Sect. IX
in Yosida 1980), and moreover,

TP (h)(h) = e M Wy, () ().

This gives the formula

b
TP h(x) = / M (x) /0 O () dp(y) d T (2

b
= lraplPe it /0 h() VY, , ) d) P, , ().

According to Theorem 4.1, Chap. 7 in Coddington and Levinson (1955), this series
converges uniformly in x € [0, b], ¢ € R. We now prove that this semigroup is the
one associated to the killed process (X;A7a7;,).

Proposition 6.2 Forallt,all x € [0,b] and all h € Lz([O, bl,dw),
B (h(X),t <T ATy) = TP h(x).

We also have the representation (that holds for all t > 0 and almost surely in x, y)

Py =Y s lPe T, L ()Y, (), (6.12)

n

where the series converges uniformly on [€,00) x [0, b)?, for every € > 0. This

representation gives a continuous version of the transition kernel r® on (0, 00) x
2

[0, b]-.

Proof Consider a compactly supported function g(A) and define
h(x) = / g0 () AT () =Y 1rap P8 Cnp) ¥, , (X),
n
u(t.x) =Th(x) =D rnple ™ g(hnp) ¥, , (X).
n

Recall that both series are actually a finite sum. It is straightforward to prove that
u € C12 solves the differential problem

oru = Lu,
u(t,0) =u(t,b) =0,
u(0,x) =h(x).
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Applying It6’s formula to the function (s,x) — u(t — s,x), we obtain for
x<b,s <t

u(t,x) =B (u(t —s AT ATy, Xenrary)) =Ex (0t —5,X,), s <T A Tp).
If we take s = 1, we conclude that
TP h(x) =u(t,x) =B (h(X)),t < T ATy) = PP hx).
A density argument shows simultaneously that (Pt(b) ) is a contraction semigroup on
L2([0, b], d1) and that (T,?) = (P?).

Consider now a nonnegative continuous function supported on [0, b] and com-
pute

/Ex (h(X1),t <T ATp)h(x)du(x)
_ / / ROROr® (x. y) di(y) dpn ()

— / TP h(x)h(x) du(x)

2
= lrnplPe ! ( f RV, () du(y)) :

For t > 0 the density r, )(x y) is bounded (see (6.10)), which gives the inequality

l 2 2
Zm,mze—“-b’( / h(y)nmn_,,(y)du(y)) §K< / h(y)du(y)) :
n=1

foralll > 1, all h (k =« (¢, b) is given in (6.10)). If we now take a sequence (h,,)
converging to the Dirac mass at z € [0, b], we conclude that

2 —An, 2
Drm (Y, ()" <k

and therefore, the series
Ir |2 —npt 2
E nbl e (V2,5 ()
n

is convergent and bounded by x. The Cauchy—Schwarz Inequality shows that the
series

c(tx,y) =Y |rapl’e ", , ()Y, , (x)

n
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is also absolutely convergent for any x, y € [0, b] and bounded by x. Now, we show
the series is uniformly convergent in 7, x, y.

In fact, the equality ¥ (x) = e”™) (1 — 24 [ ¥.(x)e Y@ dz) implies for A >

0 that [ (x)| < "™ (1 + 24 f§ [¥2(2)le"© dz). Hence, there exists a constant
K = K (b) such that, for all A > 0, x € [0, b],

b
|y (0] < K<1 +2x/0 |1//A(Z)|dz>. (6.13)
We also get

b
\m(x>|sl<b<1+2x/0 |w<z>|dz).

Using the inequality (a + b)? < 2(a® + b?), we obtain the following uniform domi-
nation, for r >ty > 0, x € [0, b],

Cox,x) =Y lrwplPe 0 (v, ()

b 2
52K2b22|rn,h|2e_k”-”t<l+4Ai’b</ |1ﬁ,\nvb(z)|dz) )
0
n

Let us define

G (to) = max{(1 + kz)e_)"o} < 00, H(t) = 4max{kze_)‘t0/2} < 00.
2>0 1>0

Hence,

|rn,b|2

t,x,x) <2K2b*G(t 2
¢(t,x,x) < (O);lﬂﬁ,b

b prb
2K H0) [ [P @[, () dd
n

2
§2K2b2[G(to)Z s} +H(to>b2x(ro/2,b)]<oo.
n 1+)‘n,b

This last quantity is finite because, according to Coddington and Levinson (1955),
the measure I}, satisfies (where M is independent of b)

1
> Irnp|* < M < 00.
2 )
n )”nb+1

This argument and Cauchy—Schwarz Inequality show the uniform convergence of
the series defining ¢ on [y, c0) % [0, b)?. Therefore, this function is continuous in
the three variables on (0, c0) x [0, b]?.



6.1 Hypotheses and Notations 123

We shall prove that for all r > 0 r,(b) (x,y) =¢(t,x,y)dxdy-as. For that pur-
pose, we consider two continuous functions f and h. We get from the Dominated
Convergence Theorem

/f(x)h(y)§(t,x,y)dM(X)du(y)

=Y IrnplPe ! / h(Y) Y, , () di(y) / Y, (%) dpa(x)

= f F@ROE (x, y)dp(x) du(y),

implying that ¢ (¢, x, y) = r,(b) (x, y) holds du(x) du(y)-a.s. O
In what follows, we use the continuous version of ) given by the series (6.12).

Proposition 6.3
() r® ec2((0, 0), [0, b]*) and
" (e, y) = LarP (e, y) = LyrP (x, y),
P, 0 =r?x,b) =0,
P (x, @) dju = 8, (o).
On the other hand, r,(b) (x, x), as a function of t, is decreasing for every fixed x.
(i1) (Harnack) Consider 0 < § < 1 and xo > 0 for which 36 < xo. Then, there exists

a constant C = C(xg) which depends only on the coefficients of L and not on
b, such that for all 582 <1, |x —x0| <8,b>x0+38and 0 <y <b,

P, y) = cr® oLy,
Moreover, since r,(b)(o, ®) is symmetric, we have the following extension. Let
0<é8 <1 and xy>0,yy > 0 for which 3§ < (xo A yo). Then, there exists
a constant C = C(xg, yo) which again depends only on the coefficients of L
and not on b, such that for all 58> < t, |x — xo| < 8, |y — yo| < 8 and every
b > xo V yg + 36,

b b
) < Crf+)262(xo, Y0)-

(iii) (Uniform Holder continuity) Consider 0 < § < 1 and again xo > 0, yo > 0 with
38§ < (x0 A yo). Take also to > 582 and define

Av={t,x,y) 19— 8% /4 <t <1,

(x, y) = (xo0, yo) | < 8/2},

Ay={(t.x.y) 10— 8 <t <10, | (x, ) — (x0. y0) | <8}
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Then, there exist C = C(xg, yo), B = B(x0, Yo), independent of b, such that for
allb>xoVyy+35andall§ =(t,x,y), . =(s,u,v) € A1 we have

P @) = r® v
§C8_ﬂ(”(x,y)—(u,v)H+|t—s|%) sup{ ()(x y) (t',x’,y’)eAz}.

Proof We recall that r,(b) . y) =1, p|2e P P, (D)W, , (v). We shall dif-
ferentiate this series term by term. For that purpose, we use the bound |¢A )] <

K(1+2x fob ¥ (2)|dz), see (6.13). Hence we get the domination, for ¢t > 7y > 0,

> lrnsPe 0y, 0|94, , )]
b
Wu,b()’)‘(l-FZ?xn,b/(; W)\,,,},(Z)MZ)

<KZ|r b|2 _)Lnb

<K (Z b Pe ™41 [y, , (9)]

n

b
+2 /0 D b e A b |V, D] [V, 2))| dz)

K[r(to/2)]? [Z|rnb|2 . hm} +2Kbsup{re "2k (1p/2) < oo.
A>0

This last term is finite again because the measure [}, satisfies

Z#v b2 <M < o0
2,41 T

n

This allows us to differentiate term by term to get

Oy Vt(b)(x y) = Z|rn b|2 . bta w)w-b(x)w)‘”’b(y)'

For the second derivative with respect to x, we notice that ¥;' = 2y, — 2Av;.
Similar arguments show that r® e Cl’z((O, 00), [0, b1?) and a,r,“’> (x,y) =
Ly r,(b) (x,y)= Eyrt(b) (x, y). The boundary conditions

rP(x,0) =r” (x, b) =

are obtained immediately. For all continuous function / and all x € (0, b), we have,
ast — 0,

/ hr® (e ) di(y) = Ex (h(X0)ot < T ATy) — (),

since the trajectories of X are continuous. This shows part (i).
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Parts (ii) and (iii) are deduced from the standard Harnack’s Inequality for a
nonnegative solution of a parabolic differential equation. The reader may consult
Karatzas and Shreve (1988, Theorem 1.1 and Lemma 4.1), where we have taken
R =25and 6 =5/4. O

These two propositions are the basis to show the main result of this section. We
denote by A, = A1 p and ¥ =r pVy,,. The function ¢ is the unique solution to

LY ==, ¥ (0) = (b) =0, [ y2dpu=1,y'(0) > 0.

Theorem 6.4

(i) Uniformly in x, y the following holds:
lim %' (x, y) = ¥ )V ().
—00

In particular, v is nonnegative in (0, b), which implies it is positive there.
(i) Forall h e L2([0, bl, d ) and uniformly in x,

lim B (h(X,), 1 < T AT) =P () f RO () dp ().

In particular, by taking h = 1, we get

Tim 4P < T A Ty) = () / T ().

(iii) The Yaglom limit holds: for all bounded and measurable functions h and uni-
formly in x on compact sets in (0, b), we have the limit

lim B (Xl < T A7) = [ h0)dvi.

o -v(@)
where v is the QSD given by the density %

Vi, (2)e V@ which yields that the Yaglom limit is the probability measure
whose density (with respect to the Lebesgue measure) is proportional to ¢;, .

(iv) Let & be any probability measure supported on (0,b). Then for all h €
L*([0,b]. dp),

. Recall that ¢y, ,(z) =

tl_i)rgoIEg (h(X,)lt <TAh Tb) = /h(y) dv(y).

(v) The following ratio limits hold

lim M — e*sAbM

=00 1O r oy V(@)Y (w)
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uniformly on compacts in [0, 00) x (0, b)* and

- Pt <T ATp) ¥ (x)
Pyt <T ATy Y(y)

uniformly on compacts in (0, b)?.
Proof The only point that requires some detail is (iv). The result is clear when & has

a density with respect to y that belongs to L? (du). Nevertheless, this is the general
case since

Ee (h(Xi+D)t +1 < T ATy) =Eo(h(X)It < T ATp),
where dw(x) = C~! frl(b) (z,x)d&(z) du(x), where the normalizing constant C =

f f rl(b) (z,y)d&(z)du(y). It is straightforward to show that the density of @ with
respect to w is bounded. g

6.2 QSDs on [0, o0)

We consider now the diffusion X on [0, co) killed at 0. Under H, we have that oo
is a natural boundary for the process. Then, according to Coddington and Levinson
(1955, Theorem 3.1), there exists a distribution function " (A1) over R such that

g() =Jf(k)=/ooo J@ulx, A)dx (6.14)
is an isomorphism from L2 (dx) to L% (dI") and its inverse is given by
f(X)=J_1g(x)=/Rg(?»)u(x,/\)d1“(?»)~ (6.15)
Equality (6.14) is interpreted in the L2 (dI) sense as follows:

2
dr(x)=0.

oo b
lim/ ‘g(k)—/ f)u(x,r)dx
b—o0 Jo 0

Similar interpretation holds for (6.15). We also know that the measure I” satisfies
the integrability condition

/R—l J:/\Z dI'(}) < oco. (6.16)

The measure I" is an accumulation point of I}, as b — oo. Actually, in the limit
point case, I” is the limit of I, as b — oco. We also know that the support of I
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is included in the adherence of the interval J = {) : u(e, A) changes sign in R4} C

R;.
As in the finite interval case, the linear operator ¥ defined as

o0
g =¥ = /0 h(x)¥.(x) dpu(x)
is an isomorphism between L2 (dw) and L2 (dT"), whose inverse is given by
o
v oW = [ s ar).
This is obtained again by replacing & = fe!/?” and dju = e~ dx. We also get
* 2 *© 2
/0 [h(0)]" dp(x) = /0 lgW["dr ().

Consider £ € (,’02((0, 00)) and take 4 = L/, then integration by parts shows that

[e¢]

/(; EK(X)WA(X)dM(x)=/O E(X)&/fx(x)du(X)=—X/0 L)Y (x) dp(x).

And then ¥ £ = ¥ holds on 62 Let £ be the minimal closure of £. It is easy to
prove that if & € L?(dp) and h is in the domain of £ then —AW (h)(X) € L2 (dI")
and this minimal closure satisfies £ = & ~!KXW¥, where K is the minimal closure
of (IC, l1/(C(2))). It is easy to show that IC(g)(A) —Ag(X). For £ € C such that
Re >0, we get & (L1 — L)~ h») = ¥ (h)(A), and also for every n > 1 and
h e L?(dw) we have

00 1. -1
[t e
0 n

- /Z—H

2 00 A -2 )
dnto) = [ (H;) HOIRI

5]() |g(k)|2dr(k)=[) |h(x)‘2d,u,(x).

This implies again that £ is the generator of a uniquely determined contraction
semigroup (7;) of class Cp in L? (dp), and moreover ¥ T, (h) (1) = e ¥ (h)()).
This gives the formula

o o
i) = [ e [ honn o) due)ar).
We prove this semigroup is the one associated to the killed process (X:a7).

Proposition 6.5 The semigroup (P,) has an extension to L* (d 1) and that extension
is (Ty).
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Proof We use the semigroup (Tt(h)) associated to £ with Dirichlet boundary condi-
tions at x = 0 and x = b, which is given by

7 Ph(x) = / e M (x) fo h() W (y) du(y) dTH ().

0

Here we assume that 1 € L2([0, b], dp). Using what we have proved for the finite
interval case, we have for all ¢, b, all 0 < x < b and all h € Cy((0, b))

Ex(h(X0),1 < T/\Tb)Z/O f“%()ﬁ)/o h () du(y)dIp(2).  (6.17)

We divide the integral on the right side in two pieces:
oo
o= [ e [ om0 dum)dno,
[0,n] 0

Jnp = /( )e*“%(x) /0 (). (0) di(y) d ().

The first integral converges pointwise (see Coddington and Levinson 1955) in ¢, x,
when b — o0, to

Inz'/[\() ]g‘ltlﬂk(x)A h) Y () d(y)dT (M),

On the other hand, the Dominated Convergence Theorem shows that the left-hand
side of (6.17) converges pointwise in ¢, x, when b — 00, to

Ex(h(X:). 1 <T).
Notice that under H we have T A T, 4 T. This argument also shows that J,, 5 also

converges pointwise in ¢, x, when b — oo, to a certain limit J,,. So far we have the
equality

Ey(h(X),t <T) =1+ Jy.

The isometry between L2([0, b]) and L2 (dT}) gives that
b 2
/0 I3y (@) dpu(z) = / e M (/h(y)m(y) du(y)> dTp(%)
(n,00)

oo 2
Se_z’"/o (/h(y)%(y)du(y)> dlp(2)

= 2 / h2(2)du(z).
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Therefore, from Fatou’s Lemma, we conclude the inequality
f T2 du(z) <e " / h*(2)dp(2).

showing that J,, converges to 0 in L% (). Finally, I, converges, in the same sense,
to T;h, which shows that

Ph(x) = Ex(h(X,), 1 < T) = T,h(x)

holds in the sense of L?2 (dw). Hence, (P;) has an extension to L? (dp) and that
extension coincides with (7;). Il

We denote by A the infimum of the closed support for I". Clearly, we have that
A>0.

Definition 6.6 We define the quantity
AT =sup{r: ¥ (e) = 0}.

Since {9 = A is nonnegative, we conclude that A+ > 0. In Mandl (1961), the
following result is proved.

Lemma 6.7

In particular, 1, (e) > 0.

Proof We know that AT > 0 and v/, + > 0. On the other hand, the support of I is
included in {X : ¥; changes sign}, which allows us to conclude that AT < A. Then,
it is enough to prove that v/, has constant sign.

Assume that ¥, changes sign. Then there are 0 < xp < X1 < x2 < x3 < 00 such
that ¥, > 0 on I = (xg, x1) and ¥, < 0 on J = (x2, x3). By a continuity argument,
we can find € > 0 such that

Take two nonnegative continuous functions f, &, not identically 0, whose sup-
ports are included in (xg, x1) and (x3, x3), respectively. Then,

/f(X)ch(X)d,u(X)Z/e_’\’/f(X)I//x(X)dM(X)/h(y)%(y)du(y)df(k)
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We divide the integral in A in two pieces:

Ate
1 =/; e_“/f(X)l/fx(x)du(x)/h(y)wx(y)du(y)df(k),

+€,00 )(_L
Notice that

Ate/2
1 S/A e*“/f(X)%(X)dM(X)/h(y)m(y)du(y)dFO»)

Ate/2
< e~ Ote/Dt A / F)Ya(x) dp(x) / h()Y(y) dn(y)d I (L)
< _Cle—@-ﬁ-e/z)l’

for some positive C that depends on f, &, €, but not on ¢. On the other hand,

e’} 2
S < / e—“< f f(x)w(x)du(X)) dro)

Ate

e’} 2
X f e—“( / h(y)%(y)du(y)) dr)

Ate

56_2(A+E)t/‘f2du'/.h2du.

Thus, J < C ze_@“)’ , for some finite constant that does not depend on ¢. Therefore,
for large ¢, we get f f(x)Ph(x)du(x) <0, which is not possible, and the result is
proved. 0

Notice that ¥, (x) > 0 for x > 0, otherwise v, must change its sign in (0, c0).

6.2.1 Existence and Regularity of a Kernel with Respect to |

We shall prove that the semigroup (Py) has a regular kernel with respect to u. The
starting point is the following lemma.

Lemma 6.8

(i) Forallt >0, x,y,as b increases to 0o, we have

P (e, y) 1, y).
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This limit kernel is finite and symmetric. For all x > 0, the function ro(x, Xx) is
decreasing; for all 0 < t, x € R, the function r;(x, e) belongs to L? (d ) and
forallh e L*(du)

P,h(x):/h(y)r,(x,y)du(y).

Also [(f h(y)re(x, y)du())?* du(x) < [ B2 (y) dp(y).

(i1) (Harnack) Consider 0 < § < 1 and xo > 0 for which 36 < xo. Then, there exists
a constant C = C(xg) which depends only on the coefficients of L such that for
all 58% <t, |x —xo| <8,y >0,

re(x, y) < Cryys2(x0, ¥).

Furthermore, since r; (e, ®) is symmetric, we have the following extension. Let
0<d <1andxp>0,yy > 0 for which 36 < (xo A yo). Then, there exists a
constant C = C(xg, yo) which again depends only on the coefficients of L,
such that for all 58> <t, |x — x| <8, |y — yo| <8,

e (x, y) < Cryyp52 (X0, Yo)-

(iii) (Holder continuity) Consider 0 < § < 1 and again xo > 0, yo > 0 with 36 <
(xo A yo). Take also to > 582 and define

Ay ={tx,y) it —8%/4 <t <1,

(x,y) — (x0. y0) | <8/2},

Ay ={(t.x,y) 110 —28% <t <10, | (x,y) — (x0, y0)|| <8}

Then, there exists C = C(xg, y0), B = B(x0, Yo) such that we have

I, ) =y, 0)| < €57 (|| e, ) = G 0) ||+ 12 = 512) 7y, a2 (x4 %0,

for all &€ = (t,x,y), x = (s,u,v) € Ay. In particular, r is continuous on
(0, 00) x R2.

Proof Let h be a nonnegative and compactly supported measurable function. Then,
E,(h(X;),t < T ATp) is monotone increasing in b, proving that r,(b) (x, y) is mono-
tone increasing for all # > 0, x, y and all b > x Vv y. Thus, by the Monotone Conver-
gence Theorem, we have, for all x, ¢,

/h(y)rfb) (o) du(y) =By (h(X0). 1 < T ATy) 1 Ex (h(X0).1 < T).

This proves that the limit kernel ; (x, y) exists for # > 0, x, y and it is finite du(y)-
a.s. (the set of measure O where it is infinite depends, in principle, on ¢, x). Moreover,
r is a kernel for the semigroup (P;).

Part (ii) follows at once from Proposition 6.3. This also shows that r;(x, y) is
finite for all # > 0, x, y and part (i) is also proved.
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For part (iii) we obtain, as in the cited proposition, a bound that depends on

sup {r,/ (x’, y/) }
',x",y)eAr

Now, we show how to replace this bound by Fiy—282 (x0, x0). So let us start with
(t',x',y") € Ay and we move from x’ to xg. We use Harnack’s Inequality with a
step of size §. Then we have

ro(x',y") < C(x0)Pry 4 ps2 (%0, Y'),
with p = 0 when x’ = xq, otherwise p = 1. Similarly, if we move from y’ to yo then
re(x',y') < CP(x0)C (YO)F i (prins2 (X0. Y0).

Now we can move from yg to xo with a step size of § each time and then we have
the existence of C = C (xo, yo) and an integer n = n(xg, yo) (n reflects the num-
ber of times Harnack’s Inequality is used to move from yq to xg) such that for all
', x',y)e A,

! / ~
rl/(x , ¥ ) < Crt/+(n+p+l-)82(xo,xo).

The result is obtained by noticing that r4(xq, xo) is decreasing. Il

Lemma 6.9

(i) For each x,t > 0, the function » — e 1, (x) belongs to L? (dI'), for all
1 < p <2. Also for any a > 0, the function A — e f(;l [V (x)| dx belongs to
LPdrI), forall1 <p <2.

(i) Forallt>0,x,y e Ry,

rt(x,y)=/6‘“1ﬁx(X)m(y)dF(/\)- (6.18)

(i) r € C12((0, 00), R2) and

3trt(x»)’):£x’"t(xs )’):Cy’"t(xa y)a
ri(x,0) =0,

Vh € Co((0, 00)) }illg)/h(y)rr(x,y)dﬂ(y)=h(X)-

(iv) Forallt > 0,x > 0, we have
dyre(x,y) = /efklwx(X)wi(y)dF()»),

3,v’"t(x’0):3yrt(x’0+):/E_MWA(X)CZF()»)-
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Proof (i) Let us first prove e v (x) € L2(drI), forallt > 0,x € R . For that
purpose, fix t > 0, x > 0 (for x = 0 the property is obvious). Consider a nonnegative

continuous function & with support contained in (0, co) and such that A(x) > 0.
Then, for any n > 0,

2
/ f hOYh@r 2 y) din(y) du(z) = / e ( / wz)h(z)du(z)) dro)

n 2
> f e‘“( / m(z)h@du(z)) dro).
0

We now take a sequence of such functions . converging to the Dirac mass at x to
conclude the inequality

r(x,x) > /0 e My (x)dI (h).
The Monotone Convergence Theorem then gives

nxen = [ MR are),
proving the case p = 2. Since e~*' belongs to L? (dI'), for all 1 < p, Holder’s
Inequality implies that ey, (x) € L? (dI") for 1 < p <2.

For the second part, consider first a small b > 0. We notice that for all A > 0 and
0 < x < b, we have an upper bound of the type

Iwi(x)|§A(b)<1+2A/0 |m(y)|dy),

where A(b) = e2bmax{le@:z€[0.01} depends only on b (see (6.13)). Hence we deduce
forallO<x <b

/O|1//x(u)|du§/0 A(b)(1+zx/0 |m(y>|dy)udu

b2 x u
sA(b)7+2bA<b>A/0 /O |1 (»)| dy du,

and Gronwall’s Inequality then shows
b .
/ |%(y)| dy < A(b)EeZb Ay
0

We choose now b such that 2b2A(b) < t and we obtain that e—* fob [ (x)|dx €

L? (dI').If a > b, we split the integral foa | (x)| dx into two pieces and we need
to show that

e M /a|w,\(x)|dx e LP dI).
b
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We only show the case p =2 (the other cases are similar). We have

a 2
/e—”’([ |1//A(x)|dx> dr)
b

5(a—b)fe—z“/a|m(x)|2dxdr(x)

b

<(a—b) f 7 (x,x)dx < C(a,b,t)(a — b)*ry(a,a),
b

where in the last inequality we have used Harnack’s Inequality (which gives a finite
C(a, b, 1)) and the fact that r4(a, a) is a decreasing function.

(ii)) We denote by ¢(¢t,x,y) = fe_’\’w;\(x)iﬁ,\(y) dI"(A). We shall prove that
¢ =r. For that purpose, fix # > 0, and take two nonnegative continuous functions
h and | whose supports are compact and contained in (0, c0). Let us denote by
IC C (0,00) a compact set containing the supports of # and /. Let us fix xo € K.
Then, using Harnack’s Inequality and the monotonicity of r,(xp, xg), we conclude
the existence of a constant C that depends only on K, xq, t such that for all x € I

r(x, x) < Cry(x0, X0).

Hence,

/e—kt/h(x)‘lﬂx(X)|d,u(x)/l(y)|¢)\(y)|du(y)dr(k)

1/2
s/fh(x)l(y)(/e“|m<x>|2dr(x>)

12
x ( / e“m(y)}zdm)) dp(x)du(y)
sf/h(x)l<y>(rz<x,x>)‘/2(rt<y,y))”zdu(x)du(w

< Cr¢(x0, X0) //h(X)l(y)du(x)du(y)-

An application of Fubini’s Theorem gives
// hOL(y)r(x, y)dp(x) d(y) = fh(X)le(x)d/L(X)

_ / / LGt x, y) din () die(y),

proving that (6.18) holds duu(x) ® duu(y)-a.s. We shall now prove that ¢ is regular.
This is done by application of the Dominated Convergence Theorem, together with
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the following inequality for all A > 0 and 0 < x <z,
Z
w500 < K(l + 2/\/0 ()| dy).
Thus, we can differentiate under the integral defining ¢ to obtain
0.1 x.3) = [ H ORI

Similarly, we get ¢ € C12((0, 00) x Rﬁ), and ¢ is the solution to the problem in
part (iii).

Given that r is Holder continuous and coincides almost surely with ¢, we con-
clude that » = ¢ on (0, 00) x R2 , and the result is proved.

(iv) The result follows from the Dominated Convergence Theorem. Il

Remark 6.10 Representation 6.18 is similar to the representation of Karlin—
McGregor in the context of birth-and-death processes; see (5.15).
On the other hand, using the representation

1 _ =02

e 2t
V21t

1 : ot )
rl(b) (x,y) = ej(V(X)Jr)/(}))EX (e Jo A’J(Bs)dé’ t <T ATp|B; = y)

where p = %(az2 — o), and the Monotone Convergence Theorem, we obtain

_ -2
e 2t

1 t
re(x,y) = e2YOTYONE e~ JooBds 4 T|B =y
' + ' )Jz_m

We need the following result to control the behavior of v, near A (see Lem-
mas 6.48 and 6.49 for further details).

Lemma 6.11 Assume that 5, is positive on the interval (0, xo]. Then there exists
€ > 0 such that g is positive in the same interval, for all B € [Ao — €, Ao + €].

Also, if ), is nonnegative on [0, xo] and B < Ao then Yy, (x) < Y¥g(x) for all
x € (0, xg].

Proof The proof is based on the continuity of 1, (x), ¥ (x) in both arguments. Con-
sider a > 0 small enough such that w){o (x) > 1/2 for all x € [0, a]. By continuity,
this inequality holds for all 8 close to Ag. Thus, for all these values of 8 and all
x € [0, a], we have

Yp(x) > %

To finish the first part, consider ¢ = inf{y;,(x) : x € [a, xo]} > 0. Then, again by
continuity, for all 8 close to A, we have inf{v/g(x) : x € [a, x0]} > ¢/2 > 0, and the
lemma is proved.
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Let us prove now the second part of this lemma. Clearly, v, is positive on
(0, x9), otherwise if it has a zero in that interval then it is negative in some part
of it (it cannot happen that ¥, (a) = wio (a) = 0). Now, consider the Wronskian
W(x) = 1//,3(x)1//i0(x) — I/fé(x)lho(x)- On the one hand, W(0) = 0, and on the
other hand,

W (x) = =2a(x)W(x) —2(ho — B)Yp(X) Py (x),
or equivalently,
(Wer) = =2¢ (ho = BYig ¥,

This shows that while /g, 1/, are positive on (0, a) the function We? is strictly
increasing there and then W is positive on (0, a). This happens at least in a small
neighborhood of x = 0, that is, for some small a > 0. Since

(%); w
V) Y5

the ratio % is strictly increasing in the same interval [0, a]. Since, this ratio is 1 at
x =0 (by I’Hopital’s Rule), we conclude the strict inequality

Yoo () < Pg(x),

for all x € (0, a]. This shows that ¥4 is positive on (0, xo], and then again v, < Vg
in this interval. O

Corollary 6.12 The sequence (A1 n)n is strictly decreasing and its limit is A. Also,
we have the lower bound for the mass that I" puts at A

—1
r() = ( f ﬁ(x)du(x)) : (6.19)

Proof We recall that A1, is the bottom of the spectrum of £ on the interval [0, ]
with Dirichlet boundary conditions at x = 0 and n. This means in particular that
Y2, is positive on (0, n) and v, , (n) = 0. This implies that v, , is negative for all
values x € (n, n+¢) for some small € > 0. On the other hand, the function vy, , ., is
nonnegative on [0, n 4 1]. Then, according to Lemma 6.11, we have A ;41 <A1,
but since ¥, # ¥, we deduce that A1 41 < Ay . The same argument shows
that A < Ay, for all n. Again Lemma 6.11 shows that 0 < v, (x) < ¥;.(x) for
x €[0,n]. '

The convergence of (I},) to I" and the fact that A is the minimum of the closed
support of I" imply for all € > 0 such that A 4 € is a point of continuity for I

0<I@+e)—I'(=D= lim I +€) = (=1,

where —1 plays no role and it is a point to the left of the support of I", which then is
clearly a point of continuity for that measure. Since the support of I, is contained
on [Ag,,, 00), we conclude that A1 ,, < A 4 € for all n large enough. We conclude the
convergence Ay, | A.
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On the other hand, if n is large enough such that A1 , < A + €, we get (see (6.11))

n —1
L+e—ri(-H= > |rk,n|zz|r1,n|2=(/0 ml,,,(xﬂdu(x)) :

k:}hk,nfi"'é
The conclusion is that I"({A}) > limsupn(fon Yii (x)%>dpu(x))~". Finally, since
Y7 Ljo.nr T Y7, we get the lower bound

1
r(@)= ( [vwan) .

We end this section with the next proposition that will be useful for the asymp-
totic analysis of Py (t < T').

Proposition 6.13 We have the following exact formulas for the distribution and
density of T:
Ax)

e’} e*)\.f
P.(t<T)= A(00) +A o Ya(x)dI" (M),

(6.20)

Ot <1y =22 1(x,0) 1/00 g () dT ()
— <T)=—-—=—r(x,00=—= e x .
or " 20y 2 ), *

Proof We shall prove ﬁrst 5Pt <T)= —%%rt (x, 0). For that purpose, take 0 <
h <1 and

Po(t <T)—Po(t +h <T)=E,(Px,(T <h),t <T).

Consider now 0 < € < 1/2 fixed. We have Py (T < h) <Pe(T < h) for all y > e,
and we shall prove P. (T < h) = o(h). This probability is split into two terms:

P(T=h)=Pc(T =h,Ti =h)+Pe(T =h <T). (6.21)

For the first term, consider § = max{—w(z) : z € [0, 1]} and the process dY; =
dB; + Bdt with Yy = €. Since X; <Y, forall t < T A T}, we obtain

Pe(T <h,Ti <h)=Pe(T1 <T <h) <P(T{" <h).
Since Y is a Brownian motion with constant drift, is easy to estimate P, (T1Y <h)=

o(h).
For the second term in (6.21), we use Girsanov’s Theorem

TB
P(T <h<Ty) =E, (e%[y(e>—f0° (o (By) =/ (By)) ds] T8 <h < TP)
< KP (T} <h)=o(h),

where K = ezlv(©+hmax{le?@)|+le (2)]:2€[0.11)]



138 6 Regular Diffusions on [0, co)
So far we have proved that
Pe(t <T)—Py(t+h <T)=Ex(Px,(T <h), X, <e€,t <T)+o(h).
Using the same technique, we can prove
P(T <h,Ti <h) =o0(h),
uniformly for z € [0, €]. Again, using Girsanov’s Theorem, we obtain for z € [0, €]
P.(T <h<T)) = e OP,(TF <h < TF) +o(h)

=2’ OP(TE < h) +o(h) = 2" DG (z/Vh) + o(h),

2

o 1 _ul

= —_— 2
where G(w') .wa 'me dz'4.
From this discussion, we obtain

Pt <T)—P(t+h<T)= Ex(e%y(x’)G(X,/\/ﬁ), X, <€t <T)+o(h)

=/ r(x, 2)G(z/Ie 27D dz + o(h)
0

e/vh
= h/o ASILA LY ():},\1/)}_«1/%) vG(v)ef%y(v‘/ﬁ) dv.

