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Abstract We propose a definition of tunneling and of metastability for a continuous time
Markov process on countable state spaces. We obtain sufficient conditions for a irreducible
positive recurrent Markov process to exhibit a tunneling behaviour. In the reversible case
these conditions can be expressed in terms of the capacities and of the stationary measure of
the Markov process.
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1 Introduction

In the framework of non-equilibrium statistical mechanics, metastability is a relevant dy-
namical phenomenon taking place in the vicinities of first order phase transitions. There
has been along the years several proposals of a rigorous mathematical description of the
phenomenon starting with Lebowitz and Penrose [22] who derived the canonical free en-
ergy for Kac potentials in the Van der Waals limit. The seminal paper of Cassandro, Galves,
Olivieri and Vares [8] proposed a pathwise approach to metastability which highlighted the
underlying Markov structure behind metastability. In the sequel, Neves and Schonmann [23,
24] proved the metastability of the two-dimensional Glauber dynamics on a finite cube at
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very low temperature, Scoppola [28] examined the metastable behavior of finite state space
Markov chains with transition probabilities exponentially small in one parameter, Den Hol-
lander et al. [17, 18] and Gaudilliere et al. [15, 16] investigated the nucleation and metasta-
bility in two and three dimensional conservative dynamics in a large box at low temperature
and low density. We refer to [26] for a recent monograph on metastability and the pathwise
approach. More recently, Bovier et al. [5—7] proposed a new approach to metastability based
on potential theory. We refer to [4, 14] for recent accounts on the connection between poten-
tial theory, Markov processes and metastability which includes an updated list of references.

We propose in this article a general definition of tunneling and metastability for se-
quences of Markov processes on countable state spaces, the first general one to our knowl-
edge.

Informally, a process is said to exhibit a metastable behavior if it remains for a very long
time in a state before undergoing a rapid transition to a stable state. After the transition,
the process remains in the stable state for a period of time much longer than the time spent
in the first state, called for this reason metastable. In certain cases, there are two or more
“metastable wells” of the same depth, a situation called by physicists “competing metastable
states”. In these cases, the process thermalizes in each well before jumping abruptly to
another well where the same qualitative behavior is observed.

To describe our approach, denote by Ey, N > 1, a sequence of countable spaces and
by (Oy : N > 1) a sequence of positive real numbers. For each N > 1, consider a partition
Exy..., €4, Ay of Ey and a Ey-valued Markov process {n" : > 0}. Fix a state £" in

+, 1 <x <. We say that the sequence of Markov processes {n" : ¢ > 0}, N > 1, exhibits
a tunneling behavior in the time scale (6y : N > 1) with metastates gl ..., &y, attractors
gV, ..., &N, and asymptotic behavior described by the Markov process on § = {1,...,x}
with rates {r(x, y) : x, y € S} if the following three conditions are fulfilled:
(1) Forevery 1 < x < k, starting from a state n" in &, with probability converging to one,

y

the process {n;" : # > 0} reaches &) before attaining | J,_., &y

(2) Let {XV : ¢ > 0} be the process XV = Wy (), where {n°V : t > 0} is the trace of the
Markov process {n" :# >0} on &y =J,_,, €y and where Wy(n) =>",_ _ x1{n €
v} The speeded up process {X tl\éN ¢t > 0}, usually non Markovian, converges to the
Markov process on S which jumps from x to y at rate r(x, y).
(3) Starting from any point of &y, the time spent by the speeded up Markov process {1, :
t > 0} on the set Ay in any time interval [0, s], s > 0, vanishes in probability.

Condition (1) states that the process thermalizes in each set &y, before reaching another
metastate set &;,, y 7 x. The assumption of the existence of an attractor is restrictive, but is
satisfied in several interesting examples, as in the condensed zero-range processes [3] which
motivated the present work.

The inter-well dynamics is described in condition (2). It reveals the loss of memory of
the jump times from a well to another, put in evidence in [8]. Observe that the exponential
distribution limit required in [8] is replaced by an asymptotic Markovianity. In this way, we
extend the notion of tunneling to more complex pictures than the standard metastable-to-
stable transition which has been widely studied.

Condition (3) asserts that starting from a metastable state &y, the time spent outside the
set of wells is negligible.

The main results of this article, stated in the next section, establish sufficient conditions
for recurrent Markov processes on countable state spaces to exhibit a tunneling behavior. In
the reversible case, these sufficient conditions can be expressed in terms of the capacity and
of the stationary probability measure of the metastable states.
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In contrast with the pathwise approach to metastability [8], the present one does not offer
a detailed description of the saddle points between the wells nor of the typical path which
drives the system from one well to another. Its description of metastability is in this sense
less precise, but its range of applications is wider since it does not rely on large deviations
estimates and can be used to examine models where the ratio between the jump rates are
not exponential in the scaling parameter, as in the case of condensed zero range processes
where the time scale in which a metastable behavior occurs depends polynomially on the
size of the system [3].

In contrast with the potential approach proposed in [4, 6, 7], the definitions and the
method we present here does not depend on a reversibility assumption, though it becomes
particularly simple in this case. Moreover, the main strength of our approach compared to
the previous works on metastability lies in the fact that it covers the case of several compet-
ing metastable states, a situation which has been disregarded up to now.

Our approach to metastability can be explained in few words. We first consider the trace
of the process on the metastable states. This path surgery permits to ignore the evolution of
the process on Ay, a negligible, measure-vanishing set where the dynamics can do anything.
Taking the trace of a process is also a tool very well suited to the reversible case since the
probability of attaining a set before another one is the same for the original process as for
the trace process. In particular, the capacities of the trace process can be expressed by the
capacities of the original process and the jump rates of the trace process can be expressed
by the capacities of the original process. These relations, to our knowledge, have not been
remarked before.