Now, we use the Dominated Convergence Theorem. From Lemma 6.9, we get, as &
goes to zero, the pointwise convergence

re(x, Uﬁ) e,%y(l;\/ﬁ) N

0
—r(x,0).
vvh dy (. 0)

Since v/ < €, we need only to dominate ”(’Z(—Z) for 0 < z < €, and this is done as

follows:
{ 0
< max
ad

ni(*.2) —yrt(x,y)‘:ye[of]}-

Z

On the other hand, from Lemma 6.9, we get

a oo
| = [TeH v mlare.
y 2

The last ingredient we need is the inequality

y €
|wi(y>|5ey<y>(1+2xf |1ﬂx(z)|€_y(z)dz>§A<1+2/\/ |1/f,\(z)|dz),
0 0
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where A is a constant that depends on €. The integrability condition of Lemma 6.9
gives

P(t<T)—P,(t+h<T) 0
m =

li (0)/000()61 18(0)
1 —ri(x, vG(w)dv=—-——r;(x,
ay'’ 0 29y’

h—0 h

= l/me—“m(x)dr(x).
A

2 EAS
The result for the tail distribution of T is obtained by Fubini’s Theorem. This is sim-
ple in the case A > 0. Now, we provide the proof in the case A = 0. For that purpose,
consider € > 0 small enough such that v, (x) > 0 for all A € [0, €]. Integrating the
formula for the density of T', we get

Py(t < T) — Py (T = 00) = %/w/we—“wx)dr(ms
t 0

= lfoofee—“m(x)dr(x)ds
2Ji Jo

+%/oo /ooe_ksl//k(x)df(k)ds.
t €

For the first term, we can use Tonelli’s Theorem (the integrand and the measures
are nonnegative) and for the second term we can use Fubini’s Theorem (see the
integrability at Lemma 6.9) to obtain that

M —At

V() dT0) + / @ dre),

€
e
Pt <T)—P (T =00) =
x(t<T) x( ) /0 o
and the second term is finite due to the integrability condition at the mentioned
lemma. The left-hand side is obviously finite, which implies that the first integral
in the right-hand side is finite. In this first integral, the function being integrated is

nonnegative, which implies it is integrable. Finally, since P, (T = o0) = /?((;)) (see
(6.8)), we conclude
A(x) /Oo e*)»t
Pyt <T)= dr).
x(t<T) A(oo)+0 7 () dl () O

Remark 6.14 A straightforward consequence of this result is that I” puts no mass at
A =0, which is not trivial only when A = 0.

6.2.2 A Ratio Limit for the Diffusion on (0, 00)

In this section, we prove a general ratio limit theorem, which is essentially the same
proved in Mandl (1961) plus a pointwise version.
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Theorem 6.15 The following ratio limit holds:

Gy )
o0 () 0N

(6.22)

uniformly in x, x', y, y' on compact sets of (0, o).

Moreover, if € is a probability measure with bounded support contained in (0, 00)
and A, B are two bounded measurable sets in Ry of positive Lebesgue measure,
then

lim Es(X, €At <T) _ fA Y. (2) du(z) _ fA ¢ (2)dz
o Be (X, €B,t<T)  [pn(@dui) [zer)dz

(6.23)

Proof We start proving (6.22). Using the same ideas as in the proof of Lemma 6.7,
we get this ratio is equivalent to the ratio

[ My () (v) AT ()

e My ()Y (y) AT ()

for every fixed € > 0. Consider a > 0 such that x, x’, y, y’ € (0, a]. We can assume
that € is small enough such that for all A € [A,A + €] and all x € (0, a] we have
Y (x) > 0 (see Lemma 6.11, where Lo = A).

Now, from the Intermediate Value Theorem, we have

Ate

A+te
A e MY ()Y (N AT (M) = Yooy () Vo) (V) | e MdI (),

for some A(t, €) € [A, A + €] (A(f, €) may also depend on x, y). A simple argument
using limsup and liminf shows that (6.22) holds by letting first # — oo and then
€ — 0.

The second assertion (6.23) is obtained by dividing numerator and denominator
by r¢(xo, x0), for some fixed x¢, and then using the Dominated Convergence The-
orem. The domination is obtained from Harnack’s Inequality (jointly with the fact
that r4(xg, xo) is decreasing). The last equality in (6.22) comes from the relation
between i, and ¢ O

6.2.3 The Case A(o0) < o0

We study in this section the simplest case where A(co) < co. According to (6.8),
this happens if and only if P, (7T = oo) > 0 for all x > 0. This implies that A is
bounded, and also

lim Py(t < T) =P, (T = 00) > 0.
11—
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On the other hand, from Hypothesis H, we have fooo e_V(X)A(x) dx = c0. Since A

is nonnegative, increasing and bounded, we deduce that fooo e V™) dx = oo, that is,
the measure u is not finite.

Theorem 6.16 Assume hypotheses H and A(0c0) < 0o hold.
(i) For all x > 0, we have the existence of the following exponential rate n =:
; log(Px(t<T)) _
lim;_, oo ———> =0.

1

(i1) Let & be a probability measure with compact support contained in (0, 0c0) and
A a bounded measurable set, then lim;_, oo P¢ (X; € A|t < T) =0. In particu-
lar, for all x > 0,

lim P, (X, € Alt <T)=0.
t—00
(iii) Forall x,y > 0and s > 0, lim;_, P—‘I&g;i;)n = ‘ng
@iv) Forall s >0, all x > 0 and A € B(C([0, s])), we have

lim Py(X € At < T) =Py(Z € A),
—00

where Z is the following h-transform of X

A(Xs)
A(x)

IP’X(ZGA)zEx< ,XeA,s<T).

The transition density of Z is given by Py (Z; € dy) = ﬁggpx (X5 edy,s<T)

forx >0,y >0ands >0, and Z is the unique solution to the SDE

A(Zy)
A(Zy)

dZt=dBf+< —Ot(Z,))dt, Z()=x.

Proof Parts (i) and (iii) follow immediately from the fact that P, (T = oo) =
//\‘((;)) > (. Part (iv) follows from the Markov property and the Dominated Con-

vergence Theorem.
Now, we prove part (ii). We consider two different cases. If A > 0O then for # > 2

P:(X, €At <T)

2/)\ E_M/%(x)dé(X)/;%(y)d,u(y)df(?»)

<o ih f fA [ A g—)“’/2|1p)\(x)||l//x(y)|dF()»)i| du(y)d(x)

<e 42 / [r1/20x, 0)]'* d& ) /A [ri2G, 1] dinty)

< Ce ™12, (x0, x0) < Ce /2 (x0, x0).
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Here again we have used Harnack’s Inequality and the fact that r,(xq, xo) is a de-
creasing function. The constant C depends on xg, A and the support of £. This shows
that Ps(X; € A,t < T) tends to 0.

On the other hand, Pz (t < T) > [P (T =oc0)dé(x) = [ X‘gg) d&(x) > 0, and
the result holds in this case.

It remains to consider the case where A = 0. According to (6.23), we have for
any bounded and measurable set B

Pe(Xi €A <T) _ . PeX, €At <T) [y o) du(x)
lim sup < lim = .
oo Pet<T) o Pe(X, €B<T)  [pvo@)dulx)

Now it is enough to make B 1 R to get

lim sup P:(X; €At <T) - fAA(x)d,u(x) _o.
oo Pe(t<T) JAG) du(x) =

When A(oco) < oo, the limit conditional distribution P¢ (X, € o|t < T) is the
Dirac mass at oo and n = 0. Nevertheless, A may be (strictly) positive, as it is shown
by the next example.

Example 6.17 Assume that « is constant. The distribution of X; on {t < T'} is ex-
plicitly known and the spectrum of £ is also known. Theorem 6.16 is quite simple
to prove in this case (see Knight 1969 and Williams 1970 in the case o = 0 and
Martinez and San Martin 1994 for the case « > 0). We have A = «?/2 independently
of the sign of «, and H always holds. When o« < 0, that is, the drift is positive, the
probability of eventually hitting O is smaller than 1, and in this case A(oc0) < co.
When o < 0, we have n = 0 and the limit distribution of Theorem 6.16 corresponds
to a three dimensional Bessel process BES(3, |«|) (see Rogers and Pitman 1981). In
this case, according to the cited theorem, one has lim; o Py (X; > b|t < T) =1,
for all finite b.

6.2.4 The Case A(00) = o0

Through this section, we shall assume that H1 holds, that is, A(co) = oo and the
process X is absorbed with probability one. We start with the following result which
gives some basic relations among the eigenfunctions ¥, and g, .

Lemma 6.18 The following statements are equivalent for ). > 0:

(1) v (or equivalently, ¢,) is nonnegative;
(i1) . is strictly increasing;
(iii) ¢y is positive on (0, 00) and integrable.
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Moreover, if any of these conditions hold then

T ZAC N (6.24)
M—oo A(M)

0 1
/0 o (x)dx = R (6.25)
Ex(Ya(X), t <T)=e yu(x) forallx>0,t>0. (6.26)

Proof Let us start with the representation (6.3):

V) (x) :ey(x)(l — 22 /x Vi (2)e 7D dz> :eV<X><1 —2x/x m(z)dz),
0 0

X y
V() = / e“—”(l—zx / m(z)dz)dy.
0 0

In what follows, we denote by ¥ = ¢, and ¢ = ¢;..
Let us prove (i) = (ii). If we assume that ¥ (xo) < 0, then for all x > x( we have

X
V(x) = eV X =7 (x0) L (x0) (1 _ 2)\/ ?(y) dy) < eV(X)*V(Xo)w/(xO)'
0

Thus, ¥ (x) < ¥ (x0) + e~ 7 00y’ (x0) (A(x) — A(xp)), which is eventually negative
because A(oco) = 0o. We deduce that i is increasing. Let us show that i is strictly
increasing. Since v (0) =0 and ¥'(0) = 1, we deduce that ¥ (z) > 0 for any z > 0.
Now, assume i is constant on some interval [x, y]. Hence, for z € (x, y), we get
$Y¥"(2) — a(2)¥' (z) = 0 # —A(2), which is a contradiction, and (i) is proved.

(i) = (iii). From (6.3), we get for all x > 0 that 1 — 2x f(f ¢(y)dy > 0 and so
foootp(y) dy < 217 The function ¢ is positive on (0, 0o), and therefore ¢ is also
positive there.

(iii) = (1) is trivial.

Let us now show that limps_, oo % exists. From It6’s formula, we get

SATy AT

B (4 (Xyn1ynr)) = ¥ () — A, fo V(X)) dr
=Y (MPc(Tyy <T As)+Ex (¥ (Xy), s <Ty AT).
On the other hand, since ¥ is increasing, we obtain
B (¥ (Xs).s <Tu AT)| <Y (M)Py(s <T),

which converges to 0 as s — co. Hence, from the Monotone Convergence Theorem,
we deduce

A(x)

AM)’

Ty T
¥ (x) - AE, /0 V(X di = ¢ (MYPy(Tyy < T) = (M)
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Therefore, the following limit exists

M) ) — B ) Y (Xt
M—oco A(M) A(x) '

Now, if limp/— oo K(M) > 0, we obtain from H that fo p(x)dx = fO ¥ (x) x
e~ 7™ dx = oo, which contradicts (iii). Thus, llrnM_)c>o ’ﬁ%; 0.

On the other hand, if fo v(2)dz < ﬁ, we would obtain from (6.3),
liminf, _ o 'ﬁg; > 0, which is a contradiction, and so (6.25) is proved.

Finally, we prove (6.26). For that purpose, consider the function ¢y (x) and
apply It6’s formula at the time t A Tyy A T to get

ME (WXt < Ty AT) + Y (ME (™, Ty <t AT) =y (x).
The first term on the left-hand side converges monotonically to (here we use that
v =0)
ME(Y(X)),t <T).

Then, the result will follow as soon as we show that the second term tends to 0. This
term is bounded by

Y (M)A(x)

At —
Y MP(Ty <T) = AGD

and the conclusion follows from (6.24). Il

Corollary 6.19 Assume A > 0 then
() Forall » € (0, A], we have g, € L' (dx), or equivalently, V€ L' (dp) and

/%(X)du(x) =

Moreover, the measure u is finite and 1 € L? (d ).
(ii) The following limit exists in L* (dT")

b(r) = lim fo V2. (x) dju(x).

Moreover, b(\) = 5> dI -a.e.

= 2/\
Proof (i) According to Lemmas 6.7 and 6.11, the function ¥, is nonnegative for
all A < . Now, Lemma 6.18 shows that ¢, € L! (dx) for all 0 < A < A. Since
V. = gre”, we conclude that v; € L' (du) for the same values of A. This lemma
also shows that

/%(X)dM(X) ==
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The function 1, is nonnegative and strictly increasing (see again Lemma 6.18) and

y is regular on [0, 00), thus the measure w is finite, and in particular 1 € L? dw).
(i1) We know that b(\) = f ¥ (x) du(x) is well defined and belongs to L2dIn)
(since1 e L% (d )). Moreover, we have

Pyt <T)=Pl(x)= /OO e My (X)bA) AT (V).
A

According to Proposition 6.13, this integral is equal to f Aoo e M (x) ﬁ dr () (re-

call that A(co) = 00). Since WP, = e ¥ and ¥ is an isometry, we conclude
b)) = ﬁ for almost all A. O

Lemma 6.20 Assume & is a probability distribution with compact support con-
tained in (0, 00). Take any sequence (t,) converging to oo, for which P¢(X;, €
o|t, < T) converges weakly in Ry to a probability measure v, and define 6 =
v({oco}). Then, either 6 = 1, in which case v = 8o, or 0 < 1, in which case nec-
essarily ¢, € L' (dx) and

dv(x) = 0 ddoo(x) + ﬂ%(x) dx.

Jon(x)dz

Proof Notice first that by a compactness argument such sequence and limit always
exist in the compact set R;. Also, if & = 1, we have v = §. So in the rest of the
proof, we assume that 6 < 1. This is equivalent to the existence of a finite zo for
which

lim P (X, <zoltx <T)=v([0, z0]) > 0.
n—oo
Using Theorem 6.15, we conclude that for all z > 0 we have

Jo #r(x)dx

lim P: (X; <z|t, <T)=v([O0, =(][0, .
n—oo S( In = Zl n ) ([ Z]) ([ ZO]) OZO (PA(X) dx
We deduce that ¢, € L' (dx) and

Joer0dx _ (1-0) 5 9(x) dx
I ealx) dx Epmdx O

lim Pe(X,, <zlta <T) = v([O, oo))
n—o0

Corollary 6.21

(i) gx € L' (dx) & 1> 0;
(i) If ) ¢ L' (dx), the Yaglom limit exists and is given by 8., that is, for all &
probability measure with bounded support contained in (0, 00) and all z >0

lim Pe(X, > zlt <T)=1;
11—
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(i) If @) € L' (dx) then for all probability measures & with bounded support con-
tained in (0, 00) and all z >0

I ou(x)dx

> >Ze TR
htrglor.}fIPg(X, >zt <T)> fooo ) I
Proof (i) Assume that ¢ ¢ L' (dx). Then A cannot be positive because of
Lemma 6.18 and the fact ¢, = e~ 7, is nonnegative (see Lemma 6.7). On the
other hand, if ¢, € L' (dx) then A cannot be 0 because gg = eV A ¢ L' (dx) (see
Hypothesis H).

(ii) According to the previous lemma, if (#,) is a sequence for which P¢ (X, €
elt, < T) converges weakly to a probability measure v on R, then necessarily
v({oo}) =1, otherwise ¢, is integrable. From this we have the convergence to dx.

(iii) Consider a fixed probability measure & with bounded support contained in
(0, 00) and z > 0. Take a sequence (#,) converging to co such that

lim Pg(X,, > z|ty < T) =liminfPs (X, > z|t < T).
n—>oo 11—

Take a further subsequence (¢,,) and a probability measure v on R, such that
Pe(Xy,, € olty, < T) converges weakly to v. According to the previous lemma,
we get that for some 6 € [0, 1] we have

a-0)

AV (x) = 0 oo (x) + ————
v A PAEPE

.(x)dx.

Then we deduce
liminfPe (X; > z|t < T) = lim Pg(X,, >zlty, <T)
—00 k—o00 k

1—-0) [ . [ pa(x)dx

—r dy > L2 20T
T Tawds ), 292 a O

Remark 6.22 The main result of this section is to prove that in (iii) the limit actually
exists and coincides with the probability measure with density (with respect to the
Lebesgue measure)

©.(x)
Jorn(dy

Corollary 6.23 For any x > 0, there exists a constant L(x) > 0 such that for all
s>0

Pe(Xs = xls <T) = L(x).
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Proof From the previous corollary, we obtain

1 if g, ¢ L' (dy),

[ e dy
Jo~ en () dy

liminfP (X > x|s < T) >
§—00 if g, € L' (dy).

From Girsanov’s Theorem, we get, with h = a? — o,

Py Xy =>xls <T) 2Py (Xy>2x,5<T)

y(x) 1l _ y(Bs)
> ¢ TR, (e W MBIATEY g (T ATLy)

> COTPONP (s < T A Tep),

where 2C(x) = y(x) —max{y(y) : y € [0,x + 1]} and 2D(x) = —max{h(y):y €
[0, x + 1]}. The last term is computed under the Brownian law, and the result fol-
lows. Il

Theorem 6.24
For all x > 0, the following limit exists and is independent of x

log(P,(t <T
Oinzlim_m.

t—00 t

Proof Consider a fixed x > 0. The existence of the limit is guaranteed by the sub-
additive theorem. Indeed, the strong Markov property and the previous corollary
yield

P.t+s<T)= EX(PXX(I <T),s < T)
>P,(t <T)Pi(s < TP ( Xy =>x|s<T)
>L)P.(t <T)Py(s <T).

Here we have used that Py (s < T) > Py(s < T) whenever y > x. Hence, the func-
tion t - a(t) = —log(P,(t < T)) — log(L(x)) is subadditive, and therefore the
limit
log(P,(t < T))

t
exists. We shall prove that n does not depend on x.

Clearly, n(x) > n(y) if x < y. On the other hand, Harnack’s Inequality implies
that for ¢ > 1 there exists a constant C = C(x, y) such that for all z

n(x)= lim —
11— 00

1 (y,2) < Crip1(x, 2).

Integrating this inequality yields Py (t < T) < CP,(t + 1 < T). Then n(y) > n(x),
proving the result. g
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Corollary 6.25 We have the inequality n < L. Moreover, if @) ¢ L' (dx) then n =
0=A.

Proof For any bounded measurable set B of positive Lebesgue measure and a fixed
x> 0,wehave P, (t <T)>P,(X, € B,t <T). This last quantity is given by

/A M () /B () du(y) dT ().

As we have done before, this integral is asymptotically equivalent to
Ate
[ e [ nmdnmaro.
A B

for all € > 0 small enough. We recall that we can assume ¥, (x) > a, fB () du(y)
> a, for some a > 0 and all A € [A, A + €]. Thus

Ate
/ e MY (x) / V. dp(y)dI () = a’e” AT L ([4, A+ €])
A B

we conclude that < A + €, from where the first part follows.
The second part holds because A =0, when ¢, ¢ L' (dx). 0

Now we can state the main theorem of this chapter. We point out that the exis-
tence of the Yaglom limit and that of a QSD for killed one-dimensional diffusion
processes have been proved by various authors, following the pioneering work by
Mandl (1961) (see, e.g., Collet et al. 1995a; Martinez and San Martin 1994; Stein-
saltz and Evans 2007; Kolb and Steinsaltz 2012 and references therein).

Theorem 6.26 Assume Hypotheses H and H1 hold.

(1) (Yaglom limit) For any x > 0, the family (Px(X; € o|t < T)); converges
weakly, as t — 00, to

oo ifen ¢ L' (dx),
v if gy € L (dx),

where in the second case the measure v has a density proportional to ¢,. We
notice that the classification for the limit is the same as

v if L>0.

(i) We have I' ({A}) = (f I/fi(Z) du(z))"" and forall x,y > 0

Jim e2ry (x, y) = Y ()Y ()T ((11), (6.27)
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which is 0 in the case . = 0 because I"({\L}) =0 (Remark 6.14). Also, for all
x > 0, it holds

raa -
lim MP(r <T)=] 22 Val) #2>0,
t—00 0

i (6.28)
otherwise.

Py (t4+s<T)

(iii) For all s > 0 and all x > 0, we have lim;_, o Pa<T) — e, proving that

n==x.

(iv) Forall x > 0 and all t > 0, we have the bound

P.t<T) Ax)
Pi(t<T) = Al +1 (6.29)

and the limit

Pt <T) ¥.(x)
lm = .
oo Pi(t <T) (1)

(V) Foralls >0, all x >0 and A € B(C([0, s])), we have

(6.30)

lim P,(X € Alt < T) =P, (Z € A).
—00

The distribution of Z is an h-transform of X, whose transition density is given
by
As 1/’& )
Y. (x)
forx >0,y >0ands >0, and Z is the unique solution to the SDE
v (Z1)

dZ,=dB; + (1//;(20 - a(Zt)> dt, Zyp=x. (6.31)

Py(Zsedy)=e P.(X; €dy,s <T)

Remark 6.27 There are examples where A(0o0) = oo, Hypothesis H is verified, the

condition u(R4) < oo, but still A = n = 0. It suffices to take o (x) = ﬁ

Proof (i) We shall assume first that ¢, € L' (dx), or equivalently, that A > 0. In this
situation, ¥, € L' (dw) and f ¥ (2)du(z) = % Also the measure w is finite and
1eL?dp).

Recall that

oo ,—At

113>)C(1<T)=Pt1(x)=fA o

Vi (x)dI"(X).

Using the same ideas as in the proof of Theorem 6.15, we obtain that this integral,
as t — 00, is equivalent to

Vi (x) [AFe

—At
dr (
A e )
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for all € > 0, sufficiently small. On the other hand, if B is a bounded measurable
set, we get that P, (X; € B, t < T) is equivalent to

Ate
AwA(Z)dM(Z)wL(X)/;: e Mdro)

also for all € > 0 small enough. We conclude that

fB Y (z)du(z)
[¥a@dp)
This shows that the set of probability measures (P, (X, € o[t < T)); is tight in R
and, by Lemma 6.20, we obtain the desired weak convergence of this family to the
probability measure v on R whose density with respect to p is
Y (2)
S du(y)’

Jim Py(X; € Blt <T) =2A/ V() dp(z) =
— 00 B

and part (i) is proved.
(ii) We start with the formula r;(x, y) = ffo e My (). (y)dT (M) to get

rt(x,y)=e‘i’lﬂx(ac)tm(y)lﬁ({i})+/(A )e‘“m(x)x/u(y)dr(x).

So we need to prove that f(x 00) @My (x)¥;.(y) d I (L) converges to 0, which
we do by the Dominated Convergence Theorem. This integral may be divided into
two pieces. The first one is

/ ARy ()Y () AT (),
(A, Ate€)

for some fixed € > 0. To show that this integral converges to zero, it is enough to
bound the integrand on the interval [A, A + €] by a constant. For the other term, that
is, the integral over [A 4 €, c0), we assume ¢ > 1 and we use the inequality

|1, (v ()] < e Y (09 ()|

where = )f? This upper bound is integrable by Lemma 6.9, proving (6.27).
Formula (6.20) and the fact that A(oco) = co give

oo e—kt
]PX(Z<T):/; 7 Y (x)dI" Q).

Then, (6.28) is shown using the same technique as before.
The only thing left to prove is I"({A}) = (f wf(z) du(z))~'. Formula (6.19) is

exactly the inequality I"({A}) > ( f 1//% x)dup (x))~!, and we show now the opposite
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one. For that purpose, we use equality (6.26)

Ex (¥ (X0),t < T) =y (x),
valid for A € (0, A]. This equality shows that

2

e—&'< /0 wf(X)du(x)) I (1)
o0 n 2
< A e—“( /0 m(x>w<x)du(x>) dro)
- /0 Y (B (Y2 (X0). X, <n.t < T)dp(2)
Sfo V(B (Ya(X)), t < T)du(z)

Y / V2@ dp(2).
v

1
r() < (/ %(Z)du(z)) ,

from where the desired inequality follows.
(iii) Notice that

Hence we deduce

Po(t+s<T) ffo e~ IFs) —‘”éﬁx) dr)
Pt <T) — [FPer0BDgrpy

The proof then is similar to that of part (i).

(iv) The same type of arguments show that (6.30) holds. We shall now prove the
domination (6.29). The inequality is obvious if x < 1. So, assume that x > 1 and
consider

Pit<T)=P1(Ty <T,t+T, <T)=P1(T, <T)P,(t <T)
A(D)

mﬁ” @ <T).

Here we have used (6.7), and the desired inequality is proved.
Part (v) follows from (iii), (iv), the strong Markov property and the Dominated
Convergence Theorem. Indeed, conditioning at time s, we get

P (X eAlt <T) =

P.(t—s<T) <IP’XS(t—s <T)

, XeA s<T).
Pe(t <T) P(t—s<T) )



152 6 Regular Diffusions on [0, co)

The domination follows from (6.29) and the fact that (see (6.6))
IEX(A(XS), s < T) < A(x). (6.32)

We now prove the results under the hypothesis ¢, ¢ L' (dx), or equivalently,
) = 0. In this case, notice that ¥y = A and g9 = Ae” V.

Part (i) was proved in Corollary 6.21, and part (ii) is straightforward in this case.
As for part (iii), notice that

- P(t+s<T) - E:(Px,(s<T),t<T)
- P@<T) — Py (t<T)
>P(X; =zt < TP, (s <T)

holds for all z > 0. From part (i), we deduce that the lower bound converges to
P,(s <T),ast— oo for all z > 0. Hence we conclude

Py (¢ T P, (¢ T
1> limsup 2T =D ing 2O <D s <T) =1,
t—oo Pyt <T) t—oo  P.(t<T) 700

(iv) We notice that domination (6.29) holds independently of the value of A.

Let us prove the limit result in (6.30). Since v, (x) = %Ef;; is increasing in x

and the family of functions (v;),~¢ is bounded by the continuous function A(X) +1,
we can apply the Helly’s Theorem (see, for example, Coddington and Levmson
1955, p. 233) to get the existence of a subsequence #, — oo, such that v;, converges
to a increasing nonnegative function w (w may depend on the subsequence (z,)).
Obviously, w(0) =0, w(l) =1 and w(x) < AEX) + 1.

Let us show w(y) > 0 for y € (0, 1). Indeed, consider y < x and compute

IPy(Z<T) Py@+T: <T,Tx <T) Py(Ty <T)Py(t <T)
P1(1<T) - Pi(t<T) - Pi(t<T)

A
T AW

v (x).

From this inequality, we get

0 = 2900
wix) = ——wly
A(y)
for any x > y. From w(1) = 1, we conclude w(y) > 0. Let us now show the continu-
ity of w for x > 0. Since w is increasing, it is enough to prove that w(x+) < w(x—).
We have w(x + h) < A<x+h) w(x — h) for h > 0, and the continuity of A implies
wx+) <w(x—), as we Wanted
The Markov property shows that

P (z T)Py(ta <T
il ts =D =D g (v, (X0).s <T).
Py, <T) Pi(ty<T)
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The left side converges to w(x), while the right side, due to the Dominated Conver-
gence Theorem (see (6.29) and (6.32)), converges to E, (w(X;),s < T). Thus, for
alls >0andall x >0

w(x) :Ex(w(Xs),s < T). (6.33)

The goal is to prove that w(x) = % from where we have a unique accumula-
tion point for (v;); and therefore the convergence. Consider the function G(x) =
ﬁg; — w(x). We know this function is continuous on (0, co0) and it is nonnegative
on [1, 00). Let us prove it is nonnegative on R . In fact, if there exists xo < 1 for

which G (xp) < 0 then

min{G(x) :x € (0, D}Py,(s < T) <E4(G(Xy),s <T) < G(xo) <O0.

Letting s converge to oo, and since Py, (7T = 00) = 0, we arrive at a contradiction.
Therefore, G > 0.

From G(1) =0, G >0 and E1(G(X;),s <T) <G(1) =0, we deduce G =0
with respect to the measure P{(-, s < T)-a.e. for any s > 0. Given that G is con-
tinuous, to achieve the result, i.e. G = 0, it is enough to prove that for any fixed
interval [a, b], P{(X; € [a, b],s < T) is strictly positive for some (every) s > 0.
Now P (X5 € [a,bl,s <T)>P1(X5 €la,bl,s <T,s < Ty) and this quantity is
positive by the Cameron—Martin formula and the fact that it is such for the Brownian
motion.

Hence, we have for all x > 0 the equality w(x) = %, implying in particular
that w is continuous at 0, and it is independent of the subsequence (#,,). This finishes
the proof of (iii).

Finally, part (v) is proved in the same way it was proved under the hypothesis
A>0. g

Remark 6.28 Notice that in parts (i), (ii), (iii) we can replace the initial distribution
8, by any distribution £ with bounded support contained in (0, c0). Also the results
hold when the initial distribution is given by A du with h € L? (du).

In general, the convergence in part (i) depends on the initial distribution. For
example, in the case A > 0, each of the functions ¢, , for A € (0, A] is nonnegative
and integrable. We shall see in the next section that KNCITE S QSD, that is, for

Joi(2)dz
any measurable set A and any ¢ > 0 (see Definition 2.1 and Theorem 2.2),

IP’WX(XteA,KT):e‘“/ 0.(y)dy.
A

In particular,

Ly dy
[ () dz

Hence, the asymptotic distribution is not the one given in (i).

Py, ax(X; € Alt < T) =
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The following result gives some extra information on the asymptotic behavior of
the exit probability.

Proposition 6.29
00 -1
limsupe® P, (t < T) < valo) (sup { Y (a) / 0.(y)dy }) .
t—00 2& a>0 - a N

Proof From It&’s formula, we get
Y (x) = B (PN Ny (Xiaramyy)
= Ya(ME, (2™, Ty <t AT) + X E, (VX)) t <T A Ty).
Now,

A(x)
AM)’

Y (ME, (2™ Ty <t AT) < Xy (M)Py (T < T) = ey, (M)

This term tends to 0 as M — oo (see Lemma 6.18). Then,
Yy (x) = eA’EX(w&(X,),t < T) > Y (a)Pe(X; > alt < T)eXP,(t < T).
The result follows from Theorem 6.26. O

In the case n = 0, we have some extra information.

Proposition 6.30 If n =0 then

(1) A(Xs)ls<r is a Py-martingale;
(ii) Forany x > 0, we have P (T? < oo or lim, 7o TaZ < 00) =0, where Z is the
h-transform defined in Theorem 6.26 part (iv);
(iii) Forall s >0, all x > 0 and A € B(C([0, s])),

Iim P,(Xe€eAlt<T)= lim P, (Xe€ ATy <T)=P,(Z € A).
t—00 M—o00

Proof (i) We notice that w(x) = E,(w(X;s),s < T) (see (6.33)), but w = A/A(1),
proving that

A) =E(A(Xy),s < T).

The strong Markov property then shows the result.
(ii) Let T/ = inf{t > 0: Z, = a}, S% =lim, »oo 7, and let G(y) = ﬁy)

y > 0. A straightforward computation shows that %G’ "+ (AZ/ —a)G’ = 0. Therefore,
by I1t6’s formula, if 0 < € < x < a,

for

G(x) =E.(G(Z1z012)) = GOPL (TS < T7) + G@)P, (T < T7),
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from which we deduce that P, (T < T/) = % Since G(0+) = oo, we
obtain IP’x(TaZ < TOZ) =1, Va > x. Hence

Py(S* <T#) =1.

An application of Girsanov’s Theorem leads to

AX
IEX< A(( S)),XEA,S<T,1,S<T€):PX(ZEA,S<THZ,S<T€Z)
X

for A € B(C([0, s])), 0 <€ < x <a.Now, let e — 0, a — oo to obtain

EX(A(XS)
A(x)

,XeA,s<T)=IF’x(ZeA,s<SZ).

On the other hand,
AX) = AMP(Ty <5, Ty <T) +Ex(AXy),s <Tu AT)

and P (Ty <T) = /?((;1)) imply that

A(Xy)
A(x)

The Monotone Convergence Theorem allows us to conclude

PX(S<TM|TM<T)=EX( ,S<TM/\T>.

AX,)
A

lim }P’x(s<TM|TM<T)=IEx< <T>=1Px(s<SZ).
M—00
The middle term is equal to 1 by (i), and we get P, (s < % < TOZ ) =1foranys > 0.
Thus (ii) is proved.
(iii) Consider

Px, (Ty <T)
]P)X(XEA,S<TM|TM<T)=]Ex<m,XEA,S<TM,S<T
A(X;)
:]EX<T)CS),X€A,S<TM,S<T>

=P (ZeA s <Tf).

Finally, limy 0o Px(X € A, s < Ty|Tyy <T) =P (Z€ A,s < S?) =P, (Z € A),
and limpy; oo P (X € A, Ty <s5|Tyy < T) <limpyy 0o Px(Tyy <s|Tyy <T) =0,
which allows us to conclude the result. O

Example 6.17. (Continuation) When the drift is a negative constant, that is, o > 0,
we have = A = «?/2 and Theorem 6.26 was shown in Martinez and San Martin
(1994). In this case, we have lim; oo Px(X; € E|t < T) = fE a’ye=® dy for any
E CR,.
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Example 6.31 Consider the case where a(x) = x, that is, X is a Ornstein—
Uhlenbeck process. Then A(co) = oo, A = 1, the measure p is finite and moreover
the operator £ has a discrete spectrum on L2 (du) (see, for example, Mandl 1961).
Nevertheless, it has a continuum family of QSDs indexed by A € (0, 1], which have
densities with respect to the Lebesgue measure of the form e™*U,, where U, is a
parabolic cylindric function (see Lladser and San Martin 2000 for the domain of
attraction of each QSD).

The fact that A = 5, under the hypothesis of Theorem 6.26, allows us to get some
information about the dependence of A on «. For this purpose, we denote A%, A(«)
and n(«) the quantities A, A and 5 associated to «.

Corollary 6.32 Assume that a > 8 are C' functions that satisfy H, H1. Then
Ala) = A(B).
In particular, if a(x) >k > 0, for all x > 0, where k is a constant, then A(«) > %

Proof The main ingredient of the proof is the fact A(e) = n(«) and A(B) = n(B).
On the other hand, let

dX,de,—a(X;)dt, XOZX,
dY, =dB; — B(Y;) dt, Yo==x.
Since o > B, we get X; <Y; forevery ¢, and so T (X) < T (Y). Therefore, for every
s >0,
Po(T(X) > s) <P (T(Y) >s),
which implies that A(«x) > A(B). Il
Corollary 6.33 Let a be a nonnegative C' function that satisfies H, H1. Then

M) < (limsup,_, o a(x))2/2. In particular, if « is also decreasing i(a) =
(im0 & (x))?/2.

Proof The result is obvious if limsup,_, . o (x) = oco. Let dX; =dB; — a(X;)dt
with Xo = x. Consider 8 > limsup,_, ., @(z) and take x¢ large enough such that for
all z > xg it holds «(z) < B. Also, we consider the process dY; = dB; — B dt with
the initial condition Yy = x.

Assume that x > xo. Then Y; < X; for all t < T,,(X). Therefore, for any such x
and all s > 0,

]P’X(T(X) > s) > PX(TXO(X) > s) > IP’X(TXO(Y) > s) :IP’X_XO(T(Y) > s).

Then A(o) < %2 and the first part follows. For the second part, it is enough to notice
that & > lim;— o0 @ (2). O
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6.3 Characterization of the QSD Family

We shall study the set of QSDs associated to the process X. We recall that a
probability measure v supported on (0, 00) is a QSD if there exists a parameter
B = B(v) € [0, co) such that for any measurable set B C R, any ¢ > 0 it holds (see
Theorem 2.2)

/]EX(X, €B,t <T)dv(x)=e Pu(B).
The following result gives the complete classification of the QSDs.

Theorem 6.34 The family of QSDs is empty when n = 0. This is the case when
A(00) < 00 or A(o0) =00, A =0.1Ifn > 0, that is, A(c0) = oo and A = n, then for
every QSD v we have B(v) € (0, A] and

__ Ypdu
Svp)dp(x)

Proof Consider a QSD v. If u(B) = 0 then for all x > 0 we have E, (X; € B,
t<T)= fB ri(x,y)du(y) =0, and we deduce that v has a density with respect to
w. Let us call this density 4. Using Fubini’s Theorem, we obtain that 4 satisfies the
following equation (dx-a.s.)

dv

hx) = " / (2R (2) du ().

Let us fix # > 0 and consider a dense set of £ C Ry such that for all y € E
f re1(x, y)h(x) du(x) < oo. Using Harnack’s Inequality, we conclude that for ev-
ery y > 0 there exists a constant C = C(t, y) such that

sup  r(x,2) < Crigr(x,y),
{lz—yl<y/2)

where |y —y'| < y/2 and y’ € E. This shows that 4 is locally bounded in (0, 0o) and
it has a continuous version there. So in what follows, we assume that % is continuous
and positive on (0, o). The symmetry of r shows that for x > 0

h(x) = eP! / re(x, (@) du(z) = Ex (P "Dh(X,a1)),

where we have defined 2(0) = 0 (we still do not know if A is bounded near O or
continuous at 0). The strong Markov property shows that 2(X;7) is a martingale,
and then Doob’s Sampling Theorem yields for x € (e, M) the relation

h(x) =By (PN R(X 7y a7, pn))-
Since £ is positive on [e¢, M ], we deduce that

E, (ePTunTerm) < h(x)
~ min{h(z) : z € [e, M]}’
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and the Monotone Convergence Theorem implies

E, (ePTur1) < h(x)
~ min{h(z) : z € [e, M]}

Finally, the Dominated Convergence Theorem shows
h(x) = h(M)E,(eP™ Ty < T.) + h(e)Ey (ePTe, Te < Ty). (6.34)

On the other hand, if we take B = R in the definition of a QSD, we get
e P :/IP’X(I < T)dv(x) = v([x0, 00)) Py, (t < T).

We consider xo > 0 such that v([xg, 00)) > 0. Using Theorems 6.24 and 6.26, we
deduce 0 < B8 < A. Since P, (¢t < T) < 1 for all x > 0, we deduce that 8 > 0. This
shows the result when A = 0. So in what follows, we assume implicitly that A > 0.
Let us define g(x) = %Wﬁ (x). The result is proved as soon as we show h = g.
Using It6’s formula, we deduce that

g(0) = (MMM g (X, 01,))
= g(ME,(eP™ Ty < T.) + g()Ey (PTe, Te < Ty).
We consider x = 1 and we take € — 0 to conclude that
h(1) = g(1) = g(M)E; (P, Ty < T).
This also shows that the limit exists in (6.34) and is given by
h(1) = h(M)E(eP™ Ty < T) +h(0H)E; (ePT, T < Ty).

This proves that 4(0+) exists and is finite. Since #(0+) > 0 and g(1) = A(1), we
deduce that h(M) < g(M) for any M > 1. In other words, the function G(x) =
g(x) — h(x) is nonnegative for x > 1. Assume that G (xp) < 0 for some xg € (0, 1),
then

min{G(x) : x € (0, D}Py (s < T) <Ey (G(Xy),s < T) = G(xp) <O.

If we take s — oo in this inequality, we get 0 < G (xg) < 0, which is a contradiction,
and therefore G > 0, or equivalently, & < g.

Finally, 0 = G(1) = E{(G(X;),s < T) and we deduce that G(x) = 0 almost
surely for the measure P; (X € dx, s < T). This measure is given by

re(1,x)e” 79 dx

which has a positive density in (0, co). This fact, together with the continuity of G,
shows that G = 0 on (0, 0o) (in particular, ~(0+4) = g(0+) = 0). We conclude that
h = g, proving the result. g
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6.4 h-Processes Associated to X

In this section, we show how the different #-processes associated to each A € [0, A]
appear in a limit procedure for the conditional process. When A(oco) < oo or
A(00) = 0o but A =0 (that is, n = 0) this is essentially studied in Theorem 6.16,
part (iv), and Theorem 6.30, part (iii).

For the rest of this section, we assume that « satisfies H, H1 and A > 0. Hence,
we have n = A and ¢, € L! (dw) for A € (0, A]. Also, each of these ¥, induces a
QSD given by the probability measure whose density with respect to w is propor-
tional to ;.

According to Theorem 6.26, part (iv), for all s > 0, all x > 0 and A €
B(C([0, s])), the limit

e&s wA(Xs)
P (x)

exists and it is an h-transform of X. The aim of this section is to show how to
get a similar result for each A € [0, A) with a suitable conditioning that approaches
‘AT — m”'

For that purpose, let us consider an increasing sequence of stopping times (S /)“,,)
associated to i, defined as follows:

limIP’x(XeA|t<T)=Ex( ,XeA,s<T>
—00

Sty =inf{s > 0: Fy(X,,s) > M},
where F (x, s) = &> ¥ (x) for x > 0, s > 0. The main result of this section is

Theorem 6.35 Assume « satisfies H, H1 and ). > 0. Then, for any ) € (0, A), s >0,
x> 0and A € B(C([0, s])),

e)hg‘ I/fk(Xs)

lim P, (X € A|S} T:]Ex<
im Py (X e€A|Sy <T) NS

M—00

,XeA,s<T>.

To prove this result, we need the following lemmas.

Lemma 6.36 For every A < A, we have that ) is a strictly increasing positive
function on R and

Jm (M) = oo.

Proof In the case A = 0, we have {9 = A and the result is verified in this case.
Hence in the rest of the proof we restrict ourselves to the case A # 0 and A < A.
First, let us show ¥ = ¥, is not bounded. On the contrary assume Vx € Ry
that |y (x)| < K. Consider F(x,t) = 1//(x)e“. Then, by Itd6’s formula, we have
V() =E(F(Xs,8),s <Tu AT) + ¥ (M)E (e*™ , Tyy < s AT).
Since e*™ 17, csar < (¥ Vv 1)17,, -5, We obtain

[y ()| < Ke™Py(s < T) + K (™ vV 1)Py(Ty < 9).
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Letting M — oo, we get |/ (x)| < Ke*P,(s < T). From Theorem 6.24 and since
A < n =\, we obtain e“IP’x(s <T)— 0as s — oo. This yields ¢ =0, which is a
contradiction, so we deduce that i is not bounded.

Now, let us show that ¢ only vanishes at x = 0. On the contrary let xo > 0 be
such that ¥ (xg) = 0 and ¥ (x) > 0 for x € (0, xg). By 1t6’s formula, we obtain

|v )| = |Ex (¥ (X)e™, s < Ty AT)| < max ]|1p(y)|e“IP’x(s <T)—0
X0

as s — oo. Therefore, we get that v (x) is strictly positive for x > 0.

Let us now prove that i is increasing. Assume there exist x < y for which
Y(x) > ¥ (y). In the case A < 0, take z < x such that ¥ (z) = ¥ (y). Denote by
X € (z, y) apoint verifying v (X) = max,¢[;,y] ¥ (). Then

1 "=\ 1 "= =N Ty =
SV @) =¥ () —a@)Y () = —A¥ (X) >0,

which is a contradiction. Assume now A > 0. Since ¥ is not bounded, there
exists z > y such that ¥ (x) = ¥(z). Consider x € (x,z) such that ¥ (x) =
min,¢[y,z] ¥ (r) > 0, then

1 1
51//'(3?) = 5‘//”()?) —a(x) =-Ay(x) <0,
which again is a contradiction. Hence  is increasing.

Finally, if ¥ (x) = ¥ (y) for x < y, we see that i is constant on [x, y], and there-
fore,

1
0# -2y (2) = 51//’(2) —a(Y'(2) =0

for z € (x, y). The result follows from this. O

Lemma 6.37 For any A € (0, ], we have

() ¥ (0) = AE.(Jiy ¥a(Xy)ds), for all x > 0.
(1) Ey(Yi(Xs),s <T)=e My (x) forall x >0,s > 0.

Proof (1) Using It&’s formula, we get

Ty AT
¥ (x) = Y (M)By(Ty < T) + AE, / ¥ (X,)ds
0

=y (M) AX) +AE /TMATw(X Yds
B A(M) *Jo v

From Lemma 6.18 and formula (6.24), the proof is completed for part (i).
(i1) Again from It6’s formula, we get

() =Ee (Y (XM, s < Ty AT) + Y (ME(e*™, Ty <s AT).
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Since
M
Y(ME (MM, Ty <5 <T) <Y (M) Pu(Ty < T) = %A(x)e“,
the last term converges to 0 as M — oo, and the result follows. O

Lemma 6.38 For 0 < A < A, we have:

() Pa(S}y <T) = L9 if . (x) € (0, M).
s Py (S <TAs) _
(11) llmM_>oo W =0.

Proof (i) We shall write Sy, instead of S,)[,, and ¢ instead of ;. Take x such that
Y(x)e (O0,M). If t < Sy AT then X, € [0, 1//_1(M)]. Therefore, from It6’s for-
mula, we get

Y (x) =Ex (F(XsyaTnas: Su AT A))
=MP:(Sy <T As)+Ex(F(Xy,5),5s <SuAT).
Now E, (F(Xs,$),s <Suy AT) < MP,(s < T), which converges to 0 as s — oo,
proving the first part of the lemma.

(ii) We can assume ¥ (x) < M. On the set {Sy < T A s}, we have ¥ (Xs,,) =
Me_ASM > Me_)‘s. Therefore, T.‘//—I(Me—)\x) < SM

Hence,
P.(Su<TAs) - IP))C(TV/*I(Mef)»x) <T) B M A(x)
Pe(Sy<T) ~ Py (Sy <T) - Yx) A= (Me=%))"

Put N =~ (Me™*), then ¥ (N) = Me™ and N converges to oo with M.

Thus, % <M 38; % converges to 0 as M — oco. O

Proof (Theorem 6.35) Let 0, be the shift operator by s units of time. We denote S,
instead of S2. It can be checked that Sy, s 00y = Sy — s on the set {s < Sy < co}.
Observe that on this set ¥ (X;) < Me™S, therefore from Lemma 6.38(i), we have
Px, (Spe-s <T) = %e“ . Now, by using the Markov property, we get

Po(X €A, s<Sy<T) E Px, (Spre—s <T)
P.(Sy <T) T PSSy <T)

,XeA,s<T,s§SM)

=Ex<e“%,XGA,s<T,s§SM>.
A

This last term converges, as M — 00, to

E, (e“ ¥ Xs) ,XeA,T> s>
W ()

>s} /! l{Toozs} =1P,-ae.

(Me=h8)=

because 1(s),>s} > i1 _,
> v
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To finish the proof, we use Lemma 6.38, part (ii), to get the result. Indeed,

Px(X €A, s<Su<T)| _Pi(Su<TAs)

P.(XcAlSy<T)—
x(X € AlSu <T) P.(Sy <T) =TP Sy <T)

’

which converges to 0 as M tends to co. 0

6.5 R-Positivity for X

We give necessary and sufficient conditions in order that a one-dimensional diffu-
sion X killed at O be R-positive. This means that the process Z whose law is the
conditional law of X to never hit the origin is positive recurrent. Our conditions are
stated in terms of the function A, where A(z) is the bottom of the spectrum of the
eigenvalue problem associated to the diffusion killed at z.

Let TZX =T, =inf{t > 0: X; = z} be the hitting time of z. We are mainly inter-
ested in the case z = 0 and we denote T = Tp. As usual, X7 corresponds to X killed
at 0. Most of the functions and parameters we consider in this section will depend
on «. To avoid overburdening notation, we shall explicitly denote such dependence
only if it is necessary. We will consider the diffusion X killed at different points. In
this sense, it is useful to introduce the notation «® which is the restriction of « to
the region [z, 00). Since most of the time we will deal with the process X killed at
0, we shall use « as synonymous to (), when there is no possible confusion.

Throughout this section, we shall assume that « satisfies H and most of the time
we shall assume also H1, which is A(co) = oo, that is, absorption is certain.

Fix some z € R, . The eigenvalue problem %v”(x) —a(x)V(x) =—rv(x)v(z) =
0, v/(z) = 1 has a unique solution in [z, c0) denoted by ¥, ;.. When there is no pos-
sible confusion about «, we shall use the simple notation yr; ;. This unique solution
satisfies for x > z

X
YL, (x) = e”‘xW(Z)(l - ZA/ wz,x(é)e”@?@)dg),
0

Vo (x) = /x e)/(y)—)/(z)<1 — /y wz’k(s)ey(z)—)/(é) dé) dy.
0 0

The functions ¥, » (x), 1//Z’, , (x) are continuous on (z, A, x).

We denote by A, (z), or simply by A(z) if there is no possible confusion, the value
given by A(z) = max{A : ¥, is positive in (z, 00)}. We know that A(z) is charac-
terized by A(z) = max{A : ¥, ; is increasing on [z, c0)}. We point out that ¥, »(,) is
strictly increasing.

Under H, H1, we have the following useful characterization for any x > z:

1(0) = Jim =T
—00

From this representation, we conclude that the function A(e) is increasing on R .
We point out that a simple coupling argument shows that 1, is increasing also in



6.5 R-Positivity for X 163

a, that is, if « > B on [z, 00) and both functions satisfy Hypotheses H and H1 then
Ao (2) = Ag(2) (see Corollary 6.32).

According to Theorem 6.26, the following limit exists for x > 0 fixed and defines
a diffusion Z

Jim Po(Xy € Alr < T) = OBy (Yo,100) (Xs) Y000/ (0). Xs € A5 < T)
=P, (Z; € A).
This diffusion satisfies the SDE (see (6.31))

I/f(/)y&(()) (y)

dZ; =dB; — ¢(Z;)dt, where ¢p(y)=a(y) —
Yo,.0) ()

and takes values on (0, 0o). In fact, it never reaches 0 because its drift is of order 1/x
for x near 0. The transition density for Z is (with respect to the Lebesgue measure)

_ 1#0,;(0) ()’) eMO)t

- Iﬁo,i(o)(X) p;(X, )’)

pAt,x,y)
From Remark 6.10, we get for x > 0,y >0

Y000 () _y i
pi(t,x,y)dy= me i w@)dsEx(e 12 fyha(Bds g e gy ¢ < T),

where hy = a2 — o’ — 2,,(0). This function s, will be used below to compare the

qualitative behavior of the diffusion Z for different drifts.

When A(oc0) < oo, a similar result holds according to Theorem 6.16, by replac-
ing A(0) by n =0 and v (0 by A.

Our main tool is to kill the process X at different levels. Let us introduce some
notation. Consider a fixed x > 0, and we kill X at x. The associated limiting process
Z* has a drift given by (see (6.31))

1//,/(’&(,() 6))

)= oW

—a(y) fory>x.

A straightforward computation yields the following relation between the eigenfunc-
tion for Z* killed at z, for z > x, and the two eigenfunctions for X one killed at z
and the other at x. For any A ¢ R and any y > z,

Wz,)\;a(y)l,”x,&(x);a(z)
wx,ﬁ(x);a(y)

Ve a—a:g, (V) = , (6.35)

where we have put A(x) = A, (x). This relation also holds if we replace A(x) by any
B < A(x). From this relation, we get be (z) = Ay (2) — A, (x). The following two
results give some basic information about the limiting process Z.
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Theorem 6.39 Assume o satisfies H and H1. Then
d(x)=a(x)— 1/&3&(0);0( (x)/wo,A(O);a(x)

satisfies H on [z, 00) for all z > 0. This means

o0 z * ooz © z . z
/ P (x)/ o (s>d5dx:/ o <x>/ e gt dx = oo,
Z Zz Z z

where yZ(y) =2 fay (&) — 1/;6&(0) (£)/v0,5.(0)(§)) d§ and a > 7 is a fixed constant.

The proof of this theorem is based on the following lemma, for which we assume
neither H nor H1.

Lemma 6.40 Assume o is locally bounded and measurable. Let A < 0, then the
following two conditions are equivalent:

(1) vo.x is unbounded,
(i) [ooe’™ [y e "D dydx = oo.

Proof We denote by ¥ = v 5. Since

Y(x) = A(x) —2x / e’ /y V(z)e V@ dzdy
0 0

and the fact that A < 0, we get that i is strictly increasing.

Hence, if A(00) = 00, both conditions (i) and (ii) are satisfied. Therefore, for the
rest of the proof we can assume A(0co0) < oo.

Suppose that (ii) holds. For x > 1, i — A can be bounded from below by

X y
—2)\/ eV(}')/ I/f(z)e_V(Z)dzdy
1 1
x y
2—2Ml/(1)/ e”()’)/ e 7D dzdy
1 1
x y
z—zw(n[/ eV@)/ e V@ dzdy
0 0

1 y 1
_/ ey(y)/ e—V<Z>dzdy—A(x)/ e—y<z>dz}
0 0 0

Then, ¥ is unbounded.

Now, assume [;~ e” ™) [ ™7™ dydx < co. We shall prove that y is bounded.
Indeed, take a large xo such that —2 f;;o e’ fo} e V@ dzdy <1/2. For x > xq,
we have
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Y (x) < v(xg) + A(00) — 249 (x) f e’y /ye—W) dzdy
X0 0
< ¥ (x0) + A(c0) + ¥ (x)/2.

Therefore, v is bounded by 2(y (xg) + A(00)). O

Proof (Theorem 6.39) We denote by ¥ = ¥ ,0);«- We also recall the notation

i) =2/ (&) ds =y (y) — y(a) — 2log(y (y) /¥ (a)), for some a > 0 fixed.
Then,

* _z Yoz > y2 ()’) _ ()
Vo) [T 7 ® ged =/ r() Y® 4t dy
fz ‘ / COENE e L ves ¢

> /Ooe—)/(Y)/ o7 &) dé dy = oo,
z a

where we have used the monotonicity of ¢ and Hypotheses H, H1 for «.

For the other integral involved in condition H, we consider two different situa-
tions. In the first one, we assume A(0) = 0. In this case, ¥ = Aand ¢ =a — A’/ A.
Since d A(y) = e¥¥) dy, an integration by parts yields

X y
/eyz(w/ 7O gt dy
Z a

_ x vy ) ®
—/; 20 ), A(§)e dsdy

1 1 X oy A(y)
— v - _ yOm (1 - 2227
/a ATe” (A(z) A(x)>dy+/z AWe (1 A(x))d

Since A increases to oo, we can take x,, 1 oo such that A(x,) = A(n)/2. Then,

/ooeVZ(Y) /y e—)/z(&') de dy
_ 1 1 " —(y A(y)
2 () y() _
zfa A (A(z) A(x))d”/z A0e <1 A(xn)>dy

1 1 1 [
-y _ -y
E/Q A20e (A(z) A(x))d”z/z, AWe Ty,

which converges to infinity because « satisfies H.
We are left with the case A(0) > 0. In this situation, we deduce that (see Corol-
lary 6.21)

o0 o0
/ Tlfo,&(O);a(y)e_Y(y) dy <oo and / e "W dy < 0.
0 0
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The last conclusion follows from the fact that ¢ ,(0):« (®) is nonnegative and strictly
increasing on [0, 00).
Now, consider w(y) = ¥,.0.4 (¥) = e 7@ (A(y) — A(z)). Using (6.35), we have

vy (@)
vy

From Lemma 6.40, the proof will be finished as soon as we prove w/y is un-
bounded. So, let us assume w/y¥ < D on [z, 00). Then,

Yz, —a):p(¥) =

o0 o0
/ w(y)e "M dy <D / P37 dy
Z Z

which is finite. On the other hand,
x 00 00
/ w(y)e_V(y) dy = e_V(Z)/ A(y)e_}’(y) dy _ A(Z)/ e—y(y) dy
4 z z

This quantity is infinite because « satisfies H. We arrive at a contradiction, and the
result is proved. 0

The second result supplies the recurrence classification of Z in terms of in-
tegrability properties of v ;. Recall that if A(c0) < co we have n =0, and if
A(00) = oo then n = A(0).

Theorem 6.41 Assume o satisfies H. The process Z is

(i) Positive recurrent if and only iffooo wg’n(x)e”’(") dx < 00;

(i) Null recurrent if and only if [y w&n(x)g—y(x) dx =00, [ 1//(;,2;(x)e)’(X) dx =
oo for some a > 0 (or all a > 0);
(iii) Transient if and only lffaoo w&z(x)ey(x) dx < oo for some a > 0 (orall a > 0).

Proof Let v = g .o and consider, for a > 0, the function

}Y )7
A%(y) =/ e’ @ dz = vz(a)f v2(2)e? DY@ g
a a

We first notice that A% (0+) = —oo because v(x) = x + O (x2) for x near 0. On the
other hand, if A% (c0) = oo then Z is recurrent (see 5.5.22 in Karatzas and Shreve
1988). In the case A% (00) < 00, for any x > 0, it holds

Px(limzt - oo) =IPx( inf 7, > o) —1,
1S

0<t<S

where S is the explosion time of Z. In this case, the process Z is transient. Hence,
Z is transient if and only if AZ (00) < 00, which is equivalent to

o0
/ v 2(2)e? P dz < .
a
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Let TbZ be the hitting time of b > 0 for the process Z. The process Z is positive
recurrent when ]Ex(TbZ) < 00, for any x, b € (0, 00). Using the formulas on p. 353
in Karatzas and Shreve (1988) and the fact that the speed measure for Z is given by

—v(@)
dm(x) =2¢ v2(x)e 7™ dx,

v2(a)

we deduce that Z is positive recurrent if and only if [ v?(x)e™ "™ dx <oco. O

6.5.1 R-Classification

The classification of Z induces the R-classification of the killed diffusion X7. We
shall state necessary and sufficient conditions for « to be R-positive in terms of
the function A. We introduce a concept of a gap and we will prove that there exists
a gap when the diffusion is R-positive. This concept of a gap is analogous to the
condition already used in Ferrari et al. (1996) to show R-positivity of Markov chains
on countable spaces.

We also point out that the notion of R-positivity for diffusions extends the stan-
dard definition of R-positivity introduced by Vere-Jones (see Vere-Jones 1967) for
nonnegative matrices, which in terms of the Perron—Frobenius theory reduces to the
fact that the inner product of the left and right positive eigenvectors is finite (see
Seneta 1981, Theorem 6.4). Hence, this notion turns out to be nontrivial only for
processes taking values on infinite spaces. In the context of one-dimensional statis-
tical mechanics with an infinite number of states, R-positivity of the transfer matrix
associated to the Hamiltonian was shown to be a necessary and sufficient condition
for the existence of a unique Gibbs state Kesten (1976). The material of this section
is taken from Martinez and San Martin (2004).

We start with the R-classification of X.

Definition 6.42 The process X7, or equivalently, «, is said to be R-positive (re-
spectively, R-recurrent, R-null, or R-transient) if the process Z is positive recurrent

(respectively, recurrent, null recurrent, or transient).

Recall that Corollary 6.21 states that under both H, H1 we have
o
A0 >0 & / w(),&(o)(x)e_y(") dx < o00.
0

Using that ¥ ;o) is an increasing function, we deduce that A(0) > 0 is a necessary
condition for R-positivity. Moreover, whenever X7 is R-positive, it holds

o0
/ e V9 dy < 0.
0
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The probabilistic meaning of this fact is that the process W whose drift in R is
—a(|x]) is positive recurrent. In fact, the invariant probability measure of W has a
density proportional to e~? (KD

We introduce a new concept that will be important in the R-classification.

Definition 6.43 « has a gap at x with respect to y < x if A(x) > A(y).

We are mainly interested in gaps with respect to y = 0, in which case we just say
that « has a gap at x. We notice that if « has a gap at x so does at any z > x.

Definition 6.44 Consider A(00) = lim,y_, 5o A(x). We define x =inf{x > 0: A(x) =
A(00)} < o0.

Theorem 6.45 Assume H, H1 hold.

(1) If o has a gap at some z > 0 then « is R-positive and « has a gap at any x > 0.
(i) If for some z > 0 the function a® is R-positive then o) is R-positive for
0 <y <zand ) is strictly increasing on [0, z]. In particular, @ has a gap at z.

(iii) If a does not have a gap then a9 is R-transient for any z > 0.

Remark 6.46 We notice that if A(co) = oo then necessarily o has a gap, which
implies that o is R-positive. We also point out that if « is R-transient then x = 0
and A(0) = A(00).

Before we prove this theorem, we need some lemmas. We first investigate some
extra properties about the eigenfunctions v, 5. A useful tool will be supplied by the
Wronskian W[f, g1, between two C' functions f and g, which we recall is given
by W[f, gl(x) = f'(x)g(x) — f(x)g’(x). Once f and g are fixed, we shall simply
write W (x) instead of W[ f, g](x).

Lemma 6.47 For any a > 0 there exists % > A(0) such that Yo,». is strictly increas-
ing on [0, a] for any A € [L(0), A].

Proof The result follows from the facts that v, (x) is jointly continuous and
Yo,(0) 18 strictly increasing on [0, 00). O

Lemma 6.48 Assume ) is increasing on [0, a]. Then, for all T < X\ the func-
tion Yo7 is also increasing on [0, a]. Moreover, for x € (0, a] it holds: Yo, (x) >
Y. (X); wé’t(x) > w(/)’)\(x) and the ratio W(/),,(X)/Wo,r(x) is a strictly decreasing
continuous function of T on the region (—o00, A]. In particular, the above properties
hold for .. = A(0) on (0, c0).

Proof We first notice that if g, is increasing on [0, a] then it is strictly in-
creasing in the same interval. In fact, from the equality ¥} (x) = ™A —
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2A fox Vi (2)e 7@ dz), we conclude that W(/) , > 0on [0,a). Consider the Wron-

skian W (x) = W[, ¥o,c1(x) = ¥, () 0,r (x) — Yo ()Y, (x). A straight-
forward computation shows that W (0) = 0 and

W' =2aW —2(h — T)V0.1%0.»

or equivalently,

X
W(x) = =20 — )’ ™ / e Yo 1 ()0, (€) dE.
0
If 0,5, Yo,r are increasing on [0, b] then W (x) < 0 on this interval, and therefore

Vo.5() %,,(x)
wox(X) Yo,z (x)

This implies that v . is increasing in [0, a] (otherwise take the first x* < a where
w(’) . (x*) =0 to arrive at a contradiction). We deduce

for x € (0, b].

Vo, _ ¥, ()
Yo, (x) lﬁo,r(X)
Moreover, by integrating (6.36), we get for any ¢ > 0

Yo,(e)
Wo,r (&)

Since lim; o 0,5 (¢) /0,7 (¢) = 1, we obtain
Yo0,.(x) = Yo, (x) VYxe(0,al,

which, together with (6.36), implies lﬁo , () < 1/’0 ; (x). Finally, the ratio 1/f0 (x) /
Yo, (x) is clearly continuous on t for any x € (0, a]

forx € (0, a]. (6.36)

Yo (x) < Yo,z (x).

Let z > x > 0 be fixed. Consider the Wronskian W = W[y, 5, ¥, ] in the re-

gion [z, 00), which is given by W (y) = ¥ ; ) ¥z,c(¥) — ¥ 2 (0¥ . (). One has
W(z) = =¥y 2 (z) and W' =2aW + 2(t — A) Yy 1V, ;. Therefore, for y > z,

W(y) = ) e (w@ +2(t — 1) / e n (e €0 dn)

= 2l e® (—%,A(Z) +2(t =2 / a2 @ e dn).
(6.37)

Lemma 6.49 Assume that for x < z fixed, L(x) < A(2). Then, for T € (A(x), A(2)]
and y € [z, 00), we have

WY a)» ¥z,01(y) <0. (6.38)
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In particular, for y € [z, 00),

w;,&(x)()’) - 1//24(1)()’)
1ﬂx,&(}c)()’) B Wz,&(z)()’).

(6.39)
Furthermore,
2(L(2) — A(x)) / Ve ne) MWz ey (e 2O gy — oy 0(2). (6.40)

Proof Let A(x) <t < A(z). Assume that (6.38) does not hold, that is, for some finite
yo, the following strict inequality holds:

Yo .
2(r — A(x))/ Yoo MYz (e 2 OE gp >y 0(2).

By Lemma 6.47 and an argument based on continuity, we get the existence of X e
(A(x), T) such that

(a) wx,i is increasing on [x, yol;
~ ' AN
®) 20t = 5) [0 ;e e 2O % dy >y ().
From (6.37), we have

WY, 5 Y2100 =¥ 5 00 ¥z (o) — ¥, ;00 ¥. - (vo) > 0.

X,

Since ;. is increasing (see Lemma 6.48), we get w (yo) > 0, and therefore
¥, i is strictly increasing on a small interval [yo, yo + 8] If there exists a point
y* > yo such that w (y*) =0, we arrive at a contradiction. In fact, consider the
smallest possible y*. From (6.37) and relation (b), we get W[wx 5> Ve, 1(y*) > 0,
and therefore 1//x’x(y*) > 0. The conclusion is that 'ﬁx, 5 is strictly increasing on

[x, 00), but this is again a contradiction because x> A(x). Therefore,

2(r —A(x)) / ‘ﬁx,Am(n)l/fz,r(n)e*zf«"vn"(g)dS dn <Yy ) (2)

holds, and (6.38) and (6.39) follow.

Now, let us prove (6.40). Take a large 79 and find a T > A(z), close enough to
A(z), such that ¥, ; is increasing on [z, fy]. Since T > A(z), there exists #; > 19, the
closest value to g, where 1/fz”f(t1) =0, then W[y 5(x), ¥z 21(t1) > 0. From (6.37),
we get

151 1
27 - () / Va2 (e 20O gy oy oy,
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Using Lemma 6.48, the inequality v, + < V¥, ,(;) holds on [z, #{]. Therefore, we
obtain

2(7 — A(x)) (f Ve ao MV a0 (e 2 4©)d5 d”) > Y00 (@)

Thus, (6.40) is proved by passing to the limit T — A(z). O

Proof (Theorem 6.45) (i) Let us prove that the existence of a gap at some z > 0 is
sufficient for « to be R-positive. From Lemma 6.49, by integrating inequality (6.39)
(where x =0), we get

- Yo,20) (y0)

< Yoa (), for0O<z<yp<y.
Ve 0) 2@

Y0,10)(y)

From this inequality and (6.40), we get

- ¥0,20)(Y0) /‘X’

< Y0.5.0) N V20 (e Y dy
Yz (00) 20 V2 r(2)

o0
f Vo a0y Me 7Y dy
Yo Yo

- Y020 (o) Yo,00)(2)
T Y@ (o) 2(A(z) — A(0))

e 70 < 0o,

This shows that « is R-positive.

Now we prove that if « has a gap at z > 0 then it has a gap at any x > 0. Without
loss of generality, we can assume that x < z. If there is no gap at x, we have A(0) =
A(x). For the sake of simplicity, we denote A = A(0). Using (6.37), the Wronskian
W = W[, Yx il is

W () = ¥, 0DV () = Yor VL, (1) = =01 ()2 “E9 for x <y,

Therefore, we get

1//0,1)’ A 2 S @) ds
(1/,)(,)‘ y) lﬂf)\(y) WO,A(X)—]#}%’A())) .

Consider x < yp and integrate the above equality on [yg, y] to obtain

y 2 T a)ds
Y0,.(30) e dﬂ)- (6.41)

Yo, (y) = Wx,z\()’)(W — Yo, (x) . 1/’)%,)»(’7)

The assumption of having a gap at z > x and the assumption A(0) = A(x) ensure
that A(z) > A(x) and that o™ has a gap at z with respect to x. Therefore, using the
part of the theorem already proved, a®) is R-positive. So far we have the statement

oW is R-positive and  A(x) = A(0). (6.42)
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We shall prove that this leads to a contradiction. We first remark that the following
integral is finite

o0
/ U2 0 (e 2 @4 gy < oo,
X A

which implies for any yo > x (we use that [ 1dx = [ f/f dx)

00 2 )] a(§)ds
[FER
Yo '(px,&(x)(fl)

This is a contradiction to (6.41) because at some large y we obtain (recall that A =

A(0))

N R (VXL
vouls / Voo " o0

and therefore v 30)(y) < 0. Thus, we have proved that « has a gap at x.

(ii) Take y < z. If «® is R-positive and A(z) = A(y), we get a contradiction as
we have done for (6.42). Thus, A(z) > A(y), so @) has a gap at z with respect to y,
which implies that @) is R-positive, and A is strictly increasing on [0, z].

(iii) We notice that & does not have a gap at any x > 0, and therefore A(0) = A(x).
From (6.41), we find

00 2 [ a(§)di
/ —5———dn < o0.
Yo %,Mo) (m

Therefore, ™ is R-transient. O

In the next result, we investigate further the R-classification of a®, relating this
problem to the behavior of A.

Theorem 6.50 Assume H, H1 hold. Then, the function ) is strictly increasing on
[0, X), and o™ is R-positive for x € [0, X). A is constant on [X, 00) and a is R-
transient on (X, 00). A is continuous in [0, 00); it is c!on [0, 00) except perhaps
at x. Moreover, ) satisfies, for x € [0, X),

1
23 (x)

oo
X A

In particular, ) (x) > 0 on [0, X).

Finally, when 0 < X < 0o, we have that «™) is R-recurrent. It is R-null if and
only if M (x—) =0, and it is R-positive if and only if A (x—) > 0 (that is, if M is
discontinuous at x).
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It is worth noticing that a formula similar to (6.43) holds for A(x)

00 . ) ]
/ Yeaon (e 2 e @ ©d8 gy —
X

24(x)

This is a particular case of the relation (6.25) established for any A € (0, A(x)].

Lemma 6.51 Assume that « is R-transient. Then, there exists € > 0 such that any
solution of the problem v"" — 2av’ = —2A(0)v whose initial conditions satisfy 0 <
v(0) < e, |V (0) — 1| < € is positive on (0, 00).