The second idea consists in examining metastability through a martingale problem. As-
sume that 6y = 1 to keep notation simple. The main step in the proof consists in showing
that the non-Markovian process X = \IJN(an ) converges to a Markovian process on S. To
prove this assertion, we first show tightness of the process X, which requires to show that
after reaching a metastable state, the process does not leave it immediately. We then use the
martingale problem to characterize all possible limit points. Since nf N is a Markov process,
for every function F : § — R,

F(XtN)—F(XSV)—f LY F(Wy (1)) ds (1.1)
0

is a martingale if Lf\,’v represents the generator of nev. Generally, Gy = Lf\,"’ F(Wy(nf¥y)
is not a function of X" and we need to close the equation for the martingale by replac-
ing G(nf”) by a function of XV . Inspired by the one block estimate of the theory of
hydrodynamic limits [21], we propose as candidate G(X‘ﬁ" ), the conditional expectation
of G(n®N) with respect to the o-algebra A generated by the partition {6y : 1 <x <«}:
G(XN) = Eﬂg[G(ngN)lA], where (¢ is the invariant measure for the process nf’v, i.e., the
stationary measure 1" conditioned to &". The expectation of

/0 (G — G(xM)) ds

vanishes if the process thermalizes on each metastable state &3 before leaving the set. In
the proof of this result we use the existence of attractors. We believe, however, that this
assumption is not needed and that the convergence of the process to the so-called quasi-
stationary measures on each metastate may be used instead.

In our context the function G(X M) is a linear combination of the mean rates ry (8%, §*) at
which the process jumps from one metastate to another defined in (2.11). We need therefore
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to show that these rates converge to some r(x,y) in order to conclude the proof of the
convergence of the martingales (1.1) to the martingales which characterize the asymptotic
Markovian dynamics with jump rates r.

Once this has been achieved, we still need to show that the piece which has been removed
from the trajectory when we considered the trace process is negligible. This is the content
of condition (3).

A theory is meaningless if no interesting example is provided which fits in the frame-
work presented. Besides the mean field models considered in [8] and the Freidlin—-Wentzell
Markov chains proposed in [26], which naturally enter in the present framework, we exam-
ine in [3] a new class of processes which exhibit a tunneling behavior. This family, known
as the condensed zero-range processes, have been introduced in the physics literature [10,
11, 19] to model the Bose-Einstein condensation phenomena. It has been proved in several
different contexts [1, 12, 20] that, above a critical density, all but a small number of particles
concentrate on one single site in the canonical stationary states of these processes. In [3] we
prove that, in the reversible case, the condensed zero range processes exhibit a tunneling be-
havior by showing that in an appropriate time scale the condensed site evolves according to
a random walk on S. We also prove that the jump rates of the asymptotic Markov dynamics
can be expressed in terms of the capacities of the underlying random walks performed by
the particles.

2 Notation and Results

We define in this section valleys and tunneling and state the main results of the article in
which we present sufficient conditions for a triple to be a valley and for a Markov process to
present a tunneling behavior. There are several subtleties in the definitions which may pass
unnoticed in a first reading. These questions are discussed in the next section where some
simple examples are presented to illustrate some pathologies which may occur.

Fix a sequence (Ey : N > 1) of countable state spaces. The elements of E are denoted
by the Greek letters 1, &. For each N > 1 consider a matrix Ry : Ey x Ey — R such that
RN(’?»S) = 0 for n 7é Ea —00 < RN(nv ’I) =< 0 and ZEGEN RN(’?»E) = 0 for all ne EN~
Denote by Ly the generator which acts on bounded functions f : Ey — R as

(L)) =Y Ry, E){fE) — f}. 2.D

§€EyN

Let {n" : t > 0} be the minimal right-continuous Markov process associated to the gener-
ator L. We refer to [9, 13, 25] for the terminology and the main facts on Markov processes
alluded to in this article. It is well known, for instance, that {'7;N 1t > 0} is a strong Markov
process with respect to the filtration {F" : ¢ > 0} given by F¥ =o (" : s <1). To avoid
unnecessary technical considerations, we assume throughout this article that there is no ex-
plosion.

Denote by D(R,, Ey) the space of right-continuous trajectories e : R, — Ey with left
limits endowed with the Skorohod topology. Let P,]’v , N € Ey, be the probability measure on
D(R,, Ey) induced by the Markov process {n" : t > 0} starting from 7. Expectation with
respect to P is denoted by E) and we frequently omit the index N in P, E)).

Given a subset F C Ey, define the additive functional 7,” : D(R,, Ex) — R, 1 >0 as
the amount of time the path stayed in the set F in the interval [0, ¢]:

75 () = / l{e, € F}ds, t=>0, (2.2)
0
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where 1{B} stands for the indicator of the set B. In addition, we denote by T, the hitting
time of aset A C Ey:

Ty = inf{s>0:n§V€A},

with the convention that T4 = oo if nV ¢ A for all s > 0. When the set A is a singleton
{n}, we denote Ty, by T,. This convention is adopted everywhere below for any variable
depending on a set.