Proof We begin by fixing some constants used in the proof. Let a; > 1 be the
smallest solution of log(aj)/a; = (4e)~! and a* > a; the smallest solution of
log(a*)/a* = (2¢)~'. We notice that a* < e, and for any a* < a < e we have
(e)~! <log(a)/a <e .

We denote by w = ¥ ) and we choose € > 0 small enough such that the
following conditions are satisfied: v is positive on (0, 1],

max{w(1)/v(1), v(1)/w(1)} <a; and e/oow—z(x)eﬂ“dxgme)—l.
1

For a € (a*, ), we shall prove that v(x) > w(x)/a on [1, 00). Suppose the contrary.
Since v(1)/w(1) > 1/a; > 1/a, we obtain that

1 <x(a):= inf{x >1:v(x) < w(x)/a} < 00.

Consider the Wronskian W = W[w, v]. It is straightforward to prove that W (x) =
v(0)e? ™ Since v is positive on the interval [1, x(a)], we obtain

w(l) W)
w(x) = o) v(x)exp(/1 mdy) for x € [l,x(a)].

Using the relations w(x(a)) = v(x(a))a > 0 and v(x) > w(x)/a on [1, x(a)], we
obtain

( ) w(l) ( ) 0 x(@) ov(y) J
av(x(a)) < v(x(a))ex <v( )a/ —_— y).
o(D) P L wl()
Therefore,
0 Lr ()
log(a) - log(w(1)/v(1)) +6/ Y dy <o,
a a w2(y)
which is a contradiction. Thus, we have proved that v > w/a* on [1, c0); in partic-
ular, v is positive. O

Corollary 6.52 Assume that @9 is R-transient and & is an extension of a©). Then,
there is 8 > 0 such that L5 (x) = A, (0) for x € [-4, 0].
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Proof Consider € > 0 given by Lemma 6.51. If § > 0 is sufficiently small, we have,
for fixed x € [—4,0), that v =V, 3_(0):¢ satisfies 0 <v(0) <e, |v/(0) — 1| <€ and
v is positive on (x, 0]. Therefore, from the previous lemma, v is positive on (x, 00),
which implies that Az (x) > A, (0). The opposite inequality follows from the fact
that A is an increasing function. O

Proof (Theorem 6.50) From Theorem 6.45, it follows that A is strictly increasing
on [0, %), and in the same interval ¢ is R-positive. Also a™ is R-transient in the
region (x, 00).

Let us now prove that A is continuous on [0, co). We use the continuity of ¥, ; (y)
on x, A, y. Consider x € [0, x). As z decreases to x, the right-hand side of (6.40)
converges to 0 and the integral on the left-hand side stays bounded away from zero.
Therefore, we deduce the right continuity of A at x. For x € (0, x], we obtain the left
continuity of A in the same way. The only thing left to prove is the right continuity
at x. If it were the case that A(x) < A(c0), we would get a contradiction with (6.40)
by letting z decrease to x because for all z > X we have AL(c0) = A(z).

An application of the Dominated Convergence Theorem leads us to conclude
from (6.40) that

1
23/ (x)’

[e%e) oy
/ Y2y (e 2 e ©dE gy = (6.44)
X

and we deduce that A is C' on [0, X).

Let 0 < x < oco. From the definition of x, we have A(y) < A(x) for any y < x,
and according to Corollary 6.52, we obtain that aW is R-recurrent.

From (6.39),if x <z <X < yp <y, we have

Viaw® _ ‘ﬂg,yz)(”'
w)%,&(x)()’O) B 1/[12&(2) (yo)

Using the Monotone Convergence Theorem in (6.44), we can pass to the limit to x
and conclude that

o
) -2 ;y (&) d& =1l
/x Vs e O dy =y

Therefore, «™ is R-positive if and only if limy45 A’ (x) > 0. O

The R-classification already obtained for ™), x > 0, can be put in terms of
points of increase from the left for the function A. In fact, ™) is R-recurrent (re-
spectively, R-transient) if and only if x is a point of increase (respectively, con-
stancy) from the left for A. The distinction between R-null and R-positive is done
by the left derivative. Thus, in order to obtain the R-classification of a® we rely on
extensions of &) to the left of 0. Clearly, the classification of «?) does not depend
on the chosen extension. To fix notations, & is said to be an extension of @® if & is
defined on [—¢, 00) for some € > 0 and @@ = «© . From Theorems 6.45 and 6.50,
we directly obtain the following characterization.
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Theorem 6.53 Assume H, H1 hold.

(i) «© is R-transient if and only if for some (any) extension &, 0 is a point of
constancy for Ag.
(i) a© is R-positive if and only if for some (any) extension & one has && 0-) > 0.
As a matter of completeness,
(iii) «© is R-null if and only if for some (any) extension &, 0 is a point of increase
for kg and A, (0—) = 0.

Remark 6.54 As a straightforward consequence, we get that « is R-transient when-
ever it is periodic and satisfies H, H1. A slight generalization is the following one.
Consider a subperiodic function « in [0, 00), thatis, «(x +a) < «(x) for some a > 0
and for all x > 0, which also satisfies H, H1. A simple comparison argument gives
A(a) < A(0), thus A is a constant function. Take & any subperiodic extension of «.
Again a comparison argument shows that 0 is a point of constancy for A;, implying
that « is R-transient.

Furthermore, the following result is verified.

Proposition 6.55 Let x > 0 and assume o™ is R-positive. Then, for any z > x,
the function ¢ satisfies hypotheses H and H1 on [z, 00). Moreover, o has a gap
at y with respect to z if and only if ¢, has a gap at y with respect to z, where
y > z > x. This last condition ensures that Z* killed at 7 is R-positive; in particular,
&(px (z) > 0.

Proof From Theorem 6.39, the function ¢, satisfies Hypothesis H in the region
[z, 00), for z > x. Hypothesis H1 for ¢y in [z, 00) follows from

o0 y
/ FLEO%dy=y? @ [
z z

00 2 [ ale)ds

S
2
Viam®)

The last quantity is infinite because @™ is R-positive. The rest of the proof follows
immediately from relation (6.35). O

We now establish a comparison criterion to study R-positivity.
Theorem 6.56 Assume the functions o, B satisfy H, H1 and any one of the following

three conditions:

(C1) &, B areC' and hy = a* —a’ —21,(0) > hg = B> — B — 224(0) on [0, 0);
(C2) a > B and ), (00) = Ag(00);
(C3) afﬁand&a(O)ziﬁ(O).

Then, the following properties hold:

(1) If B is R-transient then o is R-transient,
(1) If a is R-positive then B is R-positive.
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Proof We first assume « and B verify condition (C1). We denote by A = A, (0),
T = Aﬁ(O), v = Yoe and w = Yo .. Now, consider the function H = v'w —
vw’ — (@ — B)vw. A simple computation yields

H' = (a+ B)H + vw(hg — hp).

By hypothesis, the function i, — hg is nonnegative, which implies

X y
H(x) = eﬁf(“(é)-ﬁ-ﬁ(é))dé / v(y)w(y)(ha(y) _ hﬁ(y))e_fd (a(2)+B(2))dz dy > 0.
0

Therefore, we get v'/v —a > w'/w — B on (0, 0o0). Integrating this inequality and
using the relation lim, g v(e)/w(e) = 1, we obtain

w2(x)e=2 o BDdz < 2 (1) 2 5 @@ dz,

Then, properties (i) and (ii) follow from the criteria given in Theorem 6.41.

We now assume (C2) holds. Let 8 and & be any pair of extensions of 8 and «,
respectively, defined on [—e, 0o) for some ¢ > 0 and satisfying 8 < &. By compari-
son, we have the inequality A 7 (x) < Ag(x), valid for all x > —e.

Let us prove relation (i). Since B is R-transient, we have Ag(x) =g 0) =
Ag(00), for all x < 0 close enough to 0. By hypothesis and comparison, we get

A (00) =25(00) =2 5(x) < Ag(x) < A4(00),

which implies that O is a point of constancy for A5, proving that « is R-transient.

Now let us prove (ii). If B has a gap then it is R-positive. So for the rest of
the proof, we can assume that A 8 0 =i 8 (00). By hypothesis and comparison,
we have A,(c0) = &ﬂ(oo) = Aﬂ(O) <1,0) <A,(00), so Aﬂ(O) = A, (0). Since
Ay (0) = A, (00) and « is assumed to be R-positive, Theorem 6.53(ii) implies that
A2 (0—) > 0. From Ag(x) < Ag(x), we get A%(O—) > A-(0—) > 0. By using again
Theorem 6.53(ii), we conclude that § is R-positive.

The proof that (C3) implies (i) and (ii) is similar to the previous one. Il

We remark that among the conditions of Theorem 6.56, (C2) is the easiest one to
verify. The other two conditions depend on A, (0), A 8 (0) which, in general, are not
simple to compute.

Two special cases are studied in the following result.

Corollary 6.57 Assume o satisfies H, H1.
@ 1If
a(00) 1= limgl)foc(x) > /2A(0), (6.45)
x—

then the process X' is R-positive. A sufficient condition for (6.45) to hold is for
some b >0

a(00) > ((sup{a(x) : x € [0, b]})2 + (n/b)z)%. (6.46)

In particular, the condition lim,_, o a(x) = oo implies that X is R-positive.
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(i) Assume the following limit exists o(00) := limy_ o @ (x) > 0. If a(00) < a(x)
for all x > 0 then A(0) = a(00)?/2, and the process X' is R-transient. In par-
ticular, this holds whenever o is a nonnegative decreasing function.

Lemma 6.58 Let b > 0 and consider
)A»(b) = sup{k 1Yo, is increasing on [0, b]}.
Then,

1(0) < A(b) < (D*+ (/b)*)/2, where D =sup{a(x):x € [0,b]}. (6.47)

Proof The first inequality in (6.47) follows from Lemma 6.47. For proving the
second inequality, consider the function g(x) = eP¥sin(rx/b). g is positive on
(0, b), it verifies g(0) = g(b) = 0 and the equation g’ — 2Dg’ = —2\g, where
A= (D*+ (n/b)z)/Z. Assume that v = v, is increasing on [0, b]. Using the
Wronskian W = W{v, g], we deduce that W =2DW +2v'g(a — D), and therefore,

b
0<W(b)=—g (b)) = 2e2D”f e 2PMy (x)g(x) (a(x) — D) dx <0,
0

which is a contradiction. Therefore, v ; cannot be increasing on [0, b], proving
that A(b) < (D? + (1/b)*)/2. O

Proof (Corollary 6.57) The proof is based on a comparison with the constant drift
case. To prove (i), we notice that (6.45) implies A(x) > A(0) for any large enough x.
Therefore, « has a gap, which ensures that « is R-positive. The fact that condition
(6.46) is sufficient for (6.45) follows from property (6.47) in Lemma 6.58.

We now prove (ii). For any € > 0, there exists xo large enough and such that
Ax) < ((c0) + €)?/2 for x > xg, proving that A(co) < a(00)?/2. On the other
hand, the condition 0 < a(00) < a(x) for all x > 0 ensures that A(0) > a(c0)?/2,
proving that A(x) = a(00)?/2 for all x > 0. The rest of the prove is based on The-
orem 6.56. Indeed, take 8 to be the constant function «(0c0). Condition (C2) in
Theorem 6.56 is satisfied, and since § is R-transient we get « is also R-transient. []

One is tempted to believe that « is R-positive whenever it is increasing, non-
constant, and eventually positive. This is the case when « is unbounded, but in the
bounded case « is not R-positive, in general. In this direction, the following result

gives a sufficient integral condition in order for the X to be R-transient.

Proposition 6.59 Assume that « is bounded on [0, 00), it satisfies H,H1 and
a(00) =limy_, o0 a(y) > a(x) for all x > 0. Also we assume that a(co) > 0. If

foo(a(oo) —a(x))(a(co)x + 1) dx < i,
0 2e

2
then XT is R-transient, that is, M(0) = A(c0) = @
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Example 6.60 Leta(x)=1—-K/(1+ x)3. From condition (6.46) in Corollary 6.57,
it follows that for large values of K, o is R-positive. In an opposite way, from
Proposition 6.59, we find that for small values of K, « is R-transient.

Proof (Proposition 6.59) Consider the nonnegative function f(x) = «a(c0) — a(x).
Let B be the constant function § = «(c0). Denote by t = A 8 (0) the bottom of its
spectrum, which is t = a(00)?/2. We shall prove A, (0) = 1. Put v = vy 1, and
w = Yo,.;5. We notice that w(x) = xeP* . At this point, we do not know if v is
nonnegative.

From w” — 28w’ = —27w and v — 2(8 — f(x))v' = —2tv, we deduce that the
Wronskian W = W[w, v] is given by

¢ X z
W(x) =2e2P2)0 f(y)dy/ F@w (Ru(z)e 2200 fOdy g7
0

Since w’ and f are nonnegative, if v is positive on some interval (0, xo] then W
is nonnegative in that interval. This implies the inequality v(x) < w(x) for all x €
[0, xo]. Hence, using the explicit form for w, we obtain the following upper bound
for W

W(x) < 267 / F@wW (Qw(z)e P dz =2 / f@z(Bz+1)dz. (6.48)
0 0

On the other hand, for x € (0, xo], we have the equality

W
w(x) = v(x)exp </0 %d}f).

Now, consider the function g(a) = log(a)/(2a), which is nonnegative for a > 1 and
attains its maximum at a = e, with g(e) = 1/(2e). Moreover, g is strictly increasing
on [1,e) and strictly decreasing on (e, co]. From the hypothesis fooo f((Bz +
1)dz < 1/(2e), there exists a unique a € [1, e) such that

/OO F@) Bz 1) dz = 289
0 261

We shall prove that v > w/a. For this purpose, take any a > a, sufficiently close to
a, in order to have g(a) > g(a). Assume that x(a) :=inf{x > 0:v(x) < w(x)/a} is
finite. Notice that x(a) > 0. Since v is positive on (0, x(a)], we have

x(a) w
av(x(a)):w(x(a)) =v(x(a)) exp(/(; ﬁdy).

w(y)v(y)

Therefore, since v(x) > w(x)/a on [0, x(a)], we get from (6.48)



6.6 Domain of Attraction for a QSD 179

x(a) w x(a) w
log(a) =f idy Sd/ W) dy
0 0

w(y)v(y) w?(y)
x(a@) ,2By
<2 S / F@z(Bz + 1 dz
0 )

gm/ T/J@mm+na=m/ F@(Bz+ Ddz.
o Y Jo 0

This implies that

10g(a)

gla) = / f@(Bz+1Ddz=¢g(a),

obtaining a contradiction. Thus, x(a) =
We have proved that
IpO,ot(oo)z/Z;oz >w/a,

implying that ¥ ;(o0)2/2:¢ 18 Nonnegative. Hence, A, (0) > a(c0)?/2. The oppo-
site inequality follows from a comparison with the constant case «(00). Thus,
V= Y000 = W/A.

Finally, since o < a(0c0) we get

Y010y (1) 2620 @O IE < 52y () 7220 — (g /x)?,

and « is R-transient from Theorem 6.41, part (iii). O

6.6 Domain of Attraction for a QSD

In this section, we study the following problem. Given a QSD v, what can we say
about the probability measures ¢ with support on (0, co) that are attracted to v under
the conditional evolution. More precisely, we introduce the following concept.

Definition 6.61 Given a QSD v, we say that the probability measure ¢{ supported
on (0, 0o) is in the domain of attraction of v if

lim E, (f(Xt)|T > t) = f fx)dv(x),
11— 00
for all continuous and bounded functions f : (0, co) — R.

It is a difficult problem to give general conditions under which a probability
measure ¢ is in the domain of attraction of a QSD. We notice that each QSD v is
in its domain of attraction since v is a fixed point for the conditional iteration. The
existence of the Yaglom limit v can be rephrased as: For every x > 0, the Dirac
measure at x is in the domain of attraction of v.
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In this section, we shall assume that X solves the SDE
dX; =dB; —adt, Xo=x0>0, (6.49)

where « > 0 is constant. That is, X is a Brownian motion with negative drift. We
shall present here mainly the results of Martinez et al. (1998).

The relevant quantities are y (x) = 2ax, A(x) = i(ez‘“ — 1) and the speed mea-
sure dju(y) = e 2% dy. The drift satisfies Hypothesis H and A(00) = oo, and it is
straightforward to show that A = «?/2. For every A € (0, &?/2), the right eigenfunc-

tion ;. is given by (recall that we use the normalization 7, (0) =0, v/} (0) = 1)

Yy (x) = e** sinh(x\/ a? — 2)»), x>0,

and for the extremal value A = o?/2 we have
Ya(x) =xe*, x>0.

Thus, for every A € (0, «?/2] there is a QSD vy, which is moreover absolutely
continuous with respect to the Lebesgue measure and its density is proportional
to ) = e~ (y), that is,

Mye~ % sinh(yv/a2 —20)dy, y=>0 ifxe(0,a?/2),

dv,(y) =
Myye=*dy, y=>0 if A =a?/2,
where in each case M, is a normalizing constant. In what follows, we denote by
V=142, the QSD associated to A.
We shall denote by ¢;(x,y) the transition kernel of X with respect to the
Lebesgue measure, which is well known and given by

ot2
Py(X; €dy,t <T)=q,(x,y)dy=¢" 2'e *O ™9 pr(x,y)dy, x>0,y>0,

_ (X—y)2 ()C+y)2

where p; (x, y) = \/% (e~ 2t —e~ 2t ) is the transition kernel of a killed Brow-

1 _ x=y)

nian motion (this corresponds to o = 0). We shall denote by p;(x, y) = e

2wt
the transition density for the standard Brownian motion.

Integrating p- over y € Ry, we obtain one of the main formulas we require in
what follows

Po(r < T) =% / Yo peydy= [ e du. (650)
t<T)y=e""72 e ' pr(x,y y:/ e~ u u. .
' 0 ! t ~2mud

Using the explicit formula of g, we can refine the results obtained in Theo-
rem 6.26.
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Proposition 6.62 The QSD v whose density is proportional to ¢;(y) = ye™* is
the Yaglom limit. On the other hand, we have the limits

o2 2
(6.51)
.3 o 2X  ax
Iim t2¢2'P,(t <T) = .

t—00 o2 /27.[6

Remark 6.63 1t is straightforward to show that the limits in (6.51) are uniform in x
on compact sets of [0, co) and in @ on compact sets of (0, 00).

One important tool for studying the domain of attraction of a QSD is the follow-
ing characterization of a QSD.

Lemma 6.64 Assume that v is a probability measure supported on [0, 00) such
that for all t > 0,P,(t < T) = e~ holds for some finite c. Then c € (0, «?/2] and
v =V, that is, v is a QSD.

Proof Since v is supported on [0, c0), we conclude that P,(r < T) = fIP’x(t <
T)dv(x) < 1, and therefore ¢ > 0. Clearly, v{0} < 1, otherwise ¢ = co. Now,
take any xo > O such that v([xp, 00)) > 0 to conclude that P,(t < T) > P, (¢t <
T)v([xp, 00)). Here we have used the obvious monotonicity of P, (t < T) on the
initial condition x. From the asymptotic given by (6.51), we get ¢ < a?/2.

We have to show that v = v.. For that purpose, we notice that

Pyt <T)=e " =P, (t<T),

which is equivalent to having for all # > 0

o o 1 X2
e ! :/ / me_ﬂxe“x dve(x)du
t 0 Tu

o foo
= ———e mxe* dv(x)du.
/z /0 V2mu3

,(2
In particular, this implies that for all u > 0 the measures e~ 2« xe®* dv.(x) and

x2
e~ 2 xe“* dv(x) are finite (here we have used the monotonicity of both measures
with respect to u). Differentiating with respect to ¢, we obtain for all > 0

2

/ooef% [eithxe‘” (dvc(x) - dv(x))] =0.
0

Integrating by parts, we get for all r > 0

o0 x2
/ G(x)e 4 dx =0,
0
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UZ Xz
with G(x) = x [y e~ 7 ve®” (dv.(v) — dv(v)). Using that (¢~ % :¢ > 0) is a com-
plete family (see Brown 1968, pp. 42—43), we deduce that G = 0, and the result is
shown. U

In the next result, we study the domain of attraction for the QSDs that are not
extremal.

Theorem 6.65 Assume that ¢ is a probability measure with support contained in
(0, 00) and with a density p that satisfies

1
lim ——logp(x) =€ (0, ).
X—>00 X
Then ¢ is in the domain of attraction of vy, where » = A(B) = aff — 8%/2.

Proof We shall prove that the family of probability measures ¢;(e) := P, (X; €
ot < T) for t > 0 is tight in (0, 0o0). Then, we shall prove that any possible weak
limit v satisfies

Pyt <T)=e B,

and the result will follows from the previous lemma.

Tightness. The proof is quite technical and we refer the reader to Martinez et al.
(1998) for details. The first step is to obtain a crude lower estimate of P, (t < T) =
fooo Py (t < T)p(x)dx. For that purpose and for each fixed € > 0 such that € <

€ = min{%, %}, consider BT =B(e) =Bl +¢€) <a.Let AT =A(T) =ap™ —
(B1)?/2, in particular & — ~/a2 — 24+ = B+, Then, the density of v;+ is equivalent
to M, .+ e P for large values of x. Hence, there exists xo = xo(¢) such that for all
X = X0

p(x) = M;+e™*" sinh(xva? — 211) = My+;+ (x).
Thus, we obtain

o]

X0
P (t<T) > f Py(t < T)M)+@y+(x)dx —/ Py (t < T)M)+@y+(x)dx
0

0
+ X0
=e ! —/ P, (t < T)M;+@,+(x)dx
0
>e M (t<T)
= X0 .

Now using the asymptotic behavior of Py, ( < T) given by (6.51), we find a 1) =
to(€) such that for all 1 > #g

1
Pt <T)> Ee—“f. (6.52)
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To prove tightness for the family (¢; : ¢ > 0) as t — o0, it is enough to find 6 > 0
and a constant C such that for all large ¢ we have E, @it <T)< CP.(t<T).
We start by noticing that

o0
]E{(eexf,t < T) = / Ex(eexf,t < T),o(x)dx
0

oo foo o2
= f f PN e (x, y) dyp (x) dx.
0 0

The integral in the x variable is divided into four regions: [0, M], [M, at], [at, bt],
[bt, 00), and we call them successively 1, II, 111, IV. We first choose M = M (¢) such
that K = K (¢) = sup{p(x)e # ¥ : x > M} < 0o, where B~ = B~ (¢) = (1 — €).
In what follows, we also denote by A~ =A(87) =af™ — (ﬂ_)2/2.

Of the four integrals, the simplest to bound is /, and we consider 0 <8 < 0; =
« /2 for which

M
1 :/ ]Ex(eGX’,t < T),o(x)dx EIEM(eQX‘,t < T);
0
here we have used the monotonicity of X on its initial position. This last integral is
o0 az
'= / P MR (M, y) dy
0

o0
:eer(oz6792/2)z/ e(utfﬂ)(Mfy)f(a79)2t/2p[_(M’ y)dy
0

_ e@M—(aG—Gz/Z)t]P;M(t < f)’

where T is the time to hit zero for a Brownian motion with constant drift —(a —0).
The probability Py (r < T) decays like =/ 2p—(@=0)%1/2 (uniformly on 6, see Re-
mark 6.63). Hence, there exists t; = 1;(¢) > tp(€) and A; = Aj(€) < oo such that
for all + > t; we have

o2 -t
I<e™Ae 7! < 2e‘7MA,eT <2e"M AP (t < T).

The last inequality follows from (6.52). Defining C; = C(¢,0) = 2¢/M A}, we ob-
tain the desired bound for 7. We also define €; = €.

Let us now consider /I. We bound in this case p- by p. We assume that 0 < a <
a—B<a—pB" and0<9§911=§ < B~ to get (we also assume that at > M)

at o0 0[2
= / / NI b (x, y) dyp (x) dx
M JO

at o0
= / / P pi(x,y +at)dyp(x)dx
M 0
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_ 00 B at B
=e ’/ e0=p )yf p(x)e? *pi(x,y+ (@ —B7)t)dxdy
0 M

o0 at
< Ke—rz/o e(@—ﬂ‘)y/ pi(x.y+ (¢ —B7)t)dxdy

—00

e 9} — — —_ - 2
< K efr"/ e(eﬂ)y/1<u§at y-_(@-p )t)euz dudy
V21 0 «/7

— S - llz
le_ne_k ’/0 A7)y dy/l(u > (@ — B~ —a)Vit)e 7 du.

=

. oo _i2 00y 12
For z > 0, we use the standard Gaussian bound fz e~ Tdu< fz Lem T du =

[N

b4

%e . Thus we get the upper bound
< K o= O+ a—p"—a)? /21
B~ —0)(@— B~ —a)V2nt
We impose that A~ + (o« — B~ — a)2/2 > AT, which is equivalent to

ap(l—€) — *(1—e)?/2+ (@ — Bl —€) — a)2/2 >af(l+e€)— p2(1+¢€)?/2,

which turns out to be equivalent to

Be+2 /(e —pB)Be <a— B —a.

Hence, we take €;; = max{e : Be +2/(0¢ — B)fe <a — B —a} A ¢ and also con-
sider t = ty(e,a) = 1 v M9 v 15(e) to get forall £ >ty

a
Il < C[]]P’{(l‘ <T),
2K (€)

(B~ —0)a—p~—a)V2r’ .
Let us now bound /1. Once again we replace p- by p and obtain

where Cj; = Cy(€,a,0) =

bt poo
i 5/ / Y pi(x,y +at)dyp(x)dx
at JO
bt o0
=2nt / pi(x, at) f ™ pi(y, 00’/ dyp (x) dx
at 0

bt X o0
§f Ept(x,ozt)/(; 0= gy (x) dx
at

1 bt x
= m/ ?p,(x,ozt),o(x)dx.
at

Obviously, we have imposed that a < b and
b+6<a. (6.53)
We take 607 (b) = 5 (o — b).
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On the other hand, using (6.50), we get

bt t+1

]P’;(t<T)2/ L Pu(x, cu)dup(x)dx.
a T+1J;

The idea is to replace p,(x, ou) in the last integral by p;(x, at). For that purpose,
we study the function g(u) = /up, (x, au) in the region at < x < bt < at < au.
The derivative of this function is

=g ) -
u) =gu)————->——g).
§ § w2 - 28

This inequality implies that

V't / pu(x, (xu)du>f Jupy(x, au)du >

=1 +\/—2/2pt(x,at).

Hence, if we take t;;; = 1, we obtain the lower bound for all ¢ > ;7

t 3/2 1 bty
P:(t<T)> — , ot dx,
c(t < )—(r+1) 1+a2/2/m - pi(x, an)p(x) dx

which implies that
HI < CyP:(t <T),

. 1+a2/2
with Cyir = Cii(e, a, b, 0) = 23/2#149)). We also take €77 = €.

We are left we the term IV, on which we also replace p- by p. We take t;y =
tiv(e, b) > to(€) Vv 1, large enough such that for all ¢ > #;y, x > bt one has p(x) <
e P . Thus, we get

o0 o0 _
IV < / / OVTeC==BTx  (x y +at)dydx
bt

— o0 - o0
— z/o PCE )y/b pt(x,y_f_ (a —ﬁ_)t) dxdy.
!

We also consider 0 < 6 < 6;y = B/3. We split the integral over [0, 00) in two pieces
S1 and S;. Take § > 0 and assume that b > § +« — B, which is compatible with the
restriction given in (6.53) if § < §~ —6. Noticethat B~ —60 > §/2—8/3= /6 > 0.
Hence, if y <t then y + (o« — 7)t < (6 +« — B7)t < bt, and therefore we get

8t 00
S = e_r’/O e(e_ﬁf)y/b pi(x,y+ (x—B7)t)dxdy
!

B 8t B S
<o t/o RCR: )ydy/b pi(x, (8 +a—B7)t)dx
t

—ATt
¢ o~ (b—(G+a—p7)1/2.

~—ON27t(b— (S +a—p7))
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Once again we use that AT — A~ = 2(a — B)Be, so if we assume that b > § + o —

B~ 4+ +/4(a — B)Be, and since t > 1, we get

1 —xtr

S <
'S B —oert—Gra—p)

’

which is dominated by P, (t < T') for large ¢ according to (6.52). Hence we need
to impose 0 < § < B~ — 0 — /4(a — B)PBe. For this restriction to be feasible, we
require that 8~ — 0 — /4(«e¢ — B)Be > 0, which will be satisfied because below we
impose the strongest condition on €.

The final term to study is

o0 o
S, = eirt/a e(efﬁf)y/b pi(x,y+ («—p7)t)dxdy

t !

<o /Oo (OB gy = L G40
8t ﬂ -0

We impose that A~ 4+ (8~ — 6)8 > AT, or equivalently, (8~ — 6)8 > 2(a — B)Be.

Therefore, we need € to verify

%Sﬂ_—e— 4(a_ﬂ)ﬁ€'

A stronger requirement is obtained by imposing that 6 < 6y = /3 and

% < B/6— /4 — B)pe.

So, we take €jy = max{e : 12(o« — B)e + /4(a — B)Be < B/6} and for any 0 < € <
o

€y consider § = §(¢) = %, 0 <6y = B/3. Thus, if r > 11y, we get

IV <CyP,(t <T),

where Crv = Crv(e, b, 8) = 2(ﬂ_179 + (ﬁ__g)m(;_(m_ﬂ_))).

Finally, we decide to take a fixed 0 < € < min{ey, €y, €111, €1v}, a := %(Ol —-B) <
a— BT <b:=68()+a—p7 +/4a—p)Be, 0 <O <min{b;, Oy, 611 (b), Oy}
and C = Cy(¢,0) + Cy(e,a,0) + Cyy(e,a, b,0) + Cry(e, b, 0). Then, for all t >
t = max{t7(€), 11 (€, a), tyy, try (€, b)}, we have

Ec("*1t <T) <C,
and then (¢; (o) =P (X; c ot <T) :1 >1) is tight.

Uniqueness of the limit measure. Let us prove now that for all s > 0 one has

d
lim | —loglP,(t +s <T)+ A(B)|=0.
t—o0| 0§
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Consider £, = [;° 2 p,(x,au)p(x)dx, then Py (t +s < T) = [, €, du. Hence,
the quantity to be studied is

_€l+s

9
2 logP; (1 Ty=— "
gy 8RS <D =500

Using 1’Hopital Rule, to justify the claim it is enough to show that
i)
3 bu

lim
u—>o00

=—1(B).

u

In order to prove this, we split the integral defining £ in two pieces:
M x * x
J=/ —pu(x,au)p(x)dx and £=/ —pu(x, au)p(x)dx.
0o u M U

It is straightforward to prove that £, > Ce™ @ and |%j| < Ce_“z"/z. Also, it is
quite simple to show that 7 /£, converges to 0. Differentiating £, we obtain

ad 3
—L=—-———-2 L+TR.
as < 2u (ﬂ))
It is possible, and tedious, to show that R/¢, converges to O (see Martinez
et al. 1998). Using the Intermediate Value Theorem for a ratio, it follows that
% logP;(t +s < T) is bounded for all large values of ¢, uniformly on compact
sets of s.

Now, we conclude the proof of the theorem. Assume that (P, (X, € o|ty < T):
k > 1) converges weakly to v, which is, of course, a probability measure supported
on [0, 00). For s > 0 fixed, consider the function i(x) =Py (s < T). h is a continu-
ous and bounded function, then

o MBS . Pt +s<T)

= lim —— = lim E;(h(Xy) |tx < T
Pl Pe(x <T) kb e(h(Xy) 11 < T)

= /h(x)dv(x) =P,(s <T).

We conclude that v = v; (). Thus, there is a unique weak limit for P, (X; € o |t < T)
as  tends to infinity, and this limit is the QSD v;,(g), proving the result. g

In the next result, we study the domain of attraction for the extremal QSD v.

Theorem 6.66 Assume that ¢ is a probability measure with support contained in
(0, 00) that satisfies

1
liminf ——log ¢ ([x, 00)) > .
X—>00 X

Then ¢ is in the domain of attraction of v.
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Proof The first part of the proof consists in proving that we can assume that { has a
continuous density that satisfies

]
liminf — °8P)
t—00 X

(6.54)

For that purpose, consider the density 4 (x) given by
o0
h(x)dx =P (X1 €dx|1 <T) = c/o e“(w_y_“Z/z)p*(l, w, y)dZ(w)dx,

where c is a normalizing constant. Replacing p- by p, we obtain the upper bound

_ (u)f)cfo()2

7 di(w)

c o0
h -
(X)Sm/o ¢

= (e(Hza)z +/m§([w,oo))(—(w—x—a))efw dw).
0

NGz

For the last equality, we have used integration by parts. Consider 6 € R for which
there exists wy large enough, such that for all w > wg we have ¢([w, 00)) < v,
Replacing this upper bound, we get for x > wy

C _ (1110—)(—&)2 0 _ (wf)(foc)2
h(x) < (e 2 +/ VN w—x —ale 2 dw
V2r wo

C _ (w()—X—a)z ﬁ o0 _ (11)—x—a—9)2
< <e 2 + ezt 0x lw—x —ale 2 dw

kY, 2 —00
C

V2

We deduce that £ satisfies liminf,_, o —logxﬂ > —0, implying that

_womrma? 62 gy gx
< (e T ez TM(101V2m +2)).

log h I
iminf— 2810 i g 1088000
t—00 x t—o00 x

On the other hand, if 7 is the probability measure whose density is &, we get for all
t>0

Pr (X1 €0t +1<T)=P, (X, ot <T),

showing we can assume that ¢ has a continuous density p verifying (6.54).

The case where liminf,_, —logxﬂ > o is straightforward to study due to the

inequality ]]IPJ;T gz;; < Cxe** (see Martinez and San Martin 1994) and the fact that

p(x) < e~ @)X for some ag > 0 and large x. Indeed, from the Dominated Con-
vergence Theorem and (6.51), we get

Pt <T)

'S}
— ot(x—l)d
tim P = [Tt D e,
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and again from (6.51)

az
tlim PPeTP(t <T) = xe®* de(x).
—00

2 (0.¢]
a2 ./0
Let us denote by p; the density at time ¢ of the conditional evolution

2

e

“Tt 00
o () dy =P (X, edylt <T) = ERTe /0 O p(x, y) di (3).

For afixed y, we have p;(x, y) < Ce"” /t and the integrand is dominated by e(@tao)x
for large x and ¢ > y/ag. Again the Dominated Convergence Theorem yields

) 32 o0 wCimy) _ 2y —ay o0 o
t ) — .
tl_lggot e pr(x, y)dg(x) N xe* dg(x)
0 v/ 0

Hence, we get the limit

—ay

. ye
Jim 132, (y) = = Pe(),

which is a density in (0, co). Scheffe’s Lemma allows us to show that p; converges
to Poo IN L' (dx) and a fortiori the measures P, (X; € o|t < T) converge weakly to
v, showing the result in this case.

For the rest of the proof, we assume that p is the density of { which is a continu-
ous function and there exist xop > 0 and a continuous positive and strictly decreasing
function € : [xg, 00) — R such that lim,_, o €(x) =0 and

,O()C) < efax+e(x)x’
for all x > xq.

For large 7, we define ¥ (1) = sup{s : £ =4e(s)} and ¥ (1) = ¥ (1) v 17, with
y € (1/2, 1) being a fixed number. This function satisfies the following properties:

4 v (t
lim ¥ (u) =00, lim Q) =0, and for large ¢, L > 4e(t).
u— 00 u— 00 u t

We define i (x) = p(x)e** and consider the following quantities

2

x24y2

v v xy
K(,y) = / h(x)e” "2 sinh " dx,
0

o0 x2+y2 Xy
L(t,y)= / h(x)e” "2 sinh —dx,
w(r) t

() 2
M) = / h(x)e=% sinh ? dx.
0
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With these definitions, we get

K@, y)+L(t,y)
e ®(K(t,z) + L(t,2))dz

oY) = =
’ Jo

The result will be proved as soon as we show the following relations:

K(t,y)
im =y,
t—oo M(t)
(6.55)
L(t,y)
im =0,
t—00 M([)
%) K(t,z %)
lim e"“gdz=/ ze~ % dz,
=00 Jo M(t) 0
- (6.56)
t
lim e % @,2) dz=0.
1=00 Jo M)

Using that z < sinh z < ze®, we obtain

T Mt < K(t.2) <e M),

and then (6.55) and (6.56) follow. For the other two relations, we shall study L(¢, y)
more closely. Consider a large ¢ such that ¥ (t) > x¢. In what follows, we denote by
€ =€(¥ (1)), then

o0 2 o0 2

=y 2 ! G—y—e1)

L(t,y) S/ le T dx = € l/2+€‘y'/ e~ T dy.
() w(r)

If 7 is large enough such that ¥ (¢)/fr < «/2 and ¢, < «/2, we obtain that for some
constant A (see details in Martinez et al. 1998)

o0 v ()2 mp(r)
e %L1, z)dz<A< a4 Wre” )
/o l1/()

If we use that ¥ (¢) > ¢V, we get the upper bound

o
/ e *L(t,z)dz < A(tl_”e_lzy_1 + \/;e_v).
0

_K?
Finally, for every K and every large 7, we have M(t) > % fOK h(x)xdx. If we

take K such that fOK h(x)xdx > 0, we obtain the desired two relations, and the
proof is concluded. g

We finish this section with two examples that show how difficult it is to character-
ize the domain of attraction of each QSD. The first example considers as the initial
measure the mixture ¢ = €v + (1 — €)v;, where 0 < A < A. For every 0 <€ < 1,



6.7 Examples 191

the probability measure ¢, is in the domain of attraction of v; nevertheless, ¢ can
be arbitrarily close to v, in bounded variation, by taking small €.

The other example is more sophisticated and the details can be found in Martinez
et al. (1998). It is possible to construct a probability measure ¢ and a sequence of
times (f, : n € N) converging to infinity, with the following properties

1 , 1 )
0<pr =liminf— 22500 g i qup 8L 0D
e X X—>00 X

nll)n;(}]P; (X1, € olton <T) =vy(p))(e),

lim P{ (thnJrl € .|l‘2n+1 <T)= Vi(Bo) (o).

n—o00

We refer to reader to the article Lladser and San Martin (2000) where the authors
study the domain of attraction of a QSD in the context of an Ornstein—Uhlenbeck
process.

6.7 Examples

In this section, we examine some interesting special cases.

6.7.1 Drift Eventually Constant

We now study the case when the drift is eventually constant, where further explicit
computations can be made. The setting is a(x) = 6 for all x > ¢, for some ¢ > 0.
When 6 > 0, conditions H, H1 and £ (R4) < oo hold.

Proposition 6.67 Assume o is eventually constant with 0 > 0. Then, there exists
6 =0(£) such that X7 is R-positive if and only if 6 > 0, XT is R-null if and only if
0=280,and XT is R-transient if and only if 0 < 6. The value 0 is the unique solution
of
/
%,Qz /2(5)
WQ,QZ /2 )

The condition 0 > 0 is equivalent to A(0) < 6% /2. Moreover, A(0) admits the follow-
ing representation

A N0
A(0) = sup{k < min(%.(6),6%/2) : % +v62 - 20> 9},
0,A

where i(@) = sup{A : Yo, is increasing on [0, £]}.



192 6 Regular Diffusions on [0, co)

In the special case a(x) = 0yl {x<g) + 01(x>¢) With 0 > 0y, the critical value 0 is
given by the implicit formula 6 = 6y + x cot(x£), where x is uniquely determined
by 6y = —x cot(2x¥) and x € [r /4L, w/2¢L).

In the latter special case, the dependence of 6 on £, 6 verifies the homogeneity
condition

(1, £o)
T

It can be proved easily that 6 is increasing in 6y and decreasing in £, with asymptotic
values

0(L, 60) =

lim 6 (¢, 6p) = oo, lim (¢, 6y) = 6o,
£—0 {— 00

lim 6(¢, 6p) = /4¢, lim (¢, 6p) =
0o—0 6p— 00

Moreover, using the inequality = < 4xcot(x)(l — 2xcot(2x)) < 72 for x €
[7/4, /2), we obtain

2

T T
LS I R A—
0t a2 ST e+ 2e00)

If £ =0, that is, the drift is constant on [0, 00), the process X T is R-transient. We
observe that the above criterion gives 6 = co

Proof Since for a constant drift —@ the bottom of the spectrum is 6%/2, we get
A(€) = 62/2, and a simple computation yields Ve (x) = (x — 0)e?*=9 In par-
ticular, Ml_,i(/é) (x)eze(x—e) =(x— K)’z, which is integrable near co. Therefore, a®
is R-transient, and the result follows when ¢ = 0. In the sequel, we shall assume that
£ > 0. We observe that A(0) < 6%/2.

We denote by A= )A\(K) = sup{A : Vo, is increasing on [0, £]}. From Lem-
ma 6.58, we have

1(0) <X < (D*+ (/©)*)/2, where D = sup{a(x) : x € [0, £]}.

We notice that w(’) X(Z) = 0, otherwise for some A > A we would have that Yo, 1S
increasing on [0, £], contradicting the maximality of A
The mapping w(/) tz/z(é)/l//o’rzﬂ(é) — 7, as a function of , is continuous and

strictly decreasing on [0, V 24, positive at 0 and negative at v 2). Therefore, there

exists a unique root of this function in (0, v 25») which we denote by 8. This root
verifies

Vg g2, )
MU TN =6 and [9§9©<¢092/2 0and9<r)]
Vo,02/2(0) Vo,022(8) —
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Let us take

V5.0
Vo,1.(0)

= sup{k <min(%,6%/2): +02 -2\ > 9}. (6.57)

As before, one can easily prove that 1* satisfies 0 < A* < A
The equivalence > 6 < A* < 02 /2 plays an important role in the sequel, and it
follows from

£)
V=022 o (1//092/2 >0 and 6 < V25, ) & 0<6.
Vo.62/2(6)

We shall now prove that A* = A(0). Take any A < min():, 92 /2). The function
Yo,» is increasing on [0, £]. The question is to determine the values of A for which
Yo, 18 increasing in (£, 0o). For this purpose, consider the solution of

1
Ef”(X) —0f'(x) ==1f(x), x€lt 00),
with boundary conditions f(£) = v, (£), f'(€) = 1#(’)’ , (£). Obviously, f = v,
on [£, 00). For the analysis of this solution, we consider two possible cases. When
0 =+/62 — 2\ > 0, the solution is given by
f(x) =" "9 (Asinh(p(x — £)) + Bcosh(p(x — 0))).

The condition for having an increasing (nonnegative solution) is equivalent to A >
— B. From the boundary conditions, we obtain

0< f(&)=1v0,.(0) =B, /@) =v5,() =0B + pA.

Weneed A > — B, which is equivalent to x[f(’u(ﬂ) > (0 — V6% —21) Y5 (£). In other
words,

()
: Vo2 =21 >0.
Yor®) =

On the other hand, in the case A = 62/2 (then necessarily 62/2 < 1), the solution is
f)=(Cx —0)+ B)e! "0,

where B = v/ 2/5(f) > 0 and C = w(/) 92/2(5) — 0Y1,62/>(£). The condition for
having a nonnegative solution is C > 0, which is equivalent to

¢6’02/2 (g)

—Z

1ﬂo,eZ /2(5)

In summary, we have shown that f is positive if and only if A < A*. In particular,
Yo,+ is positive on [0, 00), proving that A* < A(0). On the other hand, since ¥ 3 (0)
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is positive and A (0) < min(4, 62 /2), the argument given above allows us to conclude
the equality A* = 1(0).
Thus, in the case A(0) < 6% /2, from (6.57) one gets

V0.0 0
—_— ,/92 —2)(0) =90,
Yo,20) (£) * 2(0)

which in the previous notation amounts to A = —B. Therefore, the solution ¥ ;o)
is, for x > £,

Y0.10)(*) = Yo, 5.0) (e 02-20O0NG=0),

In particular, w(%k(O) (x)e” "™ = ng(O) (De VD e=2v 2-200=0 for x > L,
which is integrable, and therefore X7 is R-positive.

On the other hand, if A(0) = 62/2, one has ¥ ;) = ’*~9(C(x — £) + B) for
x > £, with B > 0 and C > 0. Then, the function

V3 a0y @7 = (Clx — 0) + B) e 7O,

is not integrable near co.

In summary, X is R-positive if and only if A(0) < #2/2, which we have proved
to be equivalent to 6 > 6.

Now, we prove that o is R-transient if and only if 8 < 8. Remark that A(0) =
62/2 holds under both conditions of the claimed equivalence. Since Vo,02/2(x) =
?C=0(C(x — £) + B) for x > £, we get that « is R-transient if and only if C > 0,
or equivalently,

91#0,92/2(6) < 1%,92/2(@,

which holds if and only if 6 < 6.
Finally, we give an explicit formula for § when a(x) = 6p1{x<¢) + 01{x>¢) and
6 > 6. In this case, the solution g ; for A > 93 /2, 1s

Oox

sin(xx),

e
Yo (x) =
where y =,/2A — 03, and therefore § = +/2A is the unique solution of

0,0 R

We obtain the relation 6y = —y cot(2x£), from which we get the desired value
of 6. O
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6.7.2 x Can Be R-Positive

In the ultimately constant case, if x > 0, a@® s always R-null (Proposition 6.67),
then the transition from R-positive to R-transient occurs through an R-null point.
We show that this is not always the case, that is, we exhibit an example were 0 <
¥ < 0o and @) is R-positive. Let us construct it. Take a function g verifying the
following conditions:

(i) g >0on (0,0), g(0) =0 and g’(0) = 1;
(i) [y~ g*(x)dx < oo;
(iii) g+ g’ is positive, limy_ o0 g7 (x)/(g(x) + g’ (x)) = 0 and the integrability con-
dition [;° 1" (x)/(g(x) + &' (x))|dx < 0.

For instance, g(x) = x /(1 4+ x)? does the job.

Fix some a > 0. Let « be such that a(x) =1+ g"(x —a)/2(g(x —a) + g’ x
(x — a))) for x > a. Obviously, we have A(co) = a(oo)2/2 = 1/2. Since the func-
tion v(x) = g(x — a)e®~@ solves the problem v”/ — 2av’ = —v on (a, o0) with
the boundary conditions v'(a) = 1, v(a) = 0 and it is positive on (a, 00), we get
A(a) = A(c0) = 1/2. On the other hand, from (ii) and (iii), it can be checked that
a@ is R-positive. From Theorem 6.45, part (ii), we conclude X = a.

6.7.3 x = oo for Some Bounded Drifts

Let us now show that for some bounded drifts we can have x = oco. Take a se-
quence 0 < b, < 1 converging towards 1. Consider xo = 0, x,,+1 = x, +7//1 — b}
and define a(x) = b, for x € [x,, x,41). We have A(co) = 1/2. Let us prove that
A(xy) < 1/2. The solution of v/ — 2av’ = —v with v(x,) =0, v'(x,) =1 is given
by

e(x —Xn)

N

Since v(x,+1) = 0, we obtain that A(x,) < 1/2, and therefore x = co.

v(x) = sin((x — x4/ 1 — b%) for x € [xp, Xp+1).



Chapter 7
Infinity as Entrance Boundary

7.1 Introduction

In this chapter,! we study QSDs for one dimensional diffusions where we allow the
drift to have a singularity at the origin and an entrance boundary at 4+o00. The main
motivation for studying this situation comes from models in ecology and economics
(see Examples 7.8.1 and 7.8.2 at the end of this chapter).

Consider X to be a drifted Brownian motion

dX,=dB; —a(X;)dt. (7.1)
Of particular interest is the case

1 rx  cox?
ao(x)=— — —+

2x 2 8

obtained after a suitable change of variables in the so-called logistic case (see Ex-
ample 7.8.1).

It is also worth noticing that the behavior of « at infinity may violate MandI’s
conditions. For example, in the logistic case

o Z
/ eﬂ/(z)/ e’ dydz < 0o,
1 1

where y (y) :=2 [} a(x)dx.

This unusual situation prevents us from using the results of the previous chapter.
A main tool for studying these type of diffusions is the spectral theory of its semi-
group, which we discuss in Sect. 7.3, specifically in Theorem 7.3. In Sect. 7.5, we
study the Yaglom limit; see Theorem 7.13. Later, in Theorem 7.24 of Sect. 7.7, we

I'This chapter is based on the work done by us in collaboration with Patrick Cattiaux, Amaury
Lambert and Sylvie Méléard in the article Quasi-stationary distributions and diffusions models in
population dynamics. Annals of Probability 37, 1926-1969 (2009).

P. Collet et al., Quasi-Stationary Distributions, Probability and Its Applications, 197
DOI 10.1007/978-3-642-33131-2_7, © Springer-Verlag Berlin Heidelberg 2013
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prove that this limit is the unique QSD when the process comes down from infinity
(see Definition 7.22).

An important role will be played by the measure © which is proportional to the
speed measure of X and was defined as

di(y):=e 7O dy.

We shall obtain L? (du) estimates for the heat kernel, and the main point is that
starting from any x > 0, the law of the process at time ¢ is absolutely continuous
with respect to u with a density belonging to L2 (d ).

We end the chapter with applications to some biological models and a study of
Shiryaev’s martingale.

7.2 Basic Properties of X

Since the drift maybe singular at 0, we consider
X
Alx) = / e’ dy,
1

where y (y) = fly 2a(u) du. Also we need to consider

x y
K (x) =/ e’ (f e 7@ dz) dy.
1 1

For most of the results in this chapter, we shall assume sure absorption at zero,
that is, for all x > 0

Hl: Po(t=T<Tx)=1.

It is well known (see, e.g., Ikeda and Watanabe 1988, Chap. VI, Theorem 3.2) that
H1 holds if and only if

A(c0) =00 and «(0") < oo.

We notice that H1 can be written as P, (lim;_, o0 X;rr =0) = 1.

We shall now discuss some properties of the law of X up to 7. Using Girsanov’s
Theorem (see Cattiaux et al. 2009, Proposition 2.2 for details), we obtain that for
any bounded Borel function F : C([0, t]) — R, the expectation E,[F(X)1,.7] is
given by

1 1 1 !
EW- [F(w)ntmw) exp(iyoc) —5v(@) =3 / (e — a’)(ws)ds)}
0

where EW~ denotes the expectation with respect to the Wiener measure starting
from x, and E, denotes the expectation with respect to the law of X starting also
from x. From this representation, we obtain some properties about the density (or
kernel) of X at time 7 > 0.
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Theorem 7.1 Assume H1. For all x > 0 and all t > 0, there exists some density
r(t, x, -) that verifies

Ey[f(X)Lror] = fo FOIFx. y)du(y)

for all bounded Borel functions f.
Moreover, if there exists some C > 0 such that o*>(y) —a'(y) = —C forall y > 0,
then for all t > 0 and all x > 0,

o
1
/ rz(t,x, )’)dﬂ()’) S —eCtey(X)~
0 2t
Proof Consider the density given by the Girsanov’s Theorem
1 1 L[, ,
G (@) =11 <1 (w) EXP E)/(CUO) - Ey(a)z) ) (Of —a )(a)s)ds .
0

Then we get

E [ f(X)Li<r] = EWY*[ f(@)E"* [Glwy]]

/ FOE™G] LR
= x wr = e
Y "= o Y
/ OOf( YEV+[G| — 50 g )
= ~* wr = e t s
o Y Y= HLY

because EWx [Glw; = y] =0 if y < 0. Hence, the law of X; restricted to non-
extinction has a density with respect to @ given by
_a=p?

rt,x,y) = EV*[Glo, = y] e EFE ),

1
V2t

In particular, we obtain

> 2 [ =L W 2 )
f P2t x, y)du(y) = f e 1 TOEYGlo, = y]) e 7Y dy
0 0 2t

< /‘00 Le—u;yﬂ +V()')wa [Gzlw, — y] dy,
—Jo 2wt

from where the result follows. O

Notice that the measure p is a natural one since the kernel of the killed pro-
cess is symmetric in L2 (d ). This property allows us to use the spectral theory for
symmetric operators, which is the main objective of the next section.
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7.3 Spectral Theory

As usual, C3°((0, 00)) denotes the space of infinitely differentiable functions on
(0, 0o) with compact support. We introduce the inner product

(f. 8= /0 J)g)dp(u),
and consider the symmetric form
Efo=(r.¢),

with domain D(E) = C;°((0, 00)). We shall use the theory of Dirichlet forms, for
which we recommend Fukushima (1980) or Fukushima et al. (1994), and for details
in our particular case Cattiaux et al. (2009). The basic fact is the existence of a
nonpositive self adjoint operator £ on L? (du) with domain D(L) D C5°((0, 00))
such that for all f and g in D() it holds £(f, g) = —2 fooo fw)Lguw)du(u) =
—2(f, Lg). For g € C3°((0, 00)), we have

1 1 /
Lg=7g —ag.
L is the generator of a strongly continuous symmetric semigroup of contractions on
L? (dw) which we denote by (P; : t > 0). Under H1, this semigroup coincides with
the semigroup of X killed at 0, that is, P; f(x) =E[ f(X})1;<7].

Let (E; : A > 0) be the family of spectral projections associated to —L. Since
—L is nonnegative, this family is concentrated on R . In particular, we have the
representation [ P; fgdi = [;° e d(E, f, ), forallt >0, f,g € L? (dut). One
important fact is the pointwise limit, for any f € L? (du),

Jlim / (P, f)*du=0 forany f e L?(duw). (7.2)

For that purpose, consider a compact set K C (0, co) and split the integral in two
terms as

f (P dp = / (P(f1k + f1ge) du
< 2/(P,(f]lK))2du + 2/(P,(f111<c))2du

< Zf(Pt(fﬂk))2dM+2f(fﬂkf)2dﬂ-

For every fixed ¢ > 0, we may choose K large enough such that the second term, in
the latter sum, is bounded by . On the other hand, we approximate 1 in L (du)
by f 1k for some continuous and bounded function f , up to &. Now, thanks to
H1, we know that P,(f1g)(x) goes to 0 as ¢ goes to infinity for any x. Since
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f(Pt(f]lK))2 du = fK ng,(f]lK) du, we prove the claim using the Dominated
Convergence Theorem.
Now we shall introduce the main assumption on « for the spectral study of (P;):

H2: C=- inf &*(y)—&'(y) <oo and lim o>(y) —d'(y) =
y€e(0,00) y—>0o0

Remark 7.2 Hypothesis H2 implies that « is unbounded near oo (actually, |o(x)|
tends to infinity as x — 0o0) and &~ (x) or ¥ (x) tend to 0 as x | O (see Cattiaux
et al. 2009). If, in addition, H1 holds then a(x) — 00, as x — o0.

We may now state the main result from the spectral point of view.

Theorem 7.3 If H2 is satisfied, —L has a purely discrete spectrum 0 < | < Ay <
--. Furthermore, each A; (i € N) is associated to a unique (up to a multiplicative
constant) eigenfunction y; of class C*((0, 00)) which satisfies the ODE

1
5‘//[” —ay] = —Aii. (7.3)

The sequence (Vi :i > 1) is an orthonormal basis of L% W), Y1 can be chosen to
be strictly positive on (0, 00).
For g € L*(dp),

Pig=y e M (Y, )i (7.4)

ieN

holds in the L* (d ) sense, and then for f, g € L* (d ),

lim ™ (g, Py =1, lu(¥r, gu.

—>00

If, in addition, H1 holds, then A1 > 0.
Proof For f € L? (dx), consider the auxiliary semigroup
~ _r b2
Pi(f)=e"TP(fe?), (7.5)

which is well defined in L? (dx) since fe el? dw). (P, t > 0) is then a strongly
contmuous semigroup in L2 (dx), whose generator L coincides on C°°((O 00))

with 1 EW - —(0[ — o) since Cg(O, o0) C D(L), and e’ e C2(0, 00). The spec-
tral theory of such a Schrodinger operator on the line (or the half-line) is well
known. We shall use the results in Chap. 2 of Berezin and Shubin (1991) with the
appropriate modifications. In our case, there is a small difficulty because the po-
tential v = («® — ’)/2 does not necessarily belong to Ly, near 0. Nevertheless,

since we have assumed that v is bounded from below by —C /2, we may consider
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H=L— (C/2 4 1). This means that we replace v by w =v + C/2+ 1 > 1, which
only produces a translation of the spectrum. For f € C;°(0, 00), we have

—(Hf, f)=— /0 Hf (u) f(u)du = fo (IF @[ 12+ waw) £2w)) du

> / ” Pwdu, (7.6)
0

and H has a bounded inverse operator. The spectrum of H (hence of L) will be
discrete if, for example, H ™! is a compact operator. For that it is enough to show
that M ={f € D(H); —(Hf, f) < 1} is relatively compact. This is proved in The-
orem 3.1 of Berezin and Shubin (1991) when w is locally bounded and it has the
appropriate asymptotic behavior. In our situation, w may explode to infinity near 0,
but this is not a problem because the set M is included into the corresponding one
when we truncate w near the origin. Then the spectrum of L is discrete.

On the other hand, all the eigenvalues of L are simple (Proposition 3.3 in Berezin
and Shubin 1991), and, of course, the corresponding set of normalized eigenfunc-
tions (1x : k > 1) is an orthonormal basis of L2 (dx). Hence (e%nk) is an or-
thonormal basis of L% (dyu) and each v = e’ Nk is an eigenfunction of £. We can
choose them to be Cz((O, 00)) and they satisfy (7.3). For every ¢ > 0, and for every

g f€L?(dw), wehave Y 22, e ™ (Y, &) (Wi, ) = (8. Prf)u-
In addition, if g and f are nonnegative, we get

0.< Tim eM'(g, P f)u= (U1, Hlulvr. &)

because A; < Ap < --- and the sum Z,fil [(Vk, &)k, [l is finite. It follows
that (1, f), and (Y1, g), have the same sign. Changing v into — if necessary,
we may assume that (Y, ), = O for any nonnegative f, hence | > 0. Since
Piyi(x) = e_’\"wl (x) and ; is continuous and not trivial, we deduce that {1 (x) >
0 for all x > 0. Using (7.2), we get for g € L? (dw)

0= lim (P g, Pig), = lim e™ " (g, Y1),
11— 00 11— 00
showing that A1 > 0. g

Remark 7.4 Note that A1 corresponds to the bottom of the spectrum of —L (in
L?(dw)) and this value of the spectrum was denoted as A in the previous chapters.

The following result, similar to Lemma 6.9 in the previous chapter, gives some
extra information about the kernel r.

Proposition 7.5 Under H1 and H2, we have the following expansion

Pt x,y) =y e Y)Y (y), (7.7)

k=1
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uniformly on compact sets of (0, 00) x (0, 00) x (0, 00).
Therefore, on compact sets of (0, c0) x (0, 00) we get

MUt x, y) = Y1 ()Y (). (7.8)

lim e
11—

Proof Using Theorems 7.1 and 7.3, for every smooth function g compactly sup-
ported on (0, co), we have

o0

Ze M, g < e (Y, 8),

k=1
://3()5)8()’)7(1,)6,y)efy(x)f”(y) dxdy.

Letting g(y) dy tend to the Dirac measure at x and using the regularity of ¥ and r,
we deduce that

Zeikkttpk(x)z <r(t,x,x).

k=1

The series Y - | e My (x)? converges pointwise, which by the Cauchy—Schwarz
Inequality implies the pointwise absolute convergence of

(%, y) =Yy e Y () Yr(y)
k=1

and the bound for all n

D e Y| < Ve x 0Vr(E y. ).

k=1

Using Harnack’s Inequality (see, for example, Krylov and Safonov 1981), we get

Vrt,x, x)y/r(t,y,y) < Cgr(t,x,y)

for any x and y in the compact subset K of (0, c0). Using the Dominated Conver-
gence Theorem, we obtain that for all Borel functions g, f with compact support in
(0, 00)

//g(x)f(y)C(t,x, Y)e YOO gy dy

=//g(X)f(y)r(t,x,y)e_y(")"”(” dxdy.

Therefore, ¢ (¢, x, y) =r(t, x, y) dx dy-a.s., which proves the almost sure version of
7.7).
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Since Y are smooth eigenfunctions, we get the pointwise equality

R () — // r(t)3, %, )r(t/3, x, 2)e Py (W) (2)e Y D7D gy dz
=B (1/3,x, 0, wk)u<r(t/3, x, ), 1/fk>u

which, together with the fact r(¢/3, x, o) € L% ) and Theorem 7.1, allows us to
deduce that ) o e My (x)? is given by

/ / r(t/3,x,0)r(t/3,%,2) ) e Py (Yr)e VOV dydz
k=1

= /fr(t/&x, Wr(t/3,x,2r(t/3,y,2)e VO dydz = r(t, x, x).

Dini’s Theorem then proves the uniform convergence in compacts of (0, co) for the
series

X:e_“'twk()c)2 =r(t, x,x).

k=1
By the Cauchy—Schwarz Inequality, we have for any n

o0 172 /oo 12
s(Ze‘“fka) (ZE‘“’wk(yﬁ) :

k=n k=n

e e]

D ey ()Y ()

k=n

This, together with the Dominated Convergence Theorem, yields (7.8). O

7.4 Sufficient Conditions for Integrability of ¥

In this section, we study some properties of the eigenfunctions v;, including their
integrability with respect to w. In particular, we are interested in the integrability of
Y1 because this function will generate a QSD. First, we relate the integrability of

this function with the flux of particles at 0.

Proposition 7.6 Assume that H1 and H2 are satisfied. Then
o
/ Yrie V dx < oo,
1

F(x)= wi(x)e_y(") is a nonnegative decreasing function and the following limits
exist

F(0%) :Ei%w{(x)e_y(") € (0, 0], F(oo):xli)ngolﬂi(x)e_y(x) € [0, 00).
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The function | is increasing and floo e "W dy < co. Moreover, fooo Y (x) x

e VW dx = —F(0+%;1F(OO_) . In particular,
Y € L' (dw) if and only if F(O+) < 00.

Remark 7.7 Note that g = Yr1e™ 7 satisfies the adjoint equation % g+ (ag) =
—A1g, and then F(x) = g’(x) + 2a(x)g(x) represents the flux at x. Then ¥ €
L' (dp), or equivalently, g € L' (dx) if and only if the flux at 0 s finite.

Proof Since vy satisfies y{'(x) — 2| (x) = —2A1¥1(x), we obtain for xo and x
in (0, 00)

X
Y (0)e 7 =y (xp)e V0 — 22 / Y1 (e 7 dy, (7.9)
X0

and F = y{e”" is decreasing. Integrating further gives

X

() = Y (o) + /

X0

4
(w{ (x0)e ™7 — 23, / Yi(e 7Y dy)em dz.
X0

If for some zo > x it holds that /] (xg)e ™7 0 — 21, S Y1(y)e ¥ dy <0, then
this inequality holds for all z > zg since the quantity

Z
W (x)e V0 — 23, / Vi(e " dy
X0

is decreasing in z. This implies that for large x the function v is negative.
Indeed, consider z; > zo such that for all z > z; we have w{(xo)e’y(x()) —
20 fxzo Y1(y)e VY dy < —a, for some a > 0. Then, we get the following inequal-
ity for all x > z;

Y1) < ¥i(z1) —a(A®) = Azn)).

Since A(o00) = oo, we deduce that v is eventually negative. This is a contradiction,
and we deduce that for all x > 0

o0
2 f Vi) dy < (x)e D,
X

Hence, v is increasing and, being nonnegative, it is bounded near 0. In particular,
Y1 (0T) exists. Also we deduce that F > 0 and that floo e "W dy < 0o. We can take
the limit as x — oo in (7.9) to get

F(oo) = lim ¢ (x)e”?™ €0, 00),
X—>00

and ¥| (xp)e 70 = F(00) + 24, fxzo V1 (y)e ") dy. From this equality the result
follows. O
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In the next results, we give a couple of sufficient conditions for the integrability
of the eigenfunctions. The first one is

1

1

H3: / e "W dy < oo,
0 @*(y) =o' (»)+C+2

where as before C = — infy-o(e2(x) — &/ (x)).

Proposition 7.8 Assume that H1, H2 and H3 are satisfied. Then {; belongs to
L! (dw) foralli.

Proof Recall that n; = eI Y; is an eigenfunction of the Schrédinger operator H
introduced in the proof of Theorem 7.3. Replacing f by n; in (7.6) thus yields

(C/24+1421) /0 ni(y)dy = /0 (In/ 12 /2 +w)ni)) dy.

Since the left-hand side is finite, the right-hand side is finite; in particular,

fo WV dp(y) = fo w2 () dy < oo,

As a consequence, using the Cauchy—Schwarz Inequality, we get, on the one hand,

1 1 i (I 1
f |wi(y>|du<y>s< / w(yw,?(y)du(y))z(f —du(y)>2<oo,
0 0 o w(y)

thanks to H3. On the other hand,

TR 1
/1 II/fi(y)Idu(y)S(/] Iﬂiz(y)du(y))2</l du(y))2<oo,

according to Proposition 7.6. We have thus proved that ; € L' (d ). 0

We now obtain sharper estimates using properties of the Dirichlet heat kernel.
For this reason, we introduce the hypothesis

o 1 rv(x)
H4: / e V¥ dx <00 and / xe I dx < oo.
1 0

Proposition 7.9 Assume H2 and H4 hold. Then all the eigenfunctions i belong
to L' (d), and there is a constant K1 > 0 such that for any x € (0, 00) and any k

[k ()] < KieMe'.

Moreover, Yy is strictly positive on R™, and there is a constant K, > 0 such that for
any x € (0, 1] and any k

r(x)
|1/fk (x)| < KyxePhe 1|
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Recall the semigroup P, defined in (7.5) is given for f € L2(RT, dx) by
- L[,
P[f(.x)zEWx |:f(a)(l))1,<rexp<—§/0 (Ol —a/)(a)s)ds>i|,

where EWx denotes the expectation w.r.t. the Wiener measure starting from x. The
proof of Proposition 7.9 needs some basic estimate on the kernel p;(x, y), which
we summarize in the following lemma (see Cattiaux et al. 2009, Lemma 4.5).

Lemma 7.10 Assume condition H2 holds. There exists a constant K3 > 0 and a
continuous increasing function B defined on [0, 00) satisfying lim;_, o B(z) =
and such that for any x > 0, y > 0 we have

G—p?
0<pi(x,y) < min{e’ 7 e~ Bmax{x.yh) K3pf)(x, y)}.

Here I’z is the Dirichlet heat kernel in R given for x,y € RT by p! Dx,y) =

*(x \)2 _ (V+v)2
—e 2t

(e

Proof (Proposition 7.9) As a consequence of the previous lemma, the kernel
p1(x, y) defines a bounded operator P; from L2(R*, dx) to L®°(R*,dx). As a
byproduct, we get that all the eigenfunctions n; of Py are bounded, and more pre-
cisely, |nx| < Kje*

One deduces also from the previous lemma that the kernel defined for M > 0 by
ﬁ{”(x, ) =1,emly<mpi1(x,y) is a Hilbert-Schmidt operator in LZ(R“L, dx), in
particular, it is a compact operator (see, for example, Conway 1990, pp. 177, 267).
Consider also IslM , the operator with kernel 15{” . From Lemma 7.10, we obtain the
following estimate, in the norm of operators acting on L2(R+, dx),

” 2R dx) = Cle” P

| P — Py

where C’ is a positive constant independent of M. Since limys_, oo B(M) = 00, the

operator Pj is a limit in norm of compact operators in L2(R*, dx) and hence com-

pact. Since pi(x, y) > 0, the operator Py is positivity improving (if f >0 and f is
not the zero function then P; f > 0), implying that the eigenvector 7, is positive.

We now claim that |5 (x)| < K2 xe2* for 0 < x < 1. We have from Lemma 7.10
and the explicit expression for plD (x, ) the existence of a constant K3 such that

le Mne(x)| < Ka/O pP G ) )| dy

< K3||77k||00\/7 / _VT sinh(xy) dy.
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We now estimate the integral in the right-hand side. Using the convexity of sinh, we
get sinh(xy) < xsinh(y) < %ey, for x € [0, 1], y > 0 which yields

2

00 2 x [ \
/ e~ 7 sinh(xy)dy < —f e”Teldy,
0 2 Jo

proving the claim. Together with hypothesis H4, this estimate implies that v be-
longs to L1((0, 1), du).

r(x)

Since Y (x) = ni(x)e 2

o0 % s \V2/ 1/2
/ Wildpn < (f |7k (x) | dx) (/ e 7w dx) < 00,
1 1 1

which implies ¥ € L'((1, 00), d ). This finishes the proof of the proposition. []

, we have

Remark 7.11 If & and o extend continuously up to 0, Hypotheses H2, H3 and H4
reduce to their counterparts at infinity.