A sequence of states n = (nV € Ey : N > 1) is said to be a point in a sequence 4 of
subsets of Ey, A= (Ay € Ey : N > 1), if " belongs to Ay for every N > 1. For a point
=0 eEy:N>1)andaset A= (Ay C Ey: N > 1), we shall denote the hitting times
of the sets {#} and A as

T =Ty, Ty :=Tx,. (2.3)

Furthermore, for any sequence of subsets A = (Ay C Ey : N > 1), F =
(Fy C Ey : N > 1), denote by Tf: (¥) the time spent on the set ¥ before hitting the set 4:

Tay
TY(F) = / 1{nY e Fyl}ds. (2.4)
0
In notation (2.3) and (2.4) we shall drop index N whenever its value is clear from the context.
2.1 Valleys with Attractor and Tunneling

We introduce in this subsection the concept of valley. Intuitively, a subset W of the state
space Ey is a valley for the Markov process {n" : ¢ > 0} if the process starting from W
thermalizes in W before leaving W at an exponential random time.

To define precisely a valley, consider two sequences ‘W, B of subsets of E, the second
one containing the first and being properly contained in Ey:

W=WyCEy:N=1), 8=(ByCEy:N=1), WyCByGEy. (2.5)

Fix apoint &£ = (§y € Wy : N > 1) in ‘W, a sequence of positive numbers § = Oy : N > 1)
and denote by B¢ the complement of B: 8 = (Bf, : N > 1).

Definition 2.1 Valley The triple (W, 8B, &) is a valley of depth @ and attractor § for the
Markov process {n” : ¢ > 0} if for every pointp = (n" : N > 1) in ‘W

(V1) With probability converging to one, the attractor & is attained before the process leaves
B:

lim P n[T; <Tge] =1;
N—oo
(V2) The law of Tgc/0y under P v converges to a mean 1 exponential distribution, as

N — o0;
(V3) Forevery é > 0,

N—o00

1
lim P~ [ — Tgc(A) > 8] =0,
Oy

where A = (Ay : N >1) and Ay is the annulus By \ Wy.

@ Springer



1070 J. Beltran, C. Landim

We refer to ‘W as the well, and B as the basin of the valley (W, 8B, &). The first condition
guarantees that the process thermalizes in ‘W before leaving the basin 8. The second con-
dition asserts that the process leaves the basin at an exponential time of order given by the
depth of the valley. The last condition requires the process starting from the well to spend a
negligible amount of time in the part of the basin which does not belong to the well.

The definition of valley focus on paths of the Markov process starting from the well ‘W.
Nothing is imposed on the process starting from the annulus A, which may hide other wells,
even deeper than the well ‘W. Nevertheless, condition (V2) ensures that wells in A deeper
than ‘W are avoided in the asymptotic escape trajectory. See also a stronger requirement in
Definition 3.8.

In Sect. 3 we illustrate this definition with simple examples. In particular, we present
examples of Markov processes on finite state spaces and triples (W, 8B, &) in which all
conditions but one in the above definition hold.

One of the main goals in this work is to provide sufficient conditions to ensure the ex-
istence of a valley with attractor. This definition of valley is local in the sense that it only
describes the behaviour of the Markov process in the basin. Accordingly, in Theorems 2.3
and 2.6 stated below we provide sufficient conditions for a triple to be a valley which do not
involve the transition rates between states in B¢.

Given a sequence of Markov processes {n" : ¢ > 0} with values in Ey, we might observe
a complex landscape of valleys with a wide variety of depths. We turn now to describe the
inter-valley dynamics.

Fix a finite number of disjoint subsets gL, &y, k>2,0f Ey: &3 N é‘X, =0, x#Yy.
Let &y = J, &% and let Ay = Ey \ Ey so that

xes

Ey =68y U...UESUA. (2.6)
e e
&N

Denote by Wy : &y — S ={1,2, ..., «}, the projection given by

Wy = Y x1{neé&y

xes
and let
€ =6y \EY, € =(:N=1) and & =(E5:N=>1).

For a subset A of Ey, let S[A be the generalized inverse of the additive functional ZA
introduced in the beginning of this section:

S(e.) == sup{s >0:T(e) <t}.

It is clear that StA < 400 for every ¢ > 0 if, and only if, ZA — 400 ast — +00. To circum-
vent the case S/ = 0o, add an artificial point D to the subset A. For any path e. € D(R, Ex)
starting at ey € A, denote by e!* the trace of the path e. on the set A defined by ¢! = ega if

SA < +00, and /! = 0 otherwise. Clearly, if ¢/ = 0 for some 7, then e =, for every s > 7.
Denote by {77[6” 1t > 0} the &y U {0}-valued Markov process obtained as the trace of
{n¥ :t >0} on &y, and by {X : ¢ > 0} the stochastic process defined by XV = ¥y )
whenever 17,81\' € &yand X ,N = 0 otherwise. Clearly, besides trivial cases, {X tN 1t >0} is not
Markovian.
Let § = (6y : N > 1) denote a sequence of positive numbers and, for each x € S, let

&, =(&): N >1) be apoint in €. In order to describe the asymptotic behaviour of the
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Markov process on the time-scale # we use a Markov process {P, : x € S} defined on the
canonical path space D(R,, §).

Definition 2.2 Tunneling A sequence of Markov processes {ntN :t >0}, N > 1, onacount-
able state space £ = (Ey : N > 1) exhibits a tunneling behaviour on the time-scale 6,
with metastates {&* : x € S}, metapoints {§, : x € S} and asymptotic Markov dynamics
{P, :x € S}if, foreach x € S,

(M1) The point &, is an attractor on &” in the sense that

lim inf P,[T; <Tg ] =1;

N—oo 1768;{,

(M2) For every point § = (¥ : N > 1) in &%, the law of the speeded up process
{X%N :t > 0} under PnN converges to P, as N 1 oo;

(M3) Foreveryt >0,

t
lim sup E7|:/ 1{nl, € AN}ds:| =0.
0

N—+00 WESXI

Let A denote the sequence (Ay : N > 1) and consider the triple (§*, 8* U A, §,) for a
fixed x in §. Clearly, if x is not an absorbing state for the asymptotic Markov dynamics, the
triple (6%, 8 U A, £ ) is a valley of depth of the order of 6.