7.5 QSD and Yaglom Limit

In this section, we study the existence of a QSD. One of the main technical prob-
lems here is that the drift may explode at 0. This could cause that 1, a possible
candidate to induce a QSD, is not integrable. For this reason, we shall work under
the following assumption.

Definition 7.12 We say that Hypothesis HO is verified if H1, H2 hold and ¥ €
L' (dw) (which is the case, for example, under H3 or H4).

When vy € L' (d), a natural candidate for being a QSD is the normalized mea-

sure ﬁ d ., which turns out to be the conditional limit distribution. This is sug-
s

gested by Theorem 7.3 and the main result of this section is the following theorem.

Theorem 7.13 Assume that Hypothesis HO holds. Then

_ Y1 J
(Y1, 1y

is a QSD, that is, for every t > 0 and any Borel subset A of (0, 00),

dv;

P, (X; € Alt < T) =v1(A).
Also for any x > 0 and any Borel subset A of (0, 00),

tglgoeh'Px(t <T)=y1(x) (Y1, D)y,
(7.10)
lim e™'Py (X, € A,t < T) = vi (A1 (x) (Y1, 1y

t—>0o0
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This implies, since Y1 > 0 on (0, 00), that

Ilim Py(X; € Alt <T) =v((A),

11— 00

and the probability measure v is the Yaglom limit distribution. Moreover, for any
probability measure p with compact support in (0, 0c0) we have

Jim €M P < T) = (Y1, 1), f Y1 () dp (),

lim B, (X € At < T) =W, s [n@dpe. O

lim P,(X; € Alt <T)=v1(A).
—>0o0
Proof Thanks to the symmetry of the semigroup, we have for all f in L2 (dp),
[szlﬁl dp = / fPyidu ZE_W/flﬂl du.

Since ¥ € L' (dp), this equality extends to all bounded f. In particular, we may
use it with f =19 o0) and with f =14 . Noticing that

/ Py(Lo.0o) W1 it = Poy (t < T) (1, 1)

and [ Playidpn =Py (X; € At <T) (Y1, 1), we have shown that v; is a QSD.

The rest of the proof is divided into two cases. First, we assume that u is a
bounded measure. Thanks to Theorem 7.1, we know that for any x > 0, any set
A C (0, 00) such that 14 € L2 (dw) and for any 7 > 1,

P (X, €A t<T)= /Py(xt,l €At <T—Dr(l,x, y)du(y)
- / Py @)L x. ) ()

=/m@)(ﬂ_lr(l,x,-))@)du(y).

Since both 14 and r(1, x, -) are in L? (dw) and since H2 is satisfied, we obtain using
Theorem 7.3

lim M VP (X, € At < T) = (La, Y)ulr(L,x, ), ¥1)

t—00 n

(7.12)

Since

[r(l,x,y)wl(y)du(y)Z(Pllﬂl)(X)Ze_Mlﬁl(X),
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we get that vy is the Yaglom limit.

If u is not bounded (i.e. 1(0,0) ¢ L% 1)) we need an additional result to obtain
the Yaglom limit. This lemma is a consequence of Harnack’s Inequality and its proof
can be found in Cattiaux et al. (2009). O

Lemma 7.14 Assume 1 € L' (du) then for all x > 0, there exists a locally
bounded function ® (x) such that forall y > 0and all t > 1,

r(t,x, ) < Ox)e My (). (7.13)

If (7.13) holds then e*''r(r,x,-) € L' (du), and this function is dominated by
® (x)yr1. Theorem 7.1 shows that (1, x, ) € L? (du), and then we can apply The-
orem 7.3 to r(t,x,-) = Pr_1r(1, x, -) to deduce that lim,_, o, e*’r (¢, x, -) exists in
L?(dp) and is equal to

H{r(Lx, ), vn), Y1) = Y1 (Y ().

Recall that convergence in L2 implies almost sure convergence along subse-
quences. Therefore, for any sequence #, — oo there exists a subsequence ¢, such
that

lim &
n—>oo

tnr (1, %, y) = Y1 ()Y1(y)  for p-almost all y > 0.

Since
o0
P, (1! <T)=/0 r(t 5. y) du(y).

Lebesgue’s Bounded Convergence Theorem yields

o
Tim 0Py (1, < T) = Y1 () fo Vi) du().
That is, (7.12) holds with A = (0, co) for the sequence f;,. Since the limit does
not depend on the subsequence, lim;_, o, e*!/P, (r < T) exists and is equal to the
previous limit, hence (7.12) is still true. The rest of this part follows as before.

For the last part of the theorem, that is, for passing from the initial Dirac mea-
sures at every fixed x > 0 to the compactly supported case, we just use that © (e)

is bounded on compact sets included in (0, 0o). This finishes the proof of Theo-
rem 7.13. O

The positive real number A; is the natural killing rate of the process. Indeed, the
limit (7.10) obtained in Theorem 7.13 shows for any x > 0 and any 7 > 0,

. P 4+s<T) ot
lim ————— =",
s>oo Pyo(s<T)

Let us also remark that

P, (t <T)=e """,
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7.5.1 Speed of Convergence to the Yaglom Limit

We now study the speed of convergence to the Yaglom limit. Informally, this speed
of convergence is dominated by the difference between the two first eigenvalues as
it is suggested by the expansion (7.4) in Theorem 7.3. In order to control the other
terms in that expansion, we need the following result.

Lemma 7.15 Under conditions H2 and H4, the operator Py is bounded from
L () to L2 (dw). Moreover, for any compact subset K of (0, 00), there is a con-
stant Cx such that for any function f € L' (d ) with support in K we have

1P f N2 @) < Cr Il F Lt ap-
Proof Let g € L®(u), since

IPigl < Pilgl < lglliqo,
/1 PrgPdu < ||g||Loow)/1 7D d,

where the last integral is finite by H4. We now recall that (see (7.5))
Y@ ~ oy
Pigx)=e2 Pi(e”7g)(x).

It follows from Lemma 7.10 that uniformly in x € (0, 1] we have using Hypothesis
H4

-y © v P
| Py (e Zg)(x)|§(9(1)||g||L00(u)/0 e” 2 e Tydy<OWMlglre-

This implies

1 1
/0|P1g|2du=/0 1Bi(e ) )2 dx < ODIg iy

and the first part of the lemma follows. For the second part, we have from the Gaus-
sian bound of Lemma 7.10 that for any x > 0 and for any f integrable and with
support in K,

=

b Y 264 »?
|P1(e‘7f)(x)|50(1)/l(e—%e— 1 ()| dy

z x—2)2 |
<O1) sup e supe= 7" [e—y<”|f(y)|dy
K

zeK zekK

<O(e / O£ ()| dy
K
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since K is compact. This implies
[} 5 Ly 2 )
IPLfPdp= | |Pi(e72 f))] dx < OWIfIZi g4, 0
0 0

We can now use the spectral decomposition of (1, x, ) to obtain the desired
speed of convergence.

Theorem 7.16 Under conditions H2 and H4, for all x > 0 and any measurable
subset A of (0, 00), we have

lim e®2* (P (X, € Alt < T) — v1(A))

t—0o0

_ ¥ <<1, Y1) u(la, ¥2du — (1, ¥2) (14, WIM)
Y1(x) (1, ¥1)0)? '

(7.14)

Proof Let h be a nonnegative bounded function with compact support in (0, 00).
By using the semigroup property, Lemma 7.15 and the spectral decomposition for
compact self adjoint semigroups (see Theorem 7.3), we have for any ¢ > 2,

/IP’X(X, eA,t <T)h(x)dx
= (hey, Pt]lA)# = (Pl (/’ley), P(t—2)P11A>M
= MU=D(Py(he?), Wl)MW/l» Pi1a), +e 207 D(Py(he?), 1#2)#<1ﬂ2, Pila)y
+ R(h,A,t)
with

[R(h, A, D) < e DNPi(he?), ¥i) (Wi, Pria)l

i>3
< eI Py(he”)| 12 gy I P1LAN L2 (a0

because A1 < A2 < A3 < ---, the Cauchy—Schwarz Inequality and Parseval’s Iden-
tity. Note that since P; is symmetric with respect to the scalar product (, ),
we have (Pi(he?), Y1), = e M (he?, Y1), and similarly for v,. We have also
W, Pila), = e M (¥r1,14), and similarly for . It follows immediately from
Lemma 7.15 that for any fixed compact subset K of (0, c0), any A and any & satis-
fying the hypothesis of the proposition with support contained in K,

[R(h, A, )] <OMe™ DNl 11 g9 <O ™2 R L1 4y

since & has compact support in (0, c0). Therefore, letting 4 tend to a Dirac mass,
we obtain that for any compact subset K of (0, 00), there is a constant Dg such that
for any x € K, for any measurable subset A of (0, c0), and for any ¢ > 2, we have

|Pe(Xr € Ayt < T) — ey (x) (Y1, La) e ™" — e Oy (x) (W2, L) e ™|
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is bounded from above by Dge 3. The proposition follows at once from

P (X, €A, t <T)
Py(X; €(0,00),t <T)" O

P.(X; € Alt <T)=

7.6 The Q-Process

We describe in this section the law of the process conditioned to be never extinct,
usually called the Q-process. This is similar to what we have proved in Theo-
rem 6.26(iv) and we give here only the main points of the proof.

Proposition 7.17 Assume HO holds. For all x > 0 and s > 0, we have for all s > 0
and all A € B(C([0, s]))

lim P.(X € Alr < T) = 0x(4),
—00

where Q, is the law of a diffusion process on (0, 00) with transition probability
densities (w.r.t. the Lebesgue measure) given by

s Y1(y)
Y1 (x)

q(s,x,y)=e r(s,x,y)e v®),

that is, Qy is locally absolutely continuous w.r.t. P, and

X
0.(X € A)=E, (moowm, 5 < T).
Vi(x)

Proof First check, thanks to Fubini’s Theorem and « (0") < oo in Hypothesis H1,

that A(0T) > —oo. We can thus slightly change the notation (for this proof only) and

define A as A(x) = f(;‘ e”™ dy. From standard diffusion theory, (A(X;17); 1 > 0)

is a local martingale, from which it is easy to derive that for any y > x > 0, P, (T, <
T) = A(y)/A®).

Now define v(z, x) = % E:g . The same ideas used in the proof of (6.29) shows

that for any x > 0, v(t, x) < 28‘; + 1. Now, thanks to Theorem 7.13, for all x it

holds eM'Py (t < T) — Y1 (x){(1, Y1), as t — oo, and

Y1(x)
vi(l)

Using the Markov property, it is easily seen that for large ¢,

lim v(t, x) =
11— 00

Pi(t—s<T)

Pe(X € Alt < T) =Ex[1a(X)v(t =5, X),s < T]—5 t<T)
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The random variable in the above expectation is positive and bounded from above
by 1+ A(X;)/A(1), which is integrable (see below). So we obtain the desired result
using the Dominated Convergence Theorem.

To see that E, (A(X)1;<7) is finite, it is enough to use Itd’s formula with the
harmonic function A up to time 7' A Tys. Since A is nonnegative, it follows that
Ex(A(Xs)Lls<TATy) < A(x) for all M > 0. The Monotone Convergence Theo-
rem yields E, (A(X;)15<7) < A(x) (here we have used H1). O

Recall that v; is the Yaglom limit.

Corollary 7.18 Assume HO. Then for any Borel subset B C (0, 00) and any x,
lim 0 (X, € B) = /B V) du) = (i, Dy /B VI v ().

Proof We know from the proof of Theorem 7.13 that e)‘”r(s, X, ) converges to
Y1 (xX)¥1(-) in L2 (dp) as s — oo. Hence, since 1 € L2 (du),

N0 € By = [ 150D 06 v dn) = 1) [ v dnty)
as s — 00. We remind the reader that dvy =¥y du /{1, 1) 4. g

Remark 7.19 The stationary measure of the Q-process is absolutely continuous
w.r.t. vy, with Radon—-Nikodym derivative (v, 1)1, which, thanks to Proposi-
tion 7.6, is nondecreasing.

7.7 Uniqueness of QSD

In this section, we study the uniqueness of the QSD. We relate this problem to the
behavior at co of the process X. In the problem of uniqueness, it is natural to study
the notion of quasi-limiting distribution (q.l.d.).

Definition 7.20 A probability measure 7 supported on (0, co) is a q.l.d. if there
exists a probability measure v such that the following limit exists in distribution

lim P,(X; €o|t <T)=m(e).
11— 00

We say also that v is attracted to m, or is in the domain of attraction of m, for the
conditional evolution.

Obviously every QSD is a q.1.d. because such measures are fixed points for the
conditional evolution. We prove that the reciprocal is also true, so both concepts
coincide.
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Lemma 7.21 Let w a probability measure supported on (0, 00). If 7t is a q.l.d. then
7 is a QSD. In particular, there exists 6 > 0 such that for all s > 0

Pr(s <T)=e%.
Proof By hypothesis, there exists a probability measure v such that
Iim P,(X; €eo|t <T)=rm(o)
t—0o0

in distribution. That is, for all continuous and bounded functions f, we have

lim (Xt <T)
m ——

Jim = :/f(x)dn(x).

If we take f(x) =P, (X; € A,s < T) then, since f(x) = fA r(s,x,y)du(y),an ap-
plication of Harnack’s Inequality and of the Dominated Convergence Theorem en-
sures that f is continuous in (0, 00).

First, take A = (0, 00), so that f(x) =P, (s < T). Then, we obtain for all s >0

P,(t+s<T)

[_1)1210 P, <T) =P,(s<T).

The left-hand side is easily seen to be exponential in s, and then there exists 6 > 0
such that

Pr(s <T)=e"%.
Second, take f(x) =P, (X; € A,s < T) to conclude that

P,(X;€A,s<T) :tlirgoIF’v(f(Xt)n <T)

P,(t+s<T)

— lim Py (X, € Alt T
Am Py Xrgs € Al 5 < 1) =57

— E_G‘YTL'(A),
and then 7 is a QSD. O

Under Hypothesis HO (see Theorem 7.13), the measure dv; = W:/’—IUM du is the

Yaglom limit, which in addition is a q.l.d. attracting all initial distributions with
compact support on (0, 00). Here again, our assumptions on the behavior of « at in-
finity will allow us to characterize the domain of attraction of the QSD v; associated
to ¥1. This turns out to be entirely different from the cases studied in the previous
chapter.

Definition 7.22 We say that the diffusion process X comes down from infinity if
there is y > 0 and a time ¢ > O such that

lim P, (T, <t) > 0.
x100 i
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This terminology is equivalent to the property that co is an entrance boundary

for X (for instance, see Revuz and Yor 1999, p. 283).
Let us introduce the following condition

o [e¢)
H5: / ey(y)/ e 7D dzdy < oco.
1 y
Tonelli’s Theorem ensures that HS is equivalent to
00 y
/ 677’(3’)/ e’Ddzdy < 0. (7.15)
1 1

If H5 holds then for any y > 1, | yoo e V@ dz < co. Applying the Cauchy—Schwarz
Inequality, we get (x — 1)> = (flx eTe? dz)* < flx e’ dz flx e~V dz, and therefore,
HS implies that A(oco0) = oo.

Remark 7.23 1t is not obvious when Condition HS holds. In this direction, the fol-

lowing explicit conditions on «, all together, are sufficient for HS to hold:

e a(x)>qo > 0forall x > xp;

e limsup,_, o 23:2(8) <1
o [ L dx<oo.
xo a(x)

Now we state the main result of this section.

Theorem 7.24 Assume HO holds. Then the following are equivalent:
(i) X comes down from infinity,

(i) HS holds;

>iii) vy attracts all initial distributions v supported in (0, 00), that is,

lim P, (X, ceo|t < T)=v(e).
t—0o0
In particular, any of these three conditions implies there is a unique QSD.
The proof of Theorem 7.24 requires some previous results.

Proposition 7.25 Assume H1 holds. If there is a unique QSD that attracts all initial
distributions supported in (0, 00), then X comes down from infinity.

Proof Let m be the unique QSD that attracts all distributions. We know that P, (¢ <
T)= e~ for some 6 > 0. Since absorption is certain, 8 > 0. For the rest of the
proof, let v be any initial distribution supported on (0, 0o), which by hypothesis is
in the domain of attraction of m, that is, for any bounded continuous f,

o0

lim P,(X; edx|t<T)f(x)= /00 fx)dm(x).
0 0

—>0o0
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We now prove that for any A < 6, E, (e*T) < co. As in Lemma 7.21, we have for
any s

P,(t+s5s<T) —os
im ———— = =¢ 7,
t—oo P,(t<T)

Now pick A € (0,0) and ¢ > 0 such that (1 + e)er? < 1. An elementary induction
shows that there is 7o such that for any # > #, and any integer n,

P,(t+n<T)

<1 n 79}1.
Pa<T) —(Tere

Breaking down the integral ftso P, (s < T)e™ ds over intervals of the form (n, n+1]
and using the previous inequality, it is easily seen that this integral converges. This
proves that E, (¢*T) < oo for any initial distribution v.

Now fix A = 6/2 and for any x > 0, let g(x) = E,(e*”) < 0o. We want to show
that g is bounded, which trivially entails that X comes down from infinity. Thanks
to the previous step, for any nonnegative random variable ¥ with law v,

E(g(Y)) :Ev(e”) < Q.

Since Y can be any random variable, this implies that g is bounded. Indeed, observe
that g is increasing and g(0) = 1, so that a := 1/g(00) is well defined in [0, 1). Then
check that

!/
dvimy = £
(I —a)g(x)
is a probability density on (0, o). Conclude computing f gdv. 0

Proposition 7.26 The following are equivalent

(i) X comes down from infinity,
(i1) HS5 holds;

(iif) For any a > 0 there exists y, > 0 such that sup,. ., E, [T

a] < 00.

Proof Since (i) is equivalent to oo being an entrance boundary and (ii) is equivalent
to (7.15), we must show that “oo is an entrance boundary” and (7.15) are equivalent.
This will follow from Kallenberg (1997, Theorem 20.12(iii)). For that purpose, con-
sider Y; = A(X;). Under each one of the conditions (i) or (ii), we have A(0c0) = oo.
It is direct to prove that Y is in natural scale on the interval (A(0), 0o), that is, for
A0)<a<y<b<oo= A(0c0)

b—y
b—a’

]P)’(Tay < TbY) =

where TaY is the hitting time of a for the diffusion Y. Then, oo is an entrance bound-
ary for Y if and only if

o0
/ ydm(y) < oo,
0
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where m is the speed measure of Y, which is given by

2dy
(A(A=L(y))?

see Karatzas and Shreve (1988, formula (5.51)), because Y satisfies the SDE

dm(y) =

dY, = A'(AN(Y)))dB,.

After a change of variables, we obtain

o o X
/ ydm(y):/ ef"(y)/. e’ dzdx.
0 1 1

Therefore, we have shown the equivalence between (i) and (ii).
We continue the proof with (ii) = (iii). Let a > 0, and pick x, large enough so

that
[o/e] o0 1
/ ey(x)/ eV Ddzdx < —.
Xa Y 2a

Let J be the nonnegative increasing function defined on [x,, c0) by

X o
J(x):/ e”(”/ e "D dzdy.
Xa y

Then check that J” =2aJ’ — 1, so that £LJ = —1/2. Set now y, = 1 + x,, and
consider a large M > x. Itd’s formula gives, for S =t ATy A Ty,

S
E(e"ST(Xg)) = J (x) + E, </ e (al(Xy) + LI (Xy)) ds).
0
From £J =—1/2, and J (X;) < J(00) < 1/(2a) for any s < Ty,, we get
E([e*ST(X5)] < T(x).

But J is increasing, hence for x > y, one obtains the inequality 1/(2a) > J(x) >
J(ya) > 0. It follows that . (e Tva))y < 1/(2aJ(y,)), and finally E, (¢?Ta) <
1/(2aJ(y,)) because of the Monotone Convergence Theorem. So (iii) holds.

Finally, it is clear that (iii) = (i). O

Proposition 7.27 Assume HO holds. If there exists xo such that sup,.~  Ex (eMTv0)
< 00, then vy attracts all initial distributions supported on (0, 00).

The proof of this result requires the following control near 0 and co.

Lemma 7.28 Assume HO holds, and sup, E. (") < 0o. For h € L! (dp)
strictly positive in (0, 00), we have
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Jo hO)Pe(t < T)du(x)

P TR < D) (710
fim fimeup L2 "OPs( < Ddr) (7.17)

Mtoo 1sco [ hX)Pe(t <T)dp(x)
Proof We start with (7.16). Using Harnack’s Inequality, we have for € < 1 and

large ¢,

Jo hOPx(t < T)dp(x) _ Pyt <T) fy h(2)dn()
JhOPc(t <T)dp(x) = Crie —1,1,1) [Fh(x) du(x) [ duly)

then

i Jo RCOPL(t < T)dpu(x) e MY, Dy fo h(2) du(2)
1msup < 3 5 s
im0 JROOPx(t <T)dux) = Cyy(1) [P h(x)dp(x) [§ du(y)

and the first assertion of the statement follows.
For the second limit, we set A := sup,~,, Ex (€*Tx0) < co. Then for large M >
X0, we have

t
Pt <T) =/ Pry( < TPy (Tyy € d(t —u)) + Pt < Tyy).
0

Using that limy,—, oo e)‘l"IP’xo(u < T) = Y1(x0){¥1,1),, we obtain that By :=
sup,so€™“Pyy(u < T) < 00. Then

P.(t <T) < By /Ote—W]PX (Tx, €d(t —u)) + Py (t < Tyy)
< Boe M'Ey (M T0) + e TME, (M) <M Ag(By + 1),
and (7.17) follows immediately. O
Proof (Proposition 7.27) Let v be any fixed probability distribution whose support
is contained in (0, 0o). We must show that the conditional evolution of v converges

to v1. We begin by claiming that v can be assumed to have a strictly positive density
h with respect to w. Indeed, let

(y) = /r(l, x,y)dv(x).
Using Tonelli’s Theorem, we have

//r(l,x,y)dwx)du(y)=//r<1,x,y>du<y>dv(x>

= /]P’X(T > 1)dv(x) <1,
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which implies that f r(1,x, y)dv(x) is finite dy-a.s.. Also £ is strictly positive by
Harnack’s Inequality. Finally, define 1 = £/ [ € dv. Notice that for dp = hdp

Py(X;s1€olt +1<T)=P,(X, colt <T),

showing the claim.
Consider M > ¢ > 0 and any Borel set A included in (0, 00). Then

‘fpx(x, €At <Dh(x)dux) M Po(X, € Ayt < Th(x)dpu(x)
[Pt < T)h(x)du(x) SMPt < THh(x) du(x)

is bounded by the sum of the following two terms

o JP(Xi €At <Th(x)du(x) MR (X, € At < THh(x)dp(x)
T TP < D) dp(x) [Pt <h(x)dux) |
o TMPo(X, € Ayt < THR(x) dp(x) ~ MPo(X, € At < THR(x) dp(x)
- [Pyt < T)h(x)dp(x) MR < Dhxydux) |
We have the bound

Jo Pe(t < T)h(x)dpu(x) + [y Pe(t < T)h(x)du(x)

I1vI2<
S Pu(r < THh(x) dp(x)

Thus, from Lemma 7.28, we get

. . JPu(X; € A, < T)h(x) du(x)
lim limsup
€l0,M1o0 100 J Pyt < THh(x)dp(x)

JYP (X € At <) dux)| 0
JM P < Dhydpey 1

On the other hand, using (7.11), we have

M PX e At < Dh(x)dpu(x) _ ui@du)

lim = =v(4),
oo MP (< T)h(x)dp(x) Jr+ V1(2)du(2)
independently of M > € > 0, and the result follows. g

The following corollary of Proposition 7.26 describes how fast the process comes
down from infinity.

Corollary 7.29 Assume HO and HS5. Then for all A < A1,

supE,[e*"] < o0.
x>0
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Proof We have seen in Sect. 7.5 (Theorem 7.13) that for all x > 0, lim;_, Mt ox
Pt <T)=v1(x)¥1, 1), < o0, ie. E [e*T] < oo for all A < A;. Applying
Proposition 7.26 with a = A and the strong Markov property, it follows that
SUP~ E, [¢*T] < oco. Furthermore, thanks to the uniqueness of the solution of
(7.1), X} < X]* as. for all t > 0 and all x < y;, hence E([e*T] < E,, [¢*] for
those x, completing the proof. g

The previous corollary states that the killing time for the process starting from
infinity has exponential moments up to order Aj.

The uniqueness of the QSD for birth-and-death chains coming down from infinity
was studied in Theorem 5.5 in Sect. 5.3.

7.8 Examples

7.8.1 A Biological Model

The following singular diffusion appears in some biological models (for details, see
Cattiaux et al. 2009):

dVi=/oV:dB; + h(V;)dt. (7.18)
We assume that 4 € C' ([0, 00)) and /(0) = 0. The main hypothesis on % is
h
(i) lim ﬂ =—00,
HH: X—>00 ﬁ
N i @
(i1) xl)rgo —h(x)2 =

In biological models, HH holds for any subcritical branching diffusion, and any
logistic diffusion. Concerning assumption (i), the fact that & goes to —oo indicates
strong competition in large populations, resulting in negative growth rates (as in the
logistic case). Assumption (ii) is more technical, but it is fulfilled for most classical
biological models.

Theorem 7.30 Let V be the solution of (7.18). If h satisfies assumption HH, then
for all initial laws with bounded support, the law of V; conditioned on {V; # 0}
converges exponentially fast to a probability measure v, called the Yaglom limit.

The law Q of the process V starting from x and conditioned to be never extinct
exists and defines the so-called Q-process. This process converges, as t — 00, in
distribution, to its unique invariant probability measure. This probability measure is
absolutely continuous w.r.t. v with a nondecreasing Radon—Nikodym derivative.

If, in addition, the following integrability condition is satisfied

/OO dx ~
< )
1 —h)
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then V. comes down from infinity and the convergence of the conditional one-
dimensional distributions holds for all initial laws, so that the Yaglom limit v is
the unique QSD.

7.8.2 Shiryaev Martingale

We came to this model in a correspondence with professor Shiryaev. The question
was about the problem of a QSD in the context of the process

dXIZXtdB[+dt, X()Z.X()>O,

called Shiryaev martingale. Here there are two different cases. First, where the pro-
cess is absorbed at a > 0 starting from x > a, and the more interesting case where
the process is absorbed at 0 and a, starting from x € (0, a). Let us first explain what
happens in the former case.

1. OSD for (a, o0)
It is better to state this problem for a diffusion of the type
dY; =dB; — a(Yy)dt, Yo = yo,
which is obtained by defining Y; = log(X;), and we get
dY, =dB, + (e7 " —1/2)dt, yo = log(xo).

In particular a(y) = 1/2 — ¢, and the state space considered is (log(a), oo). For
simplicity, in some places we shall denote b = log(a). In this situation, the theory
of the QSD for Y holds under the hypothesis of Chap. 6, that is, when « satisfies
Hypothesis H,

00 X o X
/ / e}/(é)dgefy(x)dx:/ / e 4g o™ gy = oo,
b b b b

where y (x) =2 |, ; a () dyr. This hypothesis is that infinity is a natural boundary
for Y and it prevents the process to explode to and from oco. Also H1 is satisfied,
that is,

o0
A(oo):/ e’ dy = 0.
b

The spectrum of the infinitesimal generator of the process Y absorbed at b in
L? (dw) is included in (—oo, —A] and this top of the spectrum A = A(b) is charac-
terized by the supremum of A for which there is a nonnegative solution u = uy_ to
the eigenvector problem

L*u = —Au, u(b) =0, u'(b) =1.
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Here L*u = %u” + (au)’. We impose u(b) = 0 because we want to absorb Y at b,
and the drift is regular at b. In what follows, we denote by S, the hitting time of z
for the process Y.

According to Theorem 6.26, we have

. . log(Py,, (1< S . . . .
(1) 0<A=-lim_ w, that is, A is the exponential tail parameter for

the distribution of S;, which does not depend on yj.
(ii) For all A € (0, A], the solution u, is nonnegative and integrable, and it defines a
QSD, that is, if dvy(y) = ux(y) dy/ [;° u3(z) dz then

Py, (1 < Sp) =e ™,
P, (Y; edy,t <Sp) = e Mdv(y), and, of course,
P, (Y, € Al < Sp) = vi.(A).

One of the main difficult points is to prove that A(b) > 0. We have studied in
Sect. 6.5 this function as a function of b. This function is obviously increasing in b
and it satisfies

Jim 3.(b) = (1/2)2/2=1/8>0

because asymptotically o = «(c0) = 1/2, and for the constant drift «(co) the result
is well known to be a(c0)?/2. So, for large enough b, we know that A(b) > 0.
The question is if for all b one has A(b) > 0. Moreover, for large b one has that
A(b) = 1/8 (see Proposition 6.59, at least when e b (b+3) <e!, which gives, for
example, that for b > 3 one is certain that A(b) > 0).

The conclusion that A(b) > 0 can be achieved by comparison with a two-valued
drift a(y) = Dlp<y<3 + %1y>3. If D < 0 is sufficiently negative then @ > & and
then absorption is faster for the process with drift « than for the one with drift &.
Then A, (b) > A;(b) and the latter can be estimated to be strictly positive. It is also
clear that limp_, _ oo A(D) = 0. Once it is known that A(b) > 0, then Theorem 6.26
shows:

(iii) For any y > b the Yaglom limit exists, that is,
lim Py (Y; € Alt < Sp) =v(A),
—>0o0

where v is the probability measure whose density with respect to dy is propor-
tional to the extremal u,,.
(iv) For any y > b and any s > 0,

Y.
lim Py (Y, € At < Sp) =e&SE,<M,s < s,,),
y Y
t—00 uL(y)

which means that over [0, s] the conditioned process converges to an h-process
defined by u,.
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In terms of the original process X, the absorption rate is the same (because 7, =
Sp), and there is a one parameter family of QSDs whose densities, with respect to
dx, are proportional to

u. (log(x))
P ,

ga,)»(x) =

where g, ,(a) =0 and g(/M(a) > 0 for A € (0, A(log(a))]. Each of these functions
g = 8a, verifies the second order o.d.e.

1 "
5(%8) =g =2,
or (Lx)*g=—Ag.

This process shows an interesting feature. For large values of a, the absorption
rate is constant 1/8, and for small values of a this absorption rate tends to 0.

II. OSD in (0, a)

As before we make a change of variable to get a diffusion of the type
dY,=dW, —a(Yy)dt, Yo = yo,
which is obtained by defining ¥, = —log(X;), dW, = —d B, to get
dY, =dW; — (" — 1/2) at, yo = — log(xo).

In particular, a(y) = e¥ — 1/2, and the state space considered is (—log(a), o0) (as
before b = —log(a)). Contrary to the previous case, Hypothesis H is not verified.
Nevertheless, o satisfies Hypotheses H1, H2, H3, H4, that is, « satisfies H0. On the
other hand, it also satisfies H5 and the measure du = e~ dx is finite. We summa-
rize the results proved in this chapter.

(i) —L (and —L*) has a purely discrete spectrum 0 < A < A» < --- on L% (dp).
Furthermore, each A; is associated to a unique (up to a multiplicative constant)
eigenfunction ; of class C2((b, 00)), which also belongs to L! (dw). This
function satisfies the following o.d.e. on (0, 00):

1 " /
Ewi —ay; = —Aiyi.

(¥x) is an orthonormal basis of L2 (du), ¥ can be chosen nonnegative and if
so, this eigenfunction is strictly positive on (b, 00). We also have the pointwise
representation for the transition densities for Y; s, , uniformly on compact sets
of (0, 00) x (b, 00) x (b, 00):

rtx,y) =Y e Y)Y ().

k=1
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(i) Therefore, on compact sets of (0, 00) x (b, 00) x (b, 00), we have
Jim &M (2, x, y) = Y1 ()Y ().

(iii)) The probability measure dvy = Y1 du/ fboo Y1 (y)du(y) is a QSD, namely, for
every t > 0 and any Borel subset A of (b, +00),

Py, (Yr € Alt < Sp) = v1(A),

and for any y > b and any Borel subset A of (b, +00),
lim P 1 < 5) = ) [ 1@ duca),

lim MP(Y € At < $5) = vi(AY () f V1@ du),

lim P, (Y; € Alt < Sp) =v1(A).
t—00

The probability measure v is the Yaglom limit distribution.
(iv) v is the unique limiting conditional distribution, that is,

lim Py (Y; € Alt < Sp) = vi (A),
11— 00

for any Borel set A and any initial distribution v supported on (b, 00). In par-
ticular, v is the unique QSD.

As we can see, there is no mention of the boundary conditions of the eigenfunc-
tions v;, which are assumed to be in the domain of the infinitesimal generator of Y in
L? (d). The drift is regular at b, and one can show that ¥ (b) =0, ¥{(b) > 0. The
exact value of this derivative is related to the normalization f boo wf(z) du(z)=1.1In
terms of the original diffusion, the eigenvalue problem is

1 /
E(ng/\)/ =g, — Agx

with g, (a) =0 and g)’\(a) = 1. Is not difficult to prove that for all 1 € [0, A{] the
associated eigenfunctions g, are nonnegative and integrable. In particular, go is
proportional to the density of an invariant measure (!) for the sub-Markov process
X:n1,. This is impossible because the process is absorbed at a and then X;.7, is
loosing mass. So, what is the problem? To understand it, let us come back to the
transformed process Y. For A = 0, we have that

X
p(x) = / 7@ dz
b

is integrable on [b, 00) with respect to y, thatis, 1/r = [;° p(x)e™? ™ dx < oo
and p verifies Lo = 1/2p"” — ap’ = 0. But a problem arises here, p does not belong
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to L? (d ), thus it is not in the domain of the generator in this space. On the other
hand, in order to prove that rp du is invariant, that is,

]P)r,odu(Yt EA,t < Sh) :}"f pdu’
A

one needs to use integration by parts for i (y) = p(y)e V¥ ) which satisfies the equa-
tion 1/2h” + (ah)’ = 0. This computation gives an extra positive term at 0o, repre-
senting the flux there and is given by

(h' +2ah)| = h'(b) + 2a(b)h(b) = I’ (b) > 0.

The conclusion is that rp du is not invariant.

Recapitulating, to have an invariant measure, it is not enough to solve the o.d.e.
(x%g)" = 2¢’ with Dirichlet conditions at a, using positivity and integrability, be-
cause in order that g be in the domain of the infinitesimal generator one typically
needs extra hypotheses at 0 which, in general, are difficult to get, especially in the
case where the coefficient of the diffusion term produces a singularity at 0. Finally,
there is a unique A; > O such that (x2g)” = 2g’ — 21 g has a nonnegative, integrable
solution, which is also a QSD. This value of A satisfies

a
lim Py (t < T,) = g(x)f g(2)dz,
11— 00 0

for all x € (0,a). Of course, A = A;(a) and similarly g = g,, which we recall
satisfies the normalization foa g2(x)dx =1.



Chapter 8
Dynamical Systems

In this chapter, we study the existence of a QSD for a dynamical system with a
trap. The result for subshifts of finite type with a Markovian trap is given in The-
orem 8.20, Sect. 8.2. In Sect. 8.3, we study dynamical systems with a trap in the
context of differential systems with some expanding conditions. The Pianigiani—
Yorke QSD is given in Theorem 8.32. The main tool we use, in both cases, is the
spectral analysis of a Ruelle—Perron—Frobenius operator.

We recall (see Sect. 1.4) that a (discrete time) dynamical system is given by a
map f : X — X. The map f describes the evolution of the state during one unit of
time, and the orbit of an initial condition is obtained by applying f recursively.

For a Borel subset B C X, and an initial condition x € X', we denote by Tp(x)
the first time the orbit reaches B. We consider a fixed forbidden region called a
trap and denoted by X'Y. The time to reach this trap is denoted by T = Tyu. The
formalism of this chapter also covers the case where f : Xp — X with X)) a strict
subset of X. In this case, we put X' = X' \ Xj.

We denote by A, = {T > n} the set of initial conditions whose orbit has not
reached X' up to time 7. For a given probability measure vy, we are interested in
quantities like

vo(T > n) = vo(Ay),

and

-n(BYN X,
vo(f (BT >n) = W((B) N ) VOEX))H ),

where B is a measurable subset of X.

8.1 Some General Results

We start by deriving some simple, but useful lemmas.

P. Collet et al., Quasi-Stationary Distributions, Probability and Its Applications, 227
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Lemma 8.1 For any n > 1 we have
Xy =fM X DN X=X 10 fT" (X)) =X N T ().

For any k <n,
FHX) S X
and

FEENX 1) € X\ Xkt 1.

Proof The first two statements follow immediately from the definition of &;,. To
prove the third result, assume there exists x € &, \ A, 11 such that f k (x) € Xy—k+1-
Then for any k + 1 < j <n + 1 we have f/(x) = f/7%(f*(x)) € X, and
fj (x) € Ay for 0 < j <k <n since x € &),. Therefore, x € X),;1, and we have
a contradiction. Together with the second assertion, this proves the lemma. O

Lemma 8.2 Assume the measure v satisfies

v(fHB) N

for any Borel set B C Xy. Then v is a QSD.

Proof The proof is recursive. Let n > 1, and assume that we have already proved
that

V(TN (B)NX)
v(Xn)
for any Borel set B C &). We have

=v(B),

X1 =X, N f77H (D) = X 0 f ().
Therefore, using the recursion hypothesis, we get
V(B N X)) _ v(TTIBY N TIX) N )
V(X41) v(f (X)) N &)

_ v(f " (fUBYN X)) N A
v(f (X)) N A

_ (I B N X))
EANER)

V(B). 0

‘We now recall a lemma about the exponential decay of the probability of survival
in a QSD. The proof in the case of dynamical systems is particularly simple.
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Lemma 8.3 Let v be a OSD for the map f and the trap X". With the above nota-
tions, we have

V(X)) =v( X)) =v(T > n).

Proof The proof is recursive. The lemma is trivially true forn =0 and n = 1. As-
sume the result holds up to n > 1. We have from the definition of a QSD

V(Xpg1) = (X, N X)) = v(X)v(X),
and the result follows. O

We now give a general result on the set theoretic support of the QSD measures.
We define the set &) by

A;O = ﬂ fn(Xn)
n=0

It is easy to see that
Xo={xe€Xo:Vn, 300, ..., y) € Xy yo=x, fF(y)) =yj-1 VI < j <n}.
Proposition 8.4 If v is a QSD, then
v(z’\?é N Xo) =0.

Proof If v is a QSD, we have for any measurable subset B of X{ and for any integer
n>1

V(BW(X) =v(fT"(B)NA,) <v(f (BN (X)) (8.2)
We now observe that the sequence of sets (/" (X},)) is decreasing since
1) = N FA) € X,

Therefore, using B = Xy N (f"(X,))€ in (8.2), we have

1
V(XN F1(X)) <

= v()(.n)v(fin(XO N (X)) N fn(Xn))) =0.

The proposition follows immediately. g

The next proposition is a kind of reciprocal of the previous one (see Demers and
Young 2006).

Proposition 8.5 Assume there exists a sequence (y,) in Xy satisfying for any n > 1
fm) = yn—1,and f(yo) & Xo. Then there exists a QSD.
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Proof We will, in fact, construct a continuum of QSDs Fix p € (0, 1), and define
the atomic measure

1 o
V= —ansyn’
1_'On:O

where §y, is the Dirac measure in y,.
For any measurable subset B of &), we have

 J——  J——
v(f71(B) N AY) ﬁZp"ﬂffl(m(yn):mZp"ng(f(m)

n=1 n=1

l oo
= Y 0" 15(u-1) = pv(B).
n=1

The proposition follows immediately. g

‘We define the set

o0
Koo =[] Xa-
n=0

This is the set of initial conditions whose trajectory stays forever in Xy. We have
f(Xx) € Xoo, and if v is a QSD, v(Xx) = 0.

For the existence of a sequence (y,,) as in the previous proposition, we can state
the following result.

Proposition 8.6 Assume Xy is closed and for any n, Xp\ X, is contained in a com-
pact subset of XS, and X,\ X, 11 # 0. Then there exists a QSD.

Note that if for some integer n, X, \&,+1 # ¥ (this means that all orbits “die” in
a uniformly bounded time) then from Lemma 8.3 it follows that there cannot exist
any QSD.

Proof By Lemma 8.1, for any n we have
FH (X \Xnt1) € X\ X

and

PN X\ Xu2) = £ (f (Xus1\Xn12)) € F" (X \Xos1).

Moreover, by hypothesis, we have for any n

FH N\ Xut1) # 0.

Let (x,?) be a sequence of points such that for any n

x0 e FUXN\Xs1).
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Therefore, for each n we can find points x,ll, ..., X with x,’j € X\ Xk+1 such that
foreachl1 <k <n

Fle)=x""

Since for each k, X\ X4 is contained in a compact set, we can apply Cantor’s
diagonal procedure to the double sequence (xfl). Namely, there exists a sequence
(n;) of integers such that (x,?f) converges to a point e Xo\X1. We can now find

a second sequence (jy) of integers with j; = 1 such that the sequence (x,%/_z) also

converges to a point z' € X7\ X>. Note that by continuity of f we have f(z') = z°.
Continuing this procedure, we construct a sequence (z") such that for any r > 0

7 e X\X 1

and

f(Zr+l) — Zr'
Note that since X)) is closed we have (") C A). We now claim that there is a finite
integer r such that f"(z%) ¢ Xy. Assume the opposite, then z° € X, for all n, and
in particular, 7% € X Since all the X,, are closed, X is also closed. On the other

hand, by hypothesis, Xp\ X is contained in a compact set disjoint from X5, and we
have a contradiction. 0

8.1.1 Counterexamples

It is easy to construct various examples where QSDs do not exist. For example,
if X, = @ for some n, the existence of a QSD would contradict Lemma 8.3. As
an example of this situation, we consider for A’ the unit circle T, and for f the
rotation by an angle « irrational with respect to 2/ . Let the trap be an open interval
I =191, 92 (1 # ). We claim that the function 77 is bounded. Note that f
is invertible, and its inverse f~! is the rotation by the angle —a. We claim that
the countable sequence of open intervals (f~"(/)) is an open covering of T. This
follows at once from the fact that every orbit is dense (see, for example, Robinson
2008). Since (f~"(I)) is a covering of the compact set T by open sets, we can
extract a finite cover. This implies that 77 is bounded, and, by Lemma 8.3, no QSD
can exist.

8.2 Gibbs Measures and QSDs

In this section, we will construct QSDs which are analogs to the Gibbs states of
statistical mechanics. We first introduce some notations and recall some definitions
and results about Gibbs measures which will be useful later on.
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8.2.1 Notations and Gibbs Measures

We will denote by <7 a finite alphabet. There is no loss of generality to assume that
A s

o ={1,.... ||},

where | &7| is the cardinal of the alphabet.

For S € o/ and for two integers p < ¢ (p may be —oc and ¢ may be +00), it is
convenient to denote by §?, the sequence (S,, ..., S;) (more generally, we denote
by aZ a sequence (ap, ..., aq) of elements of &7). If S and S’ are two elements of
A2, and if p < q and r <s are four integers with ¢ and r finite (p may be —oo and
s may be +00), we will define the concatenated sequence S{, e S by

S forp<j<gq,
q /8 _ J
(ip.ir)j_{S}_"_r_q_l forg+1<j<s—-r+q+1

For a finite sequence a;’, (recall p and g are integers with p < ¢g), we denote by C“Z

the associated cylinder set (or shortly, the cylinder) which is the subset of 7% given
by

Cag={§€%Z:Sj=ajforp§j§q}.
We now define a metric d on 7% as follows. For S and §’ in <%, let
8(S, 8') = min{|k| : Sk # Si}.

In words, §(S, S’) is the minimal distance to the origin of a position where the two
sequences differ. We now choose a real number p € 0, 1[ and define the distance d
by

d(ﬁa S) — 565

It is left to the reader to verify that d is a metric (and even an ultrametric). Moreover,
equipped with this metric, 27Z is a compact set. The metric d depends on the number
p €10, 1[. It is left to the reader to verify that the topology does not depend on p.
In the sequel, we will fix p = 1/2 once and for all, but the qualitative results are
independent of p. A cylinder set is open and closed in this metric. We will denote
by C(2r%) the set of continuous functions on 7. This is a Banach space when
equipped with the sup norm (see, for example, Dunford and Schwartz 1958). It is
easy to verify that the characteristic function of a cylinder set is continuous.

We recall that a function U defined on «7Z is a-Holder (a €]0, 1]) if there exists
a constant C > 0 such that for any S and S’ we have

|us) —U(s)| < cd(s, s').
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In the sequel, we will denote by H(27%) the set of a-Holder functions. This is a
Banach space when equipped with the norm (see Dunford and Schwartz 1958)

U(S) ~ US|
10034, 02 = Sup — o +sup|U(S)]-
I TR TR R

More generally, we will use the notation C(F) and H, (F') for the set of continu-
ous functions and for the set of w-Ho6lder continuous functions of a metric space F.
If F is compact, these spaces are Banach spaces for the sup norm and for the H,
norm, respectively.

Let M be a matrix of size |.</| x |.<7| with entries equal to zero or one. We will
denote by XM the subset of S € .«7% defined by

XM ={Sew”:VjeZ M(S;.S;1)=1}.

In other words, the matrix M describes which letter can follow a given letter. One
can also think that the matrix M describes very unsophisticated grammatical rules.
It is left to the reader to verify that XM is closed, and hence compact. A finite
sequence az (with g > p) will be called M compatible (or M compatible) if

Maj,aj4+1) =1

forall p < j < g — 1. It follows immediately from this definition that if ag is a finite
sequence of elements of the alphabet 27, we have C ad N XM = ¢ if and only if a%
is M compatible. In the sequel, we will only consider cylinder sets defined by M
compatible sequences.

In the sequel, we will always assume that the matrix M is irreducible and aperi-
odic, namely, there is an integer kj; > 0 such that M kum has all its entries nonzero.
This has the following important consequence.

Lemma 8.7 Let p < q andr < s withr > ky + q. Then for any pair of M compat-
ible sequences ag and b}, we can find an M compatible sequence c} such that

g _ 4 S __ 1.8
cp=ap, and c,=D>bj.

The proof is left to the reader.
The shift map (shift, for short) o : o7 Z _5 o7 is defined on by

Vi€eZ: (68)j=Sjs1.

It is left to the reader to verify that the shift map is continuous and the subset XM
is invariant. Moreover, ¢ is invertible on XM | and its inverse is the shift in the other
direction. The dynamical system given by the metric space XM and the shift is
called a subshift of finite type (the subshift of finite type defined by the matrix M).
It follows easily from the fact that M is irreducible and aperiodic that the subshift
of finite type defined by M is topologically strongly mixing (see Denker et al. 1976
for the definition).
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This dynamical system has, in general, many invariant measures. An interest-
ing class of invariant measures are the Gibbs measures (Gibbs states) coming from
statistical mechanics of one dimensional spin systems (see Bowen 1975 or Ruelle
1978). They are defined as follows. Let U be a (real) Holder continuous function.

Definition 8.8 A measure  on XM is a Gibbs measure if

(i)  is shift invariant;
(i) There exist two constants P and C > 1 such that for any M compatible cylinder
set C o and any S € C g

q
< M(Ca;’)ep(q_r)e_(pr S <C

al =

where

q
?!($) =) U(o’S).

j=r

The number P is called the pressure of the potential U by analogy with statistical
mechanics of one dimensional discrete spin systems (we refer to Bowen 1975 and
Ruelle 1978 for more details and properties of the Gibbs measures). The reader is
invited to consider the case where the potential U depends only on the two symbols
Sp and S; and to make a connection with Markov chains on a finite state space.

In the sequel, we will assume that the potential U(S) depends only on the sym-
bols S; for j > 0. This is not a real restriction due to a theorem of Ruelle. We refer
to Bowen (1975) and Ruelle (1978) for the details.

A main tool in the study of the Gibbs measures described above is the Ruelle—
Perron—Frobenius operator &7;. We will denote by

XMt =|{Sedl:Vjely, M(S;, Sjt1) =1}

The set of M compatible sequences ag°. Note that this is a compact subset which
is invariant by the shift, but o is not invertible on this set. The dynamical system
defined by XM-* and o is called a unilateral subshift of finite type. The operator
Py acting on a function g € C(X™:T) is defined by

(Pu)® = Y glaes)e’d,

acad
M(a,Sp)=1

where S € XM-*, Note that the sum is over the symbols a € .7 such that the se-
quence a e S = (a, So, S1,...) is M compatible. It is left to the reader to verify that
if the potential U is an «-Holder function, then &7, is a bounded operator in
(and in any Hg with B € ]0, a]). A better notation for the Ruelle—Perron—Frobenius
operator associated to the potential U should be 2y y. However, in the sequel,
we will fix the potential once and for all and vary only the matrix M. This is why
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we alleviated the notation by not mentioning explicitly the potential. The following
formula is an easy consequence of the definition

Pu(hgoo)=gPu(h). (8.3)

The Gibbs measure for a Holder potential is constructed out of two pieces which
are given by the following theorem.

Theorem 8.9 For a given potential U € H, on XM (€10, 1]), there exist a
unique real number P and a unique probability measure ¢ on XM+ satisfying

Pl =e"t

/(%:g)d{ :e”/gdz,

for any continuous function g on X™-T . There is also a unique positive continuous
function ¢ on X™F such that

or in other words,

Pup=elo

/(pd{:l.

The measure dpu = ¢ d¢ given on the cylinder set Ca{)’ of XM+ by

and

_ 1
w(Cp)=e (”“)P/ PP el ,)d¢
0 M+ %

P
— ,—(p+DP §o° UGa]eS5) 4 (53°
O [ olaf es; I ¢ (55%)

is invariant with respect to the shift, it is also exponentially mixing on functions in
Hg (XM-HY) for B €10, a[. This measure is a Gibbs measure and satisfies for any

geCM™)
P/@dlt:/gdw

This theorem is often called the Ruelle-Perron—-Frobenius Theorem. The mea-
sure ¢ is often called a transverse measure. We refer to Bowen (1975) and Ruelle
(1978) for the proofs and definition of mixing. Recall (see the previous references)
that a probability measure on X% is completely determined by its values on the
cylinder sets (Ca(;)a).
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It is easy to extend the above measure j to a Gibbs measure on X' . Namely, for
any p < g with p < 0, we define for a;’, M compatible

H(Cag)=u(0”cag)-

It is left to the reader to verify that this measure satisfies all the assumptions of a
Gibbs measure, and is exponentially mixing (see Bowen 1975 and Ruelle 1978).

The Ruelle—Perron—Frobenius operator has some analogy with the transition
probability for Markov chains. Let (£2, f) be a dynamical system. We denote by
& the Koopman operator defined by

H(g)=gof.

This operator defines the time evolution on the observables, and is analogous to the
action of the Markov transition matrix on functions (see also the definition of the
semigroup associated to a Markov process in (2.17) of Sect. 2.6). If one were to
find an invariant measure, one would have to look at the adjoint of this operator.
Assume now that a measure s is such that the image measure oo f~! (f~!
denotes the set theoretic inverse) is absolutely continuous with respect to o with
density hg. In this case, we may look for an invariant measure absolutely continuous
with respect to wg. For any (square integrable) functions g; and g», we have by an
easy computation, assuming that the equation f(y) = x has only countably many
solutions for any x,

[gz%(gl)duzfgzgl ofdu/.i”(gz)gldu

where
L@@ =Y ho(»g).
)’>f(y)=X

A nonnegative eigenfunction of eigenvalue 1 of . will be the density with respect
to o of an invariant measure.

8.2.2 Gibbs OSD

We now consider a matrix M’ with the same dimension as M and with entries also
equal to zero or one. We denote by P’, ¢’ and ¢’ the elements given by Theorem 8.9
for the operator &) acting on continuous functions with domain XM g

From now on, we assume that M “dominates” M’ in the following sense

M@, j)=0 = M, j) =0.

In other words, M’ allows fewer transitions than M. We will also assume that M’
is irreducible and aperiodic, namely, there exists an integer ks such that the matrix
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M'™' has all its entries nonzero. Obviously, this implies that M itself is irreducible
and aperiodic.

The results below can probably be extended to more general cases. We now de-
fine the trap X' the subset of XM given by

X' ={sexM: M, $)=0}.

Recall that if S € XM we have M(Sp, S1) =1, so X' is the subset of sequences in
XM such that the pair of symbols in position zero and one is prohibited by the matrix
M’ although allowed by M. We now want to explore the existence of a Yaglom limit
for this trap and initial Gibbs measure p associated to the «-Holder potential U.
We will first work with the unilateral shift on X% Recall that we assumed the
potential U is defined on this set. The Ruelle—Perron—Frobenius operator &7y, will,
of course, play a role, and we can apply Theorem 8.9 to this operator. There is,
however, another useful operator &)y jy whose action on a function g € C(X M.+
is given by

Puwmg®= Y glaese®d.
acgol
M’ (a,So)=1
It is left to the reader to verify that this is a bounded operator on C(X™-+). Note

also that C(XM ,*+) is invariant by &)y s, and on this space this operator coincides
with &y. Moreover, for any integer p > 1,

-1 Ua? oS
f@Z,’Mg(ﬁ) = Z g(ag . §) 1_[ V@ oD, (8.4)
agil M/’ compatible j=0
M'(ap-1,50)=1

We have, of course, with the notations of Sect. 1.4 Ay = X M I\XY, and more
generally,
X,={Se xMt M(S, Si41) =1,for 0 < j <n}.

It follows immediately from (8.3) and the last statement of Theorem 8.9 that if
g € C(XM-1) we have

n
/ﬂXngoa"du:/H]lXOoojgoo”du:67"P/)((f@,"‘,l,’M(p)gd{. (8.5)

j=0 0

We see with this formula that it is interesting to investigate the spectral properties
of the operator &) pr. We will first derive two useful lemmas.

Lemma 8.10 Assume the potential U is a-Holder for some a € 10, 1]. Then there
exists a constant D > 0 such that for any », ' € XM-%, for any integer p > 1,
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p—

and for any finite sequence a 1, M compatible and satisfying M(ap_1, ) =

M(ap_1, »)) = 1, we have

p=1 U@’ ex)
[Tj—oe™™ Dd (32,5
. < Pd(z.2)*

_ p—1 -
Hf:(; eU(aj )

The proof is left to the reader.

Lemma 8.11 Assume the matrix M’ is irreducible and aperiodic and denote by k.
the smallest integer such that the matrix M’ ku' has all its entries nonzero. Assume
the potential U is a-Holder for some o € 10, 1]. Then there exists a constant C > (0
such that for any S, S' € XM+ and any integer p we have

P

T n'® < Cd(8.8)*
5 < :

Py 1S

Proof We first consider the case where d(S, S") < 1. Then it follows from the def-

inition of the distance d that So = ). Let af) ! be M/ compatible and such that
M'(ap_1, So) = 1. Then M'(a,—1, Sj) = 1, and, by Lemma 8.10, we have

p—1 p—1
I @08 _ Dd(s.8)" I U@ ey
j=0 j=0
Therefore, the lemma follows in this case if we take C > D by summing over aé’ !
p—1

and using formula (8.4). If So # S(’) and p > ky;, we observe that for any ay
M’ compatible and such that M’ (ap,, So) = 1, it follows from Lemma 8.7 that

. Kyt ye oy . .
we can find a finite sequence b, which is M" compatible, with by = a p—k,,, and

— . —1—kyy ko
M'(by,,, S;) = 1. Denote by a'g ! the finite sequence ag M e by . It follows
from Lemma 8.10 that
p71 p—1 p_l_kM/ p—1 P*l p—1
l_[ eU(aj oS) — l_[ eU(aj oS) l_[ eU(aj oS)
jIO j:O p—kM/
p—]—kM/

—1
U@ 08) KUl omt )

IA
—

j=0

p—1
p—1
< esz/HUHfHa(XM,+) eD 1_[ eU(a/j .§/).

j=0
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p—1

p=l=kyr  p—l—kyy p—1
a - pko/

4 !
Summing over g =d, and then over a Pty and a , we get

Py 1(8) < Iuaction P o7 o o8 L 1(S)
Since d(S, §’) = 1, the result follows in this case by taking
C > D+ 2kp||U|lgy,, (xm.+) + ky log |.<].
Finally, it remains to prove the result in the case p < kyy . Since M’ is irreducible

and aperiodic, for any Sy € &/ there is an a € & such that M’ (a, Sp) = 1. It is the
easy to verify that there exists a constant C > 1 such that

1
— < inf inf 2V 18 < su sup 2y, (S <C.
C ~ 0=p<hky sexm+y MM7= Ospsrl)cM/ §€XAI4).+) MM
This finishes the proof of the lemma. g

The following lemma will be used several times later on.

Lemma 8.12 For any g € CT(XM:T), with g not identically zero, there exists an
integer p, such that for any integer p > p, we have

- p
SEI;{}Afl,+ Pw.mg >0

Proof Let S, be such that g(S,) > 0. Since g is continuous, there is a number
1 > € > 0 such that for any S" with d(S,,, S') < € we have g(S8') > g(S,)/2. Let p
be an integer such that p > ky; — 2loge~!. Using Lemma 8.7 and (8.4), it follows
easily that in the formula

p—1

Prous®= > glaftes) [N ¥

P Jj=0

a -1 M’ compatible

M'(ap—1,80)=1

there exists a sequence a)’ _1, M’ compatible with M'(a,—1, So) = 1 and such that

—l—kyp —l—kyy
Indeed, one takes ag M= (§0)g M" and uses Lemma 8.7 to complete the

sequence. We conclude that there exists a number ¢ > 0 such that for any S we have
Py u8(S) = cg(Sp). O

As observed above, &)y s is a bounded linear operator in the Banach space
C(XM-*). Denote by CT(XM:T) the set of continuous nonnegative functions on
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XM+ Tt is easy to verify that CT(XM-1) is a cone with nonempty interior (the ball
of radius 1/2 centered around the constant function 1 is contained in CT (X)),
It is also easy to verify that the bounded linear operator &7 y maps the cone
CH(XM-+) into itself. Therefore, by a theorem of Krein (see Oikhberg and Troitsky
2005), there is an element ¢y pr of the dual Banach space C(X M.+)T which is

an eigenvector of the adjoint operator @L/ v - Moreover, £y y is nonnegative on

C(XM-*), and since XM-F is compact, it follows that {m,m 18 a positive measure
(in particular, {pp pg (X M ) > 0; see, for example, Dunford and Schwartz 1958).
Let A be the associated eigenvalue, namely, for any function g € C(X M 1), we have

/ Py mgdim . m =?»/ gdim M. (8.6)
M.+ M+
We have, since the constant function 1 belongs to C(X M ),
/ (Pr ) dEyp = f 1ty =2 (XM). (87
XM+ XM+

It is easy to verify from the definition of 27y j and the irreducibility of M’ that
there exists a constant ¢ > 0 such that

inf (Zy uD(S) >c.
SeXxM.+ )

Using the identity (8.7), this implies A > 0. We define P* by
P* =logh.

It is now convenient to introduce the operator «@M', m defined by

Py = et Py m (8.8)
which satisfies

/(@M',Mg) Ay m = /gdCM’,M

for any g € C(AXM-1).
Lemma 8.13 There exists a constant C > 0 such that for any integer n

e €< 351'1’,[,71‘,11 <€,

Proof The proof follows at once from Lemma 8.11 and the identity

@X/[/’MldgM/,M = ey (XM,

M+

which is an immediate consequence of (8.6). O
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In order to derive some spectral properties of the operator &y s, we first recall
the definition of a quasi-compact operator.

Definition 8.14 An operator £ in a Banach space % is quasi-compact (quasi-
strongly completely continuous in the older terminology) if there exists a constant
C > 0 and a sequence (K ) of compact operators such that ||£"|| < C for any inte-
ger n, and

lim | £" — K,| =0.
n—oo

Theorem 8.15 Assume the matrix M’ is irreducible and aperiodic and the potential
U is a-Holder for some o € 10, 1]. Then, for any B € 10, af, the operator Pyy  is
quasi-compact in the Banach space Hg(X M.+,

-

Proof For each integer p > 1 and for each finite sequence a ! Which is M’ com-

patible, we choose once and for all a sequence g(a(’)’_l) = (320, 721, 502, ...) € XM+
such that M'(a p—1,20) = 1, and we define a bounded linear operator A, on
C(xM*) by

p—1
—ppP* p—1 p-1 U? ™ e8)
Apg( =" T glag exlaf ) [T Y
ugil M’ compatible j=0
M’ (ap-1.S0)=1

We now estimate the norm of the operator 2y, — A, in Hg(XM*+). For any

g€ H,g(XM’+), using d(czg_l oS, a(’)’_l og(a(';_l)) < 27P, we obtain

sup |2y, 1,8(8) — Apg(S)]

Se(xM.+)
* pol p-1
< sup e PP Z l_[eU(af '§)|g(ag_lo§)
SE(XMd») p—1 jZO

ag M’ compatible

M'(ap_y,Sp)=1

—g(ah " e x(af™"))]
p—1

p—1
= ||g||7-[ﬁ(XM,+)27pﬂ sup e PP” Z 1_[ PU(CHIR LY
Seh j=0

a(])ril M’ compatible

M'(ap—1,50)=1

=||g||Hﬂ(XM.+)2_pﬁ sup @,{},’Ml(g).
EE(XM'+)
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Therefore, using Lemma 8.13,

sup | P, 1,8(S) — Apg(S)| < eCligllpg, aom 277
Se(XM-F)

Similarly, if p =2¢ and d(S, §") > 279, we have from the previous estimate
=2 =2
(P2 18 — A208(9) — (34 ,8(5) = Args(5)
< 2¢C1gllggy aom+y2 PP < 2 gllggyamy2 d(S, 8).
We now assume d (S, S") <277. We have
~9 ~3
(3 88) =~ 22,58) =~ (73 y5(8) — Aaya(5)
< ||+ |1,
where
~3 ~3
=2 4,8 = Py ,8(8)) and L= Ayg(S) — Azyg(S)).
We observe that if d(S, S') < 1 then Sy = S;,. Therefore,

I =e PP Z (g(a([;_1 ) 1_[ eU(”?_ui)

zz(/)’_l M’ compatible

M'(ap—1,50)=1
1 I)_l p—1 /
- g(aéF o§/) 1_[ eV °§)>
j=0
=hi1+hp,

where

p—1 .
Ha=e?" 3 (glaf o) —glaf " e s) [TV
j=0

aé’_l M’ compatible

M'(ap—1,50)=1
and

p—1 p—1
hp=e?" )" glal™" o) (l—[ L I1 eU(“fl'S)).
j=0 j=0

agflM’compalible
M'(ap—1,80)=1



8.2 Gibbs Measures and QSDs 243

For I 1, we observe that d(ag_1 oS, ag_l e S') <27Pd(S, S'); therefore, using the
estimate (8.13), we obtain

p—1
* pl
1] 52—"ﬁd(§,§’)ﬁllgllaﬁ<xM-+>€_”P > HeU(a’ "
ag lM’t.ompduble] =0
M’ (ap-1,50)=1
=277d(S. 8) Nglomn Py y1(S) <277 eCd(S. 8') lgllygyaems.

For I 2, we have

—pp*

Uil < llgllag,axm+ye™” Z
ap_lM’compzuih]e
M/(ap—leO):l

p—1
—pP* U’ Les
— ||g||Hﬂ(XM'+)e pP Z 1_[ e (af S)

aé’71 M’ compatible j=0

M'(ap—1,50)=1

p—1 p—1
l—[ eU(a}’".g) _ 1—[ eU(af“.g)
j=0

j=0

p—1
<1 TJ U@ es)—U@] o8 |

j=0
Using Lemma 8.10 and the estimate (8.13), we obtain
1121 < DePd (S, 8')* Ngllggy oms) Papr 4y 1(S)

< DeD+C27q(ozfﬂ)d(§, S)ﬂ ||g||fHﬂ(XM,+).

Finally, since So = S, we have

bt E et ([T T ),

a617 ! M’ compatible

M'(ap—1,80)=1
and we can estimate this term the same way as we estimated /; ». We obtain
D+CA—q(a— B
|| < DePTC271CRa(S, $') gllgy, xms-

Regrouping all the estimates, we conclude that there exists a constant C’ > 0 such
that for any integer p
<27 P@=p/2, (8.9)

|25 = A0l
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We now estimate the norm of the operator A, in Hg(X M.+). We have using the
estimate (8.13)

* —1
4,8 < gy o [[ 9P

agilM’compatible j=0

M'(ap—1,50)=1
= llgllpgyxmny P 1S < €€ ligllagyams-

If So # S, we obtain

14,8(8) — Apg(S)] < 2¢ClIgllp,aem+yd(S, S).
Assume now Sp = S). We have

Apg(8) — Apg(S')

p—1

p—1 _ p—1 ,
St F e et ) (TTTT)
j=0 j=0

apil M’ compatible

M'(ap—1,50)=1
and this quantity can be estimated in the same way as we estimated /; ». We obtain
|8,8(8) — Apg(8')| < DePHCd(S. ) lIgllgy, omry.
We conclude that
supll 4 llag, xms) < 2¢€ + DePHC.
p
Therefore, using (8.9), we obtain

sup| 23 ug 94, ooy < €' +2¢€ + DePFE. (8.10)
P

‘We now observe that the operator A, is of finite rank and hence compact (see Dun-
ford and Schwartz 1958). The estimates (8.9) and (8.10) imply that the operator
9‘5[, 18 quasi-compact in the Banach space Hg(X M.+, g

For quasi-compact operators, there is an important result of Yosida and Kakutani
known as the Uniform Ergodic Theorem concerning their spectral theory. We now
recall this result (see Dunford and Schwartz 1958 or Yosida and Kakutani 1941).

Theorem 8.16 (Uniform Ergodic Theorem) Let L be a quasi-compact operator.
Then the eigenvalues of modulus one (if any) are of finite number and with finite
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multiplicity. Let s be their number. If s > 0 we will denote these eigenvalues of
modulus one by A1, ..., As. The operator L can be written

s
;CZZ)»,’P,‘ + R
i=1

where the P; are spectral projections associated to the eigenvalues A; (the sum is
taken to be zero in the above formula if s = 0). They have finite dimensional range
and satisfy Pl.2 = P; for 1 <i <s,and P;P; =0 for i # j. Moreover, the operator
R has spectral radius p < 1 (namely, lim,_ |R™|Y/" = p < 1). This operator
satisfies also RP; = P;R =0 for 1 <i < s. Therefore, outside the complex disk
|z| < p, the spectrum of L consists only of the eigenvalues 71, ..., As.

We can now apply the uniform ergodic Theorem 8.16 to the operator ,@M/,M.
From the existence of the measure (), we conclude that 1 belongs to the spec-
trum of @M/, m (recall that the spectrum of the adjoint of @M/, M 1s the complex
conjugate of the spectrum).

We will now prove that the only eigenvalue of modulus one is the number 1, and
this is an eigenvalue of finite multiplicity.

Lemma 8.17 The operator @M/,M has in Hg (XM-FY) an eigenvalue 1 of multiplic-
ity one, and the eigenvector ¢* can be chosen strictly positive on X+,

Proof 1t follows from Lemma 8.13 that the functions g, defined for any n > 1 by
1 n—1 )
==Y P, 1
8n n 2_(:) M

satisfy g, > e~C. Moreover, by the Uniform Ergodic Theorem 8.16 and Proposi-
tion 8.15, it follows that this sequence converges in Hg(X™T) to a function ¢*
which should also satisfy ¢* > ¢~C. Since

- n+1 1
@ ’ = —_ s
M’ ,M8n n 8n+1 n +1

we conclude by taking the limit that ¢* is an eigenvector of QZM/’ um of eigenvalue
one which is obviously strictly positive. Assume there exits a @, an eigenvector of
@M@ u of eigenvalue 1 and not proportional to ¢*. If ¢ is not real, its real and
imaginary parts must be eigenvectors of QZM/, m of eigenvalue 1. Therefore, it is
enough to assume ¢ real. Let 5 be the smallest real number such that

g=¢+ne*>0.