In particular, whereas the concept of valley provides the time-scale at which the Markov
process escapes from a well, the definition of tunneling provides the probability distribution
according to which, after escaping from a well, the next well to be visited is chosen.

We postpone further discussions on finer points about valleys and tunneling to Sects. 3
and 4 and turn to the statements of the main results in this paper.

2.2 The Positive Recurrent Case

The purpose of this subsection is to provide sufficient conditions to ensure the existence of a
valley and to prove tunneling. Assume from now on that, for any N > 1, the Markov process
{ ntN : ¢t > 0} is irreducible and positive recurrent, and denote by 1 its unique invariant prob-
ability measure. It follows from these hypotheses that the holding rates Ay (n) = —Rx (1, n)
are strictly positive, and that the discrete time Markov chain on Ey which jumps from 7 to
& with probability Ry (n, £€)/An(n) is irreducible and recurrent.

Furthermore, for every n € Ey and A C Ey, the additive functional 7, applied to the
Markov process diverges almost surely. Consequently, the trace of the Markov process {n} :
t > 0} on the set A, denoted by {ntA 1t > 0}, is well defined and takes values in A. In fact,
we prove in Proposition 6.1 that the trace {n? : # > 0} is an irreducible and positive recurrent
Markov process with invariant probability measure equal to the measure uy conditioned on
the set A.

Consider two sequences of sets W and B satisfying (2.5). To keep notation simple, let
Ay=By\Wy,A=(Ay:N=>1),and &y = Wy U By, & =(Ey : N > 1). Denote by

RS (1,8), 1, E€by, n#E,
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the transition rates of the Markov process {nf"’ : 1 > 0}, the trace of {n" : ¢ > 0} on &y. Let
RY : Wy — R, be the rate at which the trace process jumps to Bf:

RY () =) Ry(1.8),

£€BY,

and let ry (W, B¢) be the average of RR’,V over Wy with respect to the measure py condi-
tioned on Wy:

cy . 1 w
(W, 8% 1= o > RV ) un(n)

neWyn

| Q@.7)

oy 2 2 R & ),

neWy geBy

where we write uy (W) := uy(Wy), for N > 1.
Next theorem presents sufficient conditions for ‘W and B to be the well and the basin of
a valley with attractor.

Theorem 2.3 Assume that there exists a point § = (€Y : N > 1) in ‘W such that for every
pointp=m" :N>1)in W,

Ty
th EHN[/ RY (M) 1(n" e WN}ds] =0, (2.8)
— 00 0
Nlim rn(W, B)E, [T (W)] =0 (2.9)
and
Nlim rn(W, B)E,n[Tge(A)] = 0. (2.10)

Then, (W, B, &) is a valley with depth @ = Oy : N > 1) where Oy = 1/ry(W, B°), N > 1.
Conditions (2.8) and (2.9) clearly follow from the stronger condition
]Jgréosup{R;V(n) neWNIEn[Tg] = 0.
The proof of this theorem is given in Sect. 5.
To state sufficient conditions for a tunneling behaviour, recall the partition (2.6). Let Rf, :

€y x Ey — R be the transition rates of the trace process {n;" : > 0}, let Ry : €% — R,
x,y €S, x #y, be the rate at which the trace process jumps to the set 8%,

RY () == ) Ry(, 6),

y
Ee&N

and let R}, : €% — Ry, x € S, be the rate at which it jumps to the set £} : R, = Do RN
Observe that Ry, coincides with R;\V,V if (Wy, By) = (&y, &y U Ap).
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Denote by ry(&*, &”) the expectation of Ry” on & with respect to the measure py
conditioned on &y :

1 :
rn(E%,8) = ——— > Ry () un(n) .11
EX

ux (&)

and let
rn(€'.Ey) =) ry(E%,€).
y#x

To guarantee that the process { nf" :t > 0} exhibits a tunneling behavior, we first require
that each subset {€* : x € S} satisfies conditions (2.8) and (2.9): For each x € S, there exists
apoint§, = (¥ : N > 1) in &* such that

Ty,
lim EHN[/ Ry(mM)1{nY € 8,’{,}ds] =0 (C1
—00 0
and
lim ry (8", EVEN[T; (€9 =0 (C2)

for every point § = (™ : N > 1) in &*.

Theorem 2.4 Suppose (C1), (C2) and that there exists a sequence @ = (6y : N > 1) of
positive numbers such that, for every pair x,y € S, x # y, the following limit exists

r(r.y) = lim Oyry(€, €. (HO)

Then, properties (M1) and (M2) of tunneling hold on the time-scale 0, with metastates
{&* : x € S}, metapoints {& : x € S} and asymptotic Markov dynamics characterized by the
rates r(x,y),x,y € S.

In Sect. 4.2 we discuss some criteria to check property (M3) of tunneling. The proof of
Theorem 2.4 is given in Sect. 5.

Remark 2.5 Notice that in the previous theorem we might get

Z r(x,xo) =0 and Z r(xp,x) > 0

xeS\{xo} xeS\{xo}

for some xy € S. In this case, the triple (6%, &0 U A, ‘g‘xo) turns out to be an inaccessible
valley, as it is illustrated in Example 3.5, even tough it has the same depth than all the other
wells involved in the tunneling.

2.3 The Reversible Case, Potential Theory

In addition to the positive recurrent assumption, let us now further assume that py is a
reversible probability measure and that

> anvmun() < oo, VN> 1. (2.12)

neEn
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In this case, we may list simple conditions, all of them expressed in terms of capacities
and the reversible measure puy, which ensure the existence of valleys and the tunneling
behaviour. We derive these results from Theorems 2.3 and 2.4 stated in the previous section
and the use of potential theory for reversible Markov processes.

As we have already seen, we need good estimates for the mean of entry times. In the re-
versible case, the mean of an entry time has a simple expression involving capacities that we
define below. Consider the finite measure My (1) := Ay (n)uy (1), n € Ey. For two disjoint
subsets A, B of Ey define

Cn(A,B) = {feL*My): f()=1VneAand f(§) =0V & € B).

Let (-, ), stand for the scalar product in L?(uy). Denote by Dy the Dirichlet form asso-
ciated to the generator Ly:

Dy (f) = (=L~ [, fluy-

for every f in L?(My). An elementary computation shows that
1 2
Dy(f) =5 D un() Ry, E)LfE) = FODF.
n.§€Ey

The capacity of two disjoint subsets A, B of Ey is defined as
capy (A, B) := inf{ Dy(f) : f €Cn(A, B)}.
Fix two sequences of sets W and B satisfying (2.5). Given a point § € ‘W define

capy (§) := inf{capy (n, £") :n € Wy \ (§"})}, (2.13)

and cap (§) = oo if Wy \ {€V} = @. In addition, denote puy (W) := un (Wy), un (B \ W) =
un(By \ Wy) and capy (W, 8¢) :=capy (Wy, By).

Theorem 2.6 Assume that
w, B¢
capy (W, B9) _ 0 (2.14)
N—oo  capy(§)

holds for some point & = (€N : N > 1) in ‘W and that

o @B\W)

2.15
N—oo (W) @19

Then, for all points & in "W, (W, 8B, ¢) is a valley of depth (W) /capy (W, B°), N > 1.
Assumption (2.14) is also powerful in the context of tunneling.

Theorem 2.7 Suppose that for each x € S, there exists a point §, = (N : N > 1) in &*
such that

capy (67, E:”‘)
N—oo  capy(§,)

Suppose, furthermore, that (HO) holds for some 8 = (Oy : N > 1). Then, for any points { . €
& : x € S}, properties (M1) and (M2) of tunneling hold on the time-scale 0, with metastates

= 0. (H1)
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{&¥ : x € S}, metapoints {¢ . : x € S} and asymptotic Markov dynamics characterized by the
rates r(x,y),x,y € S.

If in addition we have that (M3) holds for each x € S which is an absorbing state of the
Markov dynamics determined by the rates r and that

im A& (H2)
N0 1 (6%)

for each non-absorbing state x € S, then property (M3) holds for every x € S.

Remark 2.8 In the previous theorem, we may replace condition (M3) for absorbing states
and condition (H2) for non-absorbing states by the assumption
1 A
lim B, (H2))
N=o0 Gy ry (6%, &%) un(EY)

for all states x.

Note that conditions (H2) and (H2') are equivalent for non-absorbing states if (H0) holds.
The last two theorems and Remark 2.8 are proved in Sect. 5.

Remark 2.9 In contrast with valleys, to prove tunneling, one needs to check condition (H0),
which seems to be difficult. Nevertheless, the mean rates ry(&*, §”) can be expressed in
terms of capacities. We prove in Lemma 6.8, puy (€*)ry (8%, &) can be written as

1 y < ! ,
E{capN(é”‘, &) +capy(87,87) —capy(8*UEY, E\(E*UEY))}

forevery x,y e S, x # y.

3 Comments, Extensions and Examples

We present in this section some simple examples to justify the definitions of the previous
section and to illustrate some unexpected phenomena which may occur. We also extend the
notions of tunneling and valley.

3.1 Valleys

We start with a general remark concerning valleys on fixed state spaces. Consider a sequence
of Markov processes {n" : ¢ > 0} on some given countable space E with generator Ly
described by (2.1). Denote by Ay (n) = Zs . Ry (n, &) the rate at which the process leaves
the state 1. Clearly, the triple ({n}, {n},n) is a valley of depth Ay(n)~' in the sense of
Definition 2.1.

We now examine condition (V1). In Lemma 3.1 below we prove that conditions (V1),
(V2) imply that the attractor & is reached from any point in the well ‘W faster than 6y :

1
lim sup Pn[e— T: > 5] =0. (V1))
N

N—>oo,]€WN

Conversely, this condition and (V2) warrant the validity of (V1). We may therefore replace
(V1) by (V1') in the definition of valley.
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Lemma 3.1 In Definition 2.1, condition (V1) may be replaced by condition (V1’).

Proof Let us denote by ©, := ®, ¢ > 0, the time-shift operators on the path space
DR,, Ey).Let (W, B,&) beavalley of depth® = (Oy : N > 1). Fixapointy = (ny : N >
1) in ‘W as the starting point. Consider the pair of random variables T, Tge o O, , which
are independent by the strong Markov property. According to assumption (V1), the event
{T; < Tgc} has asymptotic probability equal to one. On this event T + T'gc 0 O, = Tige.
Since, by assumption (V2), H,QITQL» converges to a mean one exponential random variable,
Oy ! (Tg + Tge o ®T£} also converges to a mean one exponential random variable.
Suppose by contradiction that there exist §, € > 0 such that

1
limsupP,,N[e—T§>8] = e 3.1
N

N—oo

By assumptions (V1), (V2), 6, Y(Tge o ®Ts) converges to a mean one exponential random
variable and, by (3.1), 6 ng > § with strictly positive probability. In particular, H,QI{ T: +
Tge o O, } may not converge to an exponential random variable, in contradiction with the
conclusion reached above.

Conversely, the event {T; < Tgc} contains the event {T; < 86y} N {Tgc > 56y} for every
8 > 0. By assumptions (V1'), (V2), the P, -probability of this event converges to 1 as N 1
oo and then § | 0. This concludes the proof of the lemma. O

This first example illustrates the fact that conditions (V2), (V3) may hold while (V1)
fails. In this example, with probability converging to one, the process, starting from one
state in the well W, leaves the basin 8 at an exponential time before hitting the attractor &.

Example 3.2 Consider the Markov process on {0, 1,2, 3} with rates given by
Ry(1,0) = Ry(2,3) = 1 —(1/N), Ry(1,2) = Ry(2,1) = 1/N,
and Ry (i, j) = 0 otherwise.

Consider the triple ({1,2}, {1,2}, 1). It is clear that condition (V1) does not hold since
the process starting from 2 reaches B¢ = {0, 3} before hitting 1 with probability 1 — (1/N).
Condition (V2) is fulfilled for & = 1 because Tg- converges to a mean one exponential time,
independently from the starting point, and condition (V3) is in force by default. By the same
reason ({1, 2}, {1, 2}, 2) is not a valley.

Essentially, states in {1, 2} become far from each other at the escaping time-scale. Hence,
any sort of thermalization in {1, 2} before leaving the basin is discarded. The exponential
distribution observed for the escaping time is only due to a coincidence in the individual
rates of escaping from {1,2}. We thus impose condition (V1) (or equivalently (V1)) to
avoid including this situation within the concept of valley.

In the second example we present a triple which fulfills condition (V1), (V3) but not
(V2). There, the order of magnitude of the time needed for the process to reach B¢ from ‘W
depends on the starting point of 'W.

Example 3.3 Consider the sequence of Markov processes {n" : 7 > 0} on E = {0, 1, 2} with
rates given by

Ry(1,0) = N—1, Ry(1,2) =1, Ry(2,1)=N"', Ry@O1) =N
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and Ry (J, k) = 0 otherwise.

The triple ({1, 2}, {1, 2}, 2) is not a valley because condition (V1) is violated. With prob-
ability converging to one the process starting from 1 leaves the set {1, 2} before reaching 2.
The triple ({1, 2}, {1, 2}, 1) is not a valley either. While conditions (V1), (V3) are clearly
satisfied, it is not difficult to show that condition (V2) is violated. In fact, starting from 1,
Tge converges to a mean one exponential random variable, while starting from 2, N~ Tge
converges to a mean one exponential random variable. It is also clear that condition (V1')
fails in this case since on the scale of order 1 the process starting from 2 never reaches 1.

Next example highlights the role of condition (V3) in preventing some evanescent sets
to be called wells. The Markov process presented in Example 3.4 fulfills conditions (V1),
(V2) but not condition (V3).

Example 3.4 Consider the sequence of Markov processes {n,N :t>0}on E={-1,0,1}
with rates given by

Ry(—=1,0) = Ry(1,0) = N, Ry(0,—-1) = Ry(0,1) =1,
and Ry (j, k) = 0 otherwise.

Obviously, we do not wish the triple ({—1}, {—1, 0}, —1) to be a valley. Nevertheless,
this triple satisfies conditions (V1) and (V2) of Definition 2.1. The first one is satisfied by
default. To check the second one, note that starting from —1

M
Ty = Y {S;+5)).

j=1

where {S;: j > 1}, {S} : j > 1} are independent sequences of i.i.d. exponential random
variables of parameter N, 1, respectively, and M is geometric random variable of parameter
1/2, independent of the sequences. Hence, (1/2) Tgc converges in distribution, as N 1 oo,
to a mean 1 exponential random variable.

It is condition (V3) which prevents the triple ({—1}, {—1, 0}, —1) to be a valley since the
time spent at 0 before reaching {—1, 1} is a mean 1/2 exponential random variable.

3.2 Metastates

Let {&* : x € S} be metastates and {&, : x € S} be metapoints in the tunneling behaviour of a
sequence of Markov processes. We have already pointed out that if x € S is not an absorbing
state for the asymptotic Markov dynamics, then the triple (6, §* U A, &,) is a valley. It may
happen however that the triple (§*, &* U A, &,) is an inaccessible valley in the sense that
once the process escapes from &” it never returns to &*. This is illustrated in the following
example.

Example 3.5 Consider the sequence of Markov processes {n" : >0} on E ={1,...,5}
with rates given by

Ry(j,k) =1 ifjiseven,koddand |j —k|=1,
Ry(1,2) = Ry(3.4) = Ry(5.49) = N™', Ry(3,2) = N,
Ry(j,k) = 0 otherwise.
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The triples ({1}, {1, 2}, 1), ({3}, {3, 4}, 3), ({5}, {4, 5}, 5) are valleys of depth 2N. More-
over, at the time scale N the process exhibits a tunneling behaviour with metastates
&' = {1}, &> = (3}, & = {5} and asymptotic Markov dynamics characterized by the rates
r(1,2) =r(2,3) =r(3,2) = 1/2, (i, j) = 0, otherwise. Note that the metastate &' is in-
accessible in the sense that (2, 1) + (3, 1) = 0. This means that in the time scale N the
process starting from 1 eventually leaves this state, never to return.

In contrast, if x € S is an absorbing metastate in the tunneling description not much
information is available on the triple (§*, 6* U A, & ).

‘We may use Example 3.3 to present a case in which an absorbing metastate is not a valley.
At the scale N2 the process exhibits a tunneling behaviour, with metastates &' = {0} and
&2 ={1,2}, &, = 1, and asymptotic Markov dynamics characterized by the rates (1, 2) = 1,
7(2,1) = 0. Thus, & = {1, 2} is an absorbing metastate which is not a valley due to the
existence of the well {2} in the set &2 of depth N > N 2.

The following example, provided by one of the referees, also shows a non trivial behav-
iour inside an absorbing metastate, but in this case at the same time-scale of tunneling.

Example 3.6 Consider the sequence of Markov processes {n,N :t>0}on E={1,...,6}
with rates given by

Ry(@2,1) = Ry(2,3) = Ry(5,4) = Ry(5,6) = 1,
Ry(3,4) = Ry(4,3) = Ry(1,2) = Ry(6,5) = N,
Rn(3,2) = Ry(4,5) = N2,

and Ry (j, k) = 0 otherwise.

At time scale N the process exhibits tunneling behaviour with metastates &' = {1}, §2 =
{3, 4} and &* = {6}, and asymptotic Markov dynamics characterized by the rates r(1,2) =
1/2, r(3,2) = 1/2, r(i, j) = 0 otherwise. However, inside the absorbing metastate &2 =
{3, 4} the process switches between the two states at the tunneling time-scale N.

3.3 Metastability and Single Well Valleys

The definition of tunneling examines the inter-valley dynamics between valleys with depths
of the same order until the process falls in an absorbing metastate. It is far from a global
description since it does not exclude the possibility that A contains a landscape of valleys
of depths of larger order than @, the tunneling time-scale. This situation will be illustrated
in Example 3.11 below. We have also pointed out that if x is an absorbing state for the
asymptotic Markov dynamics, the set &* may also contain a landscape of valleys of larger
order depth.

In order to exclude these eventualities, we impose more restrictive conditions in the de-
finition of metastability. We replace (M1) by (M1’) to ensure that there are no wells in &*
of depth of order @ if x is an absorbing point for the asymptotic Markov dynamics; and we
replace (M3) by (M3') to avoid wells in A of depth of order @ or larger.

Definition 3.7 Metastability A sequence of Markov processes {n" : ¢ >0}, N > 1, on a
countable state space E = (Ey : N > 1) exhibits a metastable behaviour on the time-scale
0, with metastates {&* : x € S}, metapoints {&, : x € S} and asymptotic Markov dynamics
{P,:x €S}, ifforeachx € S,
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(MY’) The point &, is an attractor on &* in the sense that for every § > 0

lim sup P,[T;, >80y | = 0;

Neoonegi[

(M2) For every point § = (" : N > 1) in &%, the law of the speeded up process {X ng
t > 0} under P, v converges to P, as N 4 oo;
(M3') Forevery t > 0,

t
lim  sup En[/ 1(nY, € AN}ds] =0.
0

N——+o00 neEy

It follows from (M3') that A is evanescent in the sense that for every § > 0,

lim sup P,[Tg, > 86y | = 0. (3.2

NHOOT]GAN

In Example 3.5 we observed tunneling for the sequence of Markov processes at the time-
scale N and with metastates &' = {1}, 2 = {3}, &3 = {5). It is in fact a metastable behav-
iour.

Let us recall Example 3.3 to show a tunneling situation in which condition (M3’) holds
but not (M1'). At the scale N2 the process exhibits a tunneling behaviour, with metastates
&' ={0} and &% = {1, 2}, &, = 1. It does not exhibit a metastable behaviour, as described in
Definition 3.7, because condition (M1’) is violated. Starting from state 2 € &2, the process
never reaches the attractor 1 in the time scale N 2. Condition (M3') is fulfilled by default.

On the other hand, we refer to Example 3.11 below to observe a sequence of Markov
processes with the opposite properties. It fulfills conditions (M1"), (M2), (M3) but violates
assumption (M3').

The same line of remarks lead naturally to a more restrictive definition of valley.

Definition 3.8 S-Valley The triple (W, 8B, §) is a S-valley of depth € and attractor & for the
Markov process {n¥ : ¢ > 0} if, for every point = (" : N > 1) in ‘W, assumptions (V1)
and (V2) are fulfilled and, for every 6 > 0,

1
lim sup P,,[e— Tge(A) > 5] = 0. (V3)
N

NQOOT]EBN

As in property (3.2) of metastability, it follows from condition (V3') that the process
starting from A immediately reaches ‘W U B°: For every § > 0,

1
lim sup P,,[ — Tyuge > a] = 0. (3.3)
N=>00eay On

Next example shows that conditions (V1), (V2) and (3.3) do not imply (V3). In this
example, there is a state in the annulus A which immediately jumps to the well ‘W, but
which is visited several times before leaving the basin B.

Example 3.9 Consider the sequence of Markov processes {7~ : ¢ > 0} on E = {1, 2, 3} with
rates given by Ry(1,2) = N, Ry(2,1) =N — 1, R(2,3) =1 and Ry (7, j) = O otherwise.
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Let £ =1, W = {1} and B = {1, 2}. Condition (V1) is fulfilled by default. Condition
(V2) is easily checked for 8y = 2. In fact, the hitting time T3N of 3 starting from 1 can be
written as Zlgng{Sj + S}}, where {S; : j > 1}, {S} : j > 1} are independent sequences
of i.i.d. mean 1/N exponential random variables and M is a geometric random variable
of parameter 1/N, independent of both sequences. It follows from this representation that
T} /2 converges in distribution to a mean 1 exponential random variable.

For similar reasons, conditions (V3) fails: With the notation just introduced, starting from
1, the time spent at state 2 before hitting 3, denoted in Sect. 2 by T3N ({2}), converges to a
mean 1 exponential random variable.

Condition (3.3), however, is in force, since the hitting time of the set {1, 3} starting from
2 is of order 1/N.

3.4 Depth and Time-Scales

The depth of a valley is defined up to an equivalence relation: if ' = (8}, : N > 1) is another
sequence of positive numbers such that limy_..,(6y/6)) = 1, the valley has also depth 6.
Also remark that depth has not an intrinsic character, in contrast with valleys, in the sense
that it changes if we speed up or slow down the underlying Markov process.

Furthermore, the depth of a valley depends on the basin. As we shall see in the next
example, two different valleys (W, 8B, &), (W, B, &), with B C B’, may have depths of
different order.

Example 3.10 Consider the sequence of Markov processes {ntN :t>0}on E={-1,0,1}
with rates given by

Ry(—1,0) = Ry(1,0) = 1, Ryn(0,—1) = Ry(0,1) = N,
and Ry (j, k) = 0 otherwise.

By the observation of the beginning of this section, the triple ({—1}, {—1}, —1) is a valley
of depth 1. On the other hand, the triple ({—1}, {—1, 0}, —1) is a valley of depth 2. Condition
(V1) is satisfied by default, and condition (V2) can be verified by representing the time
needed to reach B¢ as a geometric sum of independent exponential random variables, as in
Example 3.4. Requirement (V3) is readily checked.

The same sequence of Markov processes may have distinct tunneling behaviors at differ-
ent time scales. Next example is very instructive in this respect. In this example, on one time
scale there is an isolated point in the asymptotic Markov dynamics. In longer time scales
this metastate is reached by other metastates, previous metastates coalesce in one larger
metastate, and a new tunneling picture emerges. This example also highlights the role of
conditions (M3') and (V3') introduced in definitions of metastability and S-valley.

Example 3.11 Consider the sequence of Markov processes {ntN :t>0}on E={1,...,5}
with rates given by

Ry(j,k) =1 ifjiseven,koddand |j —k|=1,
Ry(1,2) = N7%, Ry(3,2) = N7°, Ry(3,4) = Ry(5,4) = N7,
Ry (j,k) = 0 otherwise.
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A simple computation shows that the measure my on E given by my (1) = N2, my(2) =
1, my(3) = N3, my(4) = N?, my(5) = N? is reversible for the Markov process. We leave
to the reader to check that ({3}, {3, 4}, 3), ({5}, {4,5},5) are valleys of depth 2N, and
that ({1}, {1,2}, 1), ({3.4, 5}, {3, 4,5}, 3), ({3, 4,5}, {2, 3, 4, 5}, 3) are valleys of depth 2N?,
2N3, 4N3, respectively. The presence of valleys of different depths leads to diverse tunnel-
ing behaviors at different time scales.

At the scale N one observes a tunneling between &' = {3} and &2 = {5}, characterized
by the asymptotic Markov rates r(1,2) =r(2, 1) = 1/2. Assumption (M3') is not satisfied
because the set Ay contains a well of depth larger than the depth of the metastates. However,
this well is never visited if the process starts from one of the metastates.

To turn the tunneling behavior into a metastable one, we may add the metastate &3 =
{1} and show that at scale N, the process exhibits a metastable behaviour with metastates
&' = (3}, &2 = {5}, & = {1} and asymptotic Markov dynamics characterized by the rates
r(1,2)=r2,1)=1/2, r(i, j) =0, otherwise. Observe that an isolated state has appeared
in the asymptotic dynamics.

At scale N?, the metastates &' = {3}, &2 = {5} coalesce into one deeper well. In this
scale the process exhibits the metastable behaviour with metastates & =11}, 8>={3,4,5),
and asymptotic Markov dynamics characterized by the rates r(1,2) = 1/2,r(2, 1) = 0. Note
that we have here an absorbing asymptotic state and that {3, 4, 5} is not the well of a valley
of depth of order N2, but the well of a valley of depth of order N>.

This example also illustrates that we may have valleys satisfying conditions (V1), (V2)
and (V3), but not (V3') and (3.3). This is the case of the triple ({3}, {1,2, 3, 4},3). The
latter conditions are violated because the annulus {1, 2, 4} contains the valley ({1}, {1, 2}, 1)
of depth 2N?2, larger than 2N which is the depth of ({3}, {3,4},3). On the scale N, the
process starting from 1 never reaches 3 with positive probability. However, condition (V3)
holds because on the scale N the process starting from 3 never reaches {1, 2}. However,
transferring the points 1, 2 from A to 8¢, we transform the valley ({3}, {1, 2, 3, 4}, 3) in the
S-valley ({3}, {3, 4}, 3).

3.5 Attractors

The existence of an attractor imposed in condition (V1) of Definition 2.1 is a very strong
condition which is not fulfilled in several models, for instance, the contact process studied
in [27]. Let us exhibit a simple example of a valley without attractor. Denote by Ey =
(Z/NZ)? U (Z/NZ)* the union of two d-dimensional torus of length N and denote by
(x,j), x€e (Z/NZ)", j = %1, the elements of Ey.

Example 3.12 Consider the sequence of Markov processes {n" : 1 > 0} on Ey with rate
jumps given by

N 1 , . . 1
RN((x7 j)s (-x ) .1)) = 55 1{|x - X | = 1}7 RN((x’ .])9 (x7 _./)) = 7>
2d Oy
for some rate @y such that N2> « 0y < N, and Ry ((x, i), (¥, j)) = 0 otherwise.
It is well known that the spectral gap of the symmetric simple random walk on the torus
(Z/NZ)% is of order N~2. The evolution of the process 5" is therefore quite clear. In a time
scale of order N2, the process thermalizes in the torus where it started from, and after an

exponential time of order Oy it jumps to the other torus, replicating