In particular, by continuity of g and compactness of XYM+, there is an § 0 €X M.+
such that g(S,) = 0. However, since g > 0, we have, by Lemma 8.12, that for p
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large enough
ﬁif,[,’ u&>0.
But this is a contradiction since
Py 8 =8
vanishes in S;,. Therefore, the eigenvalue one of QZM/’ um is of multiplicity one. [J

From now on, we will denote by ¢* the eigenvector of @M@ m of eigenvalue 1

satisfying
/q)* dc=1.

Lemma 8.18 Let g € Hg(X M.+ be a nonnegative function which is not propor-
tional to ¢* (otherwise the result is obvious). Then there exists a constant y > 0
such that for any S € XM+ we have

1im [(Phy 48)(S) — ye* (S| =0.

Proof We define recursively a sequence of nonnegative numbers () and a se-
quence of nonnegative function (g,) in Hg (X0+ ) by

Py u&®)

= in
T sexms 9*(S)

and

8&n = g;l/[/,Mg — Yug™.
In particular, g, > 0 and

inf g,(S)=0.
ge.)(o+

From the relation
e@;\lf/lMg = J/n+1fﬂ* + 8nt1 = @M/,M(@X/[/,Mg)
= Pt (Yn@™ + 81) = va0* + P 1 (8n),
we derive Y41 > ¥, and
Py m(8n) = gnt1-

Since the operator @M/, M 1s quasi-compact (see the definition and Proposi-
tion 8.27), we have

S‘rllP” '@X/I’,Mg”’){ﬁ(XMﬂ < &0,
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and for any n

- ”‘@X/I’,Mg”Hﬁ(XM'Jr) - ||g||Hﬁ(XM'+)
"= g 97(S)  infgems 9*(S)

Therefore, the nondecreasing sequence (y,,) converges to a nonnegative num-
ber y. Assume that (g,) does not converge to zero in C (X0+ ). We are going to derive
a contradiction. Since the sequence (g,) is bounded in Hg(X M.+y it follows from
Ascoli’s Theorem (see, for example, Dunford and Schwartz 1958) that this sequence
is compact in C(X M4y Let g« denote a nonzero accumulation point, namely,

Jj—>00

for some infinite sequence of integers (n;). Since g, > 0 is not identically zero, it

follows from Lemma 8.12 that there is an integer p such that

gﬁp

M8 > 0.

In particular, there is a number § > 0 such that
'@;’,Mg* =38¢" +u
with u > 0. We have
< itp ~ n:
Py m8 = Ynyp®” + 8nyp = Lo (P 8)

@&/’Mgnj (§)) *

— 714 :
- Vn,‘p* + ‘@M/’Mgnj Z <Vl’l/ +1I§1f (p*(ﬁ)

However,

@f/[/yMgnj (§)
¥*(S)

and for large j we have a contradiction to the definition of 4, < y. Therefore,
all the accumulation points of the sequence (g,) are equal to zero and hence this
sequence converges to zero. O

lim <ynj +ir§f ) >y +4,

j—o0o

The following theorem establishes some spectral properties of the operator
Py .-

Theorem 8.19 Assume the matrix M’ is irreducible and aperiodic and the potential
U is a-Holder for some o € 10, 1]. Then, for any B € 10, o[, the spectrum of the
operator Py y in the Banach space Hg (XM-FY consists of a positive eigenvalue
eP” with eigenspace of dimension 1 and an eigenvector ¢* which can be chosen
strictly positive. The function ¢* and the number P* can be chosen independent
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of B. The corresponding linear form which is an eigenvector of the adjoint for the
same eigenvalue can be chosen as a probability measure {yr y.

Moreover, there exists p* €10, " [ such that the rest of the spectrum of Py .m
is contained in the disk {z € C: ||z]| < p*}.

Finally, we have the equalities P* = P" and ¢' = a@*| yur 4, where a > 0 is a
normalizing constant.

Proof By the Uniform Ergodic Theorem 8.16, we know that there are only finitely
many eigenvalues of modulus 1, and, by Lemma 8.17, we know that the eigenvalue 1
is simple. Assume £ is a nonzero eigenvector of &y pr in Hg (X M.+y of eigenvalue
A of modulus 1 with A # 1. We can write

E=&6 -5 +i(6 &)

with & > 0 and & € Hg (XM for i = 1,...,4. Moreover, since & is not iden-
tically zero, at least one of these functions must be not identically zero. Applying
Lemma 8.18, we conclude that the sequence (@" /) 1 (8)) converges for any S. But
this sequence is also equal to (A"£(S)) which cannot converge, unless A = 1. This
proves that 1 is the unique eigenvalue of modulus 1. The stated spectral properties
follow from the Uniform Ergodic Theorem 8.16 and formula (8.8).

The last statement of the theorem follows from the fact that C(X'™ /’+) is invariant

by Zu.m, and on this space this operator coincides with &2y O

We can now prove a result about the Yaglom limit of the measure p and the
existence of a QSD.

Theorem 8.20 Under the above assumptions on M and M, for any Gibbs measure
W associated to an o-Holder potential U, there exists a QSD v given by

*

¥

dv=——-——d
S, 07 d¢

¢ (8.11)

where ¢ is defined in Theorem 8.9. Moreover, v(T > n) = e"<PLP), that is, the
exponential survival rate of v is P — P'.
For any function g € C(XM), we have
) 1
lim
n—00 (1(Xn) J x,

goa”du:/ gdv. (8.12)
Xo

Furthermore, there are two constants C > 0 and p € 10, 1[ such that for any
g € C(XM) we have

o f oo |
oo"du— dv
‘M(Xn) Xng Xog

In particular, v is the unique QSD with continuous Radon—Nykodim derivative with
respect to ¢ .

=< Cligllgcxmyp”. (8.13)
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Proof Let g € C(XM). From (8.5), we have

1 " fX gOO’nd,LL fXO(@X,I/M‘P)gdé‘
goo'dpu=—" = w :
n() Jx, Jx, du Jx (P ) A5

From Theorem 8.19, we obtain that

lim goa”du:/ gdv,
n=00 () Jx, Xy

proving that v is a QSD. Relations (8.12) and (8.13) also follow from this discussion.

To finish the proof, we only need to identify the exponential survival rate of v. This
is obtained by noticing that

v()(l)/ go*d;:/ lxooofp*dg:e_P/PM(IXOOJIXOgo*)d{
Xo Xo

=€_P/ PM(lxofﬂ*)dE:e_P/ Py v (¢%) d¢
X() XO

=P f p*dg,
Xo

from where the result follows. O

It also follows that the QSD v constructed above is the Yaglom limit of all the
initial distributions absolutely continuous with respect to the measure v.
It also follows easily from Theorem 8.19 that for any Borel set D

lim {(D Nax,) _ ;M’,M(D N Xo)
n—oo  £(Xy) Cmr o m (Xoo)

The shift on the invariant set X5, equipped with the Gibbs state of potential U is an
analog of an h-process.

8.3 Pianigiani-Yorke QSD

We now consider a particular case where Xy C f (X)), with strict inclusion. We start
with a simple, but rather typical example. The phase space is the complex plane C
and the map f is given by

fz) =2
For R > 1, let Ag be the annulus

Ag={z:R7' <[zl < R}.
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It is easy to verify that
f(AR) = Apa.

Let Ry > 1 be a fixed number, and let Xy = Ag,. A simple computation leads to

Xy=A

RY"
for any integer . Let Leb denote the Lebesgue measure of R?. We have
Leb(X,) =7 (R¥ " —Ry* ).
Therefore, for large n, we get
Leb(X),) =472 " log Ry,

namely the probability of survival up to time n when starting with the Lebesgue
measure decays exponentially fast. This suggests looking for an absolutely contin-
uous QSD (see Lemma 8.3). More generally, assume we start with a measure (on
Xo) which is absolutely continuous with respect to the Lebesgue measure and with
density . For any integrable function g, we would like to say something for large n
about the integral

f go f"hdLeb.

n

Instead of using z as the variable, we can try to use f"(z). The transformation is not
bijective, but we can decompose the integral over subsets of X, where the map is
bijective. We obtain

n _ h(y)
/Xngof hdLeb—/XO( Z Zm)é’(Z)dLeb(Z).

yeX, y?' =
If we define
h(y)
o= Y 1.
‘. 4lyl
yeXy,y=z

an easy computation leads to

n h(y)
P"h(z) = Z W

yeXy,,y¥' =2
and we have

/ go f*hdlLeb= P"hg dLeb.
X, Xo
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Since the equation y?> = z has two roots for any y € Xj, and both roots satisfy
|y|?> = |z|, we obtain that the function A(y) = |y|~2 (defined on X)) satisfies

1
Ph=—h.
2

Therefore, for any integer n and any integrable function g, we have

f go f"hdLeb=2"" / ghdLeb,
X

n 0

and the measure & dLeb is a QSD with rate of survival 1/2.
The careful reader is invited to verify that, as expected from Lemma 8.3, for any
n (not only asymptotically),

f hdLeb=472""1og Ry.
Xy

We now state some more general hypotheses in view of generalizing the above ex-
ample. We will denote by Int F the interior of a set F'.

H1 The set X is RY for some d > 1, finite.

H2 The set A} is open, connected with compact closure (in particular, it has a pos-
itive Lebesgue measure), and X C Int f (Xp).

H3 The map f is C'*% in a neighborhood V of X, and there is a constant a < 1
such that

sup [ (Df) || < a.
xeV

Note that by the Open Mapping Theorem (see Dieudonné 1969), it follows from
Hypotheses that f (Int Xp) is an open set. We define recursively as before for n > 1

Xp=X—1 N f_n(XO)-
We first prove two simple topological lemmas.

Eemma 8.21 For any integer n > 1, we have f(IntX),) =1IntX,_| and f(?n) =
X,_1. Moreover, the set

Xoo = an - nli>Hol<J Xn
n

is nonempty, compact and invariant.

Proof Since the sequence (f_,,) is a decreasing sequence of compact sets, none of
them being empty (since f"(X,) = Xy), the fact that X' o, is nonempty and compact
follows (see Dieudonné 1969). O



252 8 Dynamical Systems

If r is a positive number and x € R, we denote by B, (x) the ball of R of
radius r and center x. We will use several times the following version of the Inverse
Function Theorem.

Theorem 8.2_2 The_re are two positive numbers €y and €| < € such that if yy € Xo
and x1 € f(Xo) N Xo satisfy

|x1 — f(v0)| < €0,
then there exists a unique y| € Xo such that
FO=x1 and |yi—yol <ei.

Moreover, the map x1 — yi defined on the ball B, (yo) is C!. Its differential has a
norm of at most a.

Proof By Hypotheses H2 and H3, and since the map f is open (see Dieudonné
1969), there is a number 8 > O such that

d(Xo,df (Xo)) > do.

where 31 (X() denotes the boundary of f(X) (recall that Xo C f (fo)l Since X
is compact, there is a number 61 > 0 with §; < §¢ such that for any zp € Xy we have

£ (Bs,(20)) € Bs,(z0)-

Since ?o is compact, we can choose this number §; independent of zg. By the
Inverse Function Theorem (see Dieudonné 1969), and Hypothesis H3, for any yg €
X we can find two numbers €; < €g < 81 such that fisaC 1 diffeomorphism from
Be, (yo) to its image which contains Be,(x(). Since X is compact, we can choose
these numbers €] and €y independent of yg. The results follows from the fact that
by hypothesis x1 € B¢, (x0) € f (B¢, (30))- O

We now define the Ruelle—Perron—Frobenius linear operator &2, mapping func-
tions on Aj to functions on f(Xp) by

gWy)
Pey= Y =,
e IO

where J(f) denotes the Jacobian of f. As before, this operator is useful due to the
following relation whose recursive proof is left to the reader

/ go f"dLeb= / P"1gdLeb. (8.14)
X

X, 0
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We now state some elementary properties of the operator &?. We denote as in
Sect. 8.2.2 by C(F) (respectively, Hg(F)) the set of continuous (respectively, S-
Holder (B € ]0, 1])) functions on the bounded set F. These are Banach spaces when
equipped with the respective norms

lg(x) —g(y)l
”g”C(FFS“]Iﬂg(x)} and gl = sup  ————"r—
xXe

+ sup|g(x)].
x,yeF,x#y |x —}’| xeF

Lemma 8.23 The operator & is continuous on C (X0) and also on Hg (X0) for any
B €10, al. It maps the cone C(X o)t of nonnegative continuous functions into itself.

The proof is left to the reader.

By Krein’s Lemma (see Oikhberg and Troitsky 2005), we conclude that there is
a positive measure { on X'o and a number A¢ > 0 such that for any g € C(X() we
have

| @gdé“:?»o/_ gde.
Xo Xo

It is easy to verify that for any x € X, we have
@1}0 > ajlyo s
and since ]1}0 € C(Xy), we conclude that

ag(Xo) < ¢ (Xo),

which implies (since ¢(Xo) > 0, by Krein’s Lemma) Ao > a. We now define the
operator & by

P =22 (8.15)

It is easy to verify that for any integer p > 1

/ - )
Pew=n" 3 Jiner (8.16)
yeX, fP(y)=x J(fP)(y)

The following lemma will be used several times.

Lemma 8.24 Let x and x" in X be such that |x — x'| < €q (see Lemma 8.22). Then
for any integer p, there exists a bijection F;I;), between the two sets

yeX,: fPy)=x} and {y eX,: f’(y)=x'}
such that for any y € ?p with fP(y) =x we have forany 0 < j <p

110 = FI(FEE )| <a?T|x = x'].
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There is also a constant C > 0 such that for any integer p

S

sup sup |1 — ————"—— <Clx—x'|"
x,x’, yeyp, J(fp)(Fx’X/(y))

le—x'I=€o fr(y)=x

Proof Let y € X}, be such that f”(y) = x. Using recursively Lemma 8.22, we
conclude that there exists a unique y’ € X}, such that f”(y") = x’, and for any
0<j<p—1wehave |f/(y) — f/(y')| < €;. There is indeed a better estimate,
namely, from Hypothesis H3, we get

|7 = ()| < aP~|x = x|

)

Therefore, we have constructed a bijection F)fp , between the two sets

X
{yeX,: fP(y)=x} and {yeX,:f’(y)=x'}
such that for any y € f,, with f7(y) =x and for any 0 < j < p we have
1) = F(FD()| <aP~ |x —x'].

This finishes the proof of the first part of the lemma. We now observe that there is a
constant D > 0 such that for any x and x” in X’y we have

J(X) < eD|x_x,|u.
J(x) =

This follows from the fact that the function log J (x) is Holder of exponent .
Therefore,

JUH ’ﬁ JOU )
JUPEP) o IOSIED(5))
<P YT =1 FL, ol P Py @D x|

< eD\xfx’l"‘/(lfa“). 0
We will also need the following lemma.

Lemma 8.25 For any € > O there exists an integer p = p(€) > 0 such that for
any y € X, and any x" € Xo, we can find y' € X, such that fP(y") = x" and
ly—yl=e

Proof Let €y be as in Lemma 8.22. Since X is compact, it can be covered by a
finite number M of open balls of radius €y/3. Denote by x1, ..., x)s the centers of

these balls (which belong to ?0)- We claim that for any x € X and any x’ € X0,
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there is a sequence of ¢ indexes 1 < jj < jo <--- < jy—1 < jq With ¢ < M such
that x € B¢ (xj,), x" € Be(xj,), and forany 1 <€ <gq

Bey (xj) N Bey (X)) # V.
This follows at once from the connectedness of X. Let

_ log((M 4+ 1)e™)
N loga '

We can now apply Lemma 8.24 to construct g points y;, 1 < £ < g in ?p, which
satisfy

fP(ye) =xj, forany 1 <€ <q,

I/ = f/erDll <aP™ep forany 1 <€ <g—landany 0 < j < p,

I£9 () = Iyl <aP~ e forany 1 <€ <gq,

there exists y' € X, fP(y)) =x/, and ||/ (y,) — £/ )l < aP ey for any
1<t<gq.

By the triangle inequality, we have
q—1
[ =y <ly =yl +|yg = ¥'[+ Y 1ve = yes1] < (M + Dega” <e.
=1

We now derive a uniform estimate on the functions 927 1(x).

Lemma 8.26 There exists a constant C > 1 such that for any x in X, and any
integer p, we have

< PP1(x) <C.

Q=

Proof Assume first x and x’ are such that [x — x’| < ¢y (see Lemma 8.22). By
Lemma 8.24, we have

~ 1 1
PPUX)  LyeX, fr)=x TGNG) _ 2yeXpf?0)=x TGTHT)

7 N 1 , [
PPU) Ly, pron=v TAN®  2vedp, P0I= Trma o)

JFPEP (9)
< sup —_—— <

=Cy.

yeXy, fP(y)=x J(fP)(y)
Since_?o is compact and connected, there is an integer M such that for any x and
x"in X, we can find a finite sequence xg, ..., x; with k < M, xo = x, x; = x’, and
|xj —xj41] <€ for 0 < j <k — 1 (see Dieudonné 1969).
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Therefore, for any x and x’ in X0, we have

k—1

PP1(x;)

PP1(xj41)

PP1(x)

. <cM.
PP1(x)

j=0

This estimate implies for any x € X
-M M

M= Cl_ ﬂpld; < PP1(x) < —L— € / PP1de <cM.
{(Xo) Jx ¢ (Xo)

The lemma is proved with C =C {” . 0

Proposition 8.27 The operator P is quasi-compact in Hg (Xo) forany B €10, «l.
We will denote by D the diameter of X.

Proof From Hypotheses H2, H3, the compactness of zo and Lemma 8.21, it fol-

lows that there is a number § > 0 such that for any y € X'y, the ball Bs(y) of radius

8 centered at y is contained in X.
Let 1 be a nonnegative C*° function in R? such that n(x) = 0 if |x| > 2, and

satisfying
/ n(z)dz=1.
R4

For any integer p, we define the operator A, by

Apg(x) = )g(z) dz.

1
2Dariy X;() J(f”)(y) <2D g

We first observe that since the integral of 7 is one
[ (35 )e@dz g
2Da? 2D p J81Ax T 8L
- ) (s +9) —s()d
~|2par | "\2par )\8V T T VA

Therefore, using Lemma 8.26,

< (4Da?)’ g1l )

| PP g(x) — Apg(x)]

o2 e (e ape [ 155 )
TGO\ 2par | "\2Dar )5

Y
0 lyex,, rr(=

< (4Da?) lgllyy, ) P71 < C(4Da?) gy, v, -
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We conclude that if |x — x'| > a”/? we have

(P78() = Ap8(0) = (P78 (x') = Apg(x'))| =2CADY a2 |x — x|,

Assume now |x — x’| < aP/?, and p > 2loge;/loga. Then, using Lemmas 8.24

and 8.26, we have

. . 1 g(y) 8()
| PPe) = PPe(x)| == Y e Y
20 lex, Frones 7DDy o=

oy ¢ gEDO) ‘
M ene Frome TN 10 (ED) ()

1 Z s g(F;i),(y))
J(fPHY) TP

)’GXp,f”(y)=x

2

YEX, fP(y)=x

1

T
0

gEN ) g(ER) '
JUNO) J(fryED ()

<a|x x| gl cry PP 100

J(fP)(»)

- @pl(x)
JUPED (1)) ‘

+11glly, 7, sup ‘1
Hp(Xo) yexy,
friy)=x

< C(apﬂ|x - x’|ﬂ +Clx — x/|a)||g||q.[ﬁ(}0)

< C(apﬁ + CaP(d—ﬁ)/Z) |X _ x/|l5 ||g||7_[ﬂ(§0)
Similarly, we have

|Ap(x) _Ap(x/)|

1 Z 1 1 ) d
J(fP)() zDap/’?(ZDap)g(y—s) s

= A‘—p
0 'yex,, fr(y)=x

1 1 s , J
- 2 e | s et -9

YEXy, fP(y)=x

1 1 1
2 (J(ff’)(y) B J(fﬂ)(Fx,xwy)))zDaf’

yeXp,
FP(y)=x

JfPIO)
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X/n( 8 )g(y—s)ds 3 R
p > :
e vex, prones P Few )

><(/”(25;P>g°“‘”ds‘}/”(25;P>gbﬂ_s”“>‘

1
YA
0

= C(a +Car PP x —x'Plglly,, -
This estimate implies
plggoH PP — Ap”?-tﬁ(fo) =0.

It is easy to verify that the operator A, maps continuously g (Xo) to Ho(X0),
and therefore is compact as an operator from the Banach space Hg (X)) to itself.
This finishes the proof of the proposition using Definition 8.27 of quasi-compact
operators. g

We can now apply the Uniform Ergodic Theorem 8.16. From the existence of
the measure ¢, we conclude that 1 belongs to the spectrum of & (recall that the
spectrum of the adjoint of &7 is the complex conjugate of the spectrum).

We will now prove that the only eigenvalue of modulus one is the number 1, and
this is an eigenvalue of finite multiplicity.

Lemma 8.28 Let g € Hg (X0) be a nonnegative function such that
Jim gl > 0-

Then there is an integer p such that

inf 2P g(x) > 0.
X

Proof Let xg € X be such that

li 7= .
nLn;o ”g”(j(_)(n) 8(x0)

6_( g(xo) yw
2”5'”7{,3@0)

Using Lemma 8.25 applied to any x’ € Xp and y = xo € ?p(e), we conclude that
there exists y’ € ?p(e) with f7(y") =x" and

Let

/ _ B g(x0)
8(v) z gx0) = lIgllyy, " = =5
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Using formula 8.16 and the nonnegativity of g, we get

~p / —-p 7p8(x0)
f@g(x)z)\o A —

where

A= sup J(f)(x). 0

xE?o

Lemma 8.29 The operator P has an eigenvalue 1 of multiplicity 1, and the eigen-
vector ¢ can be chosen strictly positive on Xy.

Proof Tt follows from Lemma 8.26 that the functions g,, defined for any n > 1 by
1 n—1
=-Y 21
o= ]X_(:)

satisfies g, > C~!. Moreover, by the Uniform Ergodic Theorem 8.16 and Proposi-
tion 8.27, it follows that this sequence converges in Hg(X¢) to a function ¢ satisfy-
ing also ¢ > C~!. Since

n+1 1

Fg __r
8n 8n+1 T

we conclude by taking the limit that ¢ is an eigenvector of P of eigenvalue 1 which
is obviously strictly positive. U

Lemma 8.30 Let g € Hg (X0) be a nonnegative function. Then there exists a con-
stant y > 0 such that for any x € X we have

nlinéo“j)ng)(x) —yo(x)|=0.

Proof We assume that the function g is not proportional to ¢, otherwise the result
is obvious. We define recursively a sequence of nonnegative numbers (y,) and a
sequence of nonnegative function (g,) in Hg(Xo) by

L Pg(x)
yu= inf —
XGXQ go(-x)
and
gn=P"8 — Vnop.
In particular, g, > 0 and

inf g,(x)=0.

XEX()
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From the relation

P =yur 10+ a1 = P(P"8) = P (Vap + 80) = va® + P (20),
we derive Y41 > ¥, and
P(gn) = gnt1. (8.17)
Since the operator Pis quasi-compact (see the definition and Proposition 8.27), we
have for any n
||«92"g||q.[ﬁ@0) - ”g”’Hﬂ(EO)
infxey0 px) — infxey0 @(x)

Yn =

Therefore, the nondecreasing sequence (y;,) converges to a nonnegative num-
ber y. Assume that (g, ) does not converge to zero in C (Xo). We are going to derive
a contradiction. Since the sequence (g,) is bounded in H g (X0), it follows from As-
coli’s Theorem (see, for example, Dieudonné 1969) that this sequence is compact in
C(?o). Let g, denote a nonzero accumulation point, namely

8x= ,-13130 8n;

for some infinite sequence of integers (7). If g*'Zm > 0 is not identically zero, it
follows from Lemma 8.28 that there is an integer p such that

PP g+« > 0.
In particular, there is a number § > 0 such that

PPg. =8¢ +u
with u > 0. We have
PTG = Y9 + Gujrp = PP (P g)

- PP (x)
= Vn~¢+<@pgn~ = (Vn- +1nf#>
J J J X (p(x)

However,

PP gy, (x)
@(x)

and for large j, we have a contradiction to the definition of v, 4+, <.

__ It only remains to consider the case where all accumulation points g vanish on
X 0. Let (n) be a diverging increasing sequence of integers such that (in C (X))

lim (yn_,- +inf > >y +3,

J—>00

lim g, = gx,
J—>00 ;
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where g, vanishes on X . Using iteratively (8.17), we get for any j > j’

pnj—n
gn; < PNl 8n s

which implies for any x € X

g ()< sup ga, NPT C sup g, (), (8.18)
}’Eanfnj/ yEanﬂzj,

where the last inequality follows from Lemma 8.26. We now choose two increasing
sequences of integers (j¢) and (j;) such that the sequences (n jé) and (nj, —n j;)
diverge. Since the sequence of compact sets (X,) is decreasing, we have (see
Dieudonné 1969)

lim sup  d(y, Xoo) =0.

Since the functions (gy;) are uniformly continuous and g, vanishes on X oo, We
conclude that

lim — sup gy, (y)=0.
{— 00 T Je
ye njp 7njé

Using (8.18), we conclude that
8= le)ngo 8nj, =0,

namely, all the accumulation points of the sequence (g,) are equal to zero, and hence
this sequence converges to zero. g

Theorem 8.31 Under Hypotheses H1, H2, H3, for any B € 10, a[, the spectrum of
the operator & in the Banach space Hpg (Xo) consists of a positive eigenvalue ). < 1
with eigenspace of dimension 1 and an eigenvector ¢ which can be chosen strictly
positive. The function ¢ and the number )\ do not depend on B. The corresponding
linear form which is an eigenvector of the adjoint for the same eigenvalue can be
chosen as a probability measure ¢ independent of B. Moreover, there exists pg €

10, A[ such that the rest of the spectrum of &P is contained in the complex disk
lz| < pgp-

Proof Let ¢* be an eigenvector of & in Hp(Xo) with eigenvalue A satisfying
|[X] = 1. We can write

0 =k — 9k +ilo]4—97-)
where <p;’ 4 and cp}k’ 4 denote four nonnegative functions in Hg (Xo), satisfying
$r. Pk =0and g7 @7 =0. Applying Lemma 8.30, we conclude that

ggn(p* :)»"go*
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converges when n tends to infinity to a multiple of ¢. Therefore, A = 1 and this
eigenvalue is nondegenerate. The rest of the theorem follows by applying the Uni-
form Ergodic Theorem 8.16 and the definition (8.15). O

We can now state the main result for this section.

Theorem 8.32 Under Hypotheses H1, H2, H3, the map f has a unique QSD v
on Xy absolutely continuous with respect to the Lebesgue measure. Moreover, if h
denotes the density of this QSD (dv = hdLeb), there are two constants C > 0 and
o €10, 1 such that for any g € C(XM) we have

1 f "
gosmdted— [ ghaLed| < Cliglowys”
v(An) Jx, X (o)
Proof This result follows at once from (8.14) and Theorem 8.31. O

8.3.1 An Application to the Newton Method

As an example, we consider the problem of solving the polynomial equation z3 = 1.
The roots are, of course, well known (the three cube roots of unity 1, j, j2), but one
can investigate on this simple example the behavior of the Newton method which
is often used to find roots of more complicated equations. This method consists in
iterating a map (see, for example, Henrici 1974) which in this case is given by

R@ =2+

==+
3 372

It is easy to verify that the three roots of unity are the only fixed points (R(z) = 2),

and the derivative of R vanishes at these points. It is known that if one starts with

an initial condition zo near one of the roots, the iteration

Zn+1 = R(zn),

converges very fast (doubly exponentially fast) to the root. However, there are start-
ing points whose orbits never converge. We refer to Eckmann (1983), Hubbard et al.
(2001) for more information.

Let Z denote the set of initial conditions whose orbit does not converge to any
of the fixed points 1, j or j2. This set turns out to be in this case the Julia set of
the map R (see, for example, Blanchard 1984 and Lyubich 1986 for definitions and
results).

The part of this set near the origin is drawn in black in Fig. 8.1.

In order to apply the preceding results about the existence and properties of
QSDs, we first conjugate the transformation by a map sending the fixed point 1
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Fig. 8.1 The Julia set for the
Newton method of z3 = 1

Fig. 8.2 The Julia set for the
map f

to infinity. One can use, for example, the (bijective) map

ey — 1
(Z)_—z—l'

Instead of using R, it is therefore equivalent to use the map

223+ 62+ 32

=—HoRoH! =
f@)=HoRoH '(2) 3212

This map has two fixed points with zero derivative at 1 + j and 1 + j? (and a third
one at infinity).

The map f is again a rational map. We will denote by J its Julia set which is
now a compact set (see Fig. 8.2). We have also conjugated the map by a rotation to
obtain nicer pictures.
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Recall that a critical point of a rational map is a point where the derivative van-
ishes. The map R and hence the map f have only three critical points which are all
fixed points. Therefore, we conclude by Theorem 8.1 in Blanchard (1984) that the
Julia set J is hyperbolic, namely, there is a number Ko > 1 and an integer ng such
that

inf| f"'(2)| > Ko.
zeJ
By the chain rule, we have for any z

no—1

M@=11 r (@)

j=0

Since —2/3 ¢ J, f' is continuous (and therefore bounded on J). This implies that
f™’ is continuous on a neighborhood of the compact set J. Therefore, there exists
a number €y > 0 and a number K > 1 such that

inf ") > K,
z,d(z,J)§€o|f ( )‘

where d(z, J) denotes the distance from z to J, namely,

d(z,J) 2325 lu — z|.

Lemma 8.33 There exists a number € > 0, €| < €, such that if we define
Xo={z:dz J) <€},

then

f"(Xp) D Ap.

Proof Let z € J. Since | f™’(z)| > K, we can apply the Inverse Function Theo-
rem to f0 (see Dieudonné 1969). This implies that there exists a number €; > 0,
which may depend on z such that £’ is a bijection from Bz, (z) to its image. More-
over, we can assume €] > 0 small enough so that €g > €; > 0 and for any € < €

" (Be(2)) D Ba+kye2 ().

Moreover, it follows from the Inverse Function Theorem that the numbers €; are
bounded away from zero uniformly in z € J. We can take for €; the infimum of
these numbers, and the result is proved. O

A set Xp with f(Xp) D Ap is shown in Fig. 8.3, together with its first iterate.
Figure 8.4 shows the same sets with the Julia set. Figures 8.5 and 8.6 show the
equivalent sets in the original coordinates.
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Us| | Up ‘ ™ (™

Fig. 8.3 The boundary of a neighborhood of the three critical points of the map f in green on the
left, together with their image in magenta on the right. The connected set X)) satisfies f(Xp) D Xp

Fig. 8.4 Julia set, boundary
of a neighborhood of the
three critical points of the
map f in green, together with
their image in magenta. The
connected set Xy satisfies

f(Xo) D X

It is easy to verify that Hypotheses H1, H2 and H3 of Sect. 8.3 are satisfied. We
can therefore apply Theorem 8.32 to conclude that the map f"° has an absolutely
continuous QSD. The density is bounded above and below away from zero.

We can now apply the inverse of the conjugation H to come back to our initial
picture.

Going back to the initial picture, we get
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23

Fig. 8.5 The boundary of a neighborhood of the three critical points of the map R in green on the
left, together with their image in magenta on the right

Fig. 8.6 Julia set, boundary
of a neighborhood of the
three critical points of the
map R in green, together with
their image in magenta

@)

8.4 Other Results

8.4.1 Other Proofs

There are several different proofs of the results we have presented in the previous
section. In both cases, we have used the method of quasi-compact operators. One can
also use projective techniques (based, for example, on the contraction properties of
Hilbert projective metric of cones due to Birkhoff). We refer to Pianigiani and Yorke
(1979), Collet et al. (1994, 1995b) for results using this technique, and to Demers
and Young (2006) for a general review.
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8.4.2 Absolutely Continuous QSD

Other examples of QSDs which are absolutely continuous with the one dimensional
conformal measure have been constructed in Liverani and Maume (2003). See also
Collet and Galves (1995) for a case of small holes. In higher dimension and for hy-
perbolic systems, one can try to construct QSDs which are absolutely continuous in
the unstable direction. We refer to Collet et al. (2000), Chernov et al. (1998, 2000),
Chernov and Markarian (1997a, 1997b), Demers (2005a, 2005b), Demers and Liv-
erani (2008), Bruin et al. (2010), Demers et al. (2010) and Demers and Young (2006)
for more results and details.

8.4.3 Properties of a QSD

Although a QSD is not invariant, one can wonder about the process obtained by
conditioning upon survival. In Collet and Martinez (1999), the following Central
Limit Theorem was proved for the Gibbs QSD (8.11) described in Sect. 8.2, Theo-
rem 8.20. The result can be stated as follows (using the same notations).

Theorem 8.34 Assume the hypothesis of Theorem 8.20 hold (in particular, the po-
tential U is a-Holder). Let g be an a-Holder function such that

/w*gdé =0

1 [y, (a0 00" et de
lim —
N—oo N an p*dt

and

£0.

The limit always exists, and we denote by n the nonnegative square root of this
nonnegative number. Then

*
lim an ]IZ'}::O] ser <t VY “ = 1 /t 1M gy,
N—o00 f X, p*d¢ «/E —00
We refer to Collet and Martinez (1999) for the proof which uses the properties
of the Ruelle—Perron—Frobenius operator given above. The proof of this theorem is
similar to the one of Theorem 3.4 in Chap. 3 which is an analogous result for finite
Markov chains.

8.4.4 Decay of Probabilities

The result of Lemma 8.3 suggest asking more generally if one can prove at least
an asymptotically exponential decay for dynamical systems with holes. This ques-
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tion was investigated in several papers starting with Eckmann and Ruelle (1985), in
connection with Lyapunov exponents for an invariant measure on a repeller. We re-
fer to Lopes and Markarian (1996), Vaienti (1987), Froyland and Stancevic (2010),
Bahsoun and Bose (2010), Keller and Liverani (2009), Araujo and Pacifico (2006),
Bahsoun (2006), Collet et al. (1999), Baladi et al. (1999) and Afraimovich and Buni-
movich (2010) for details.
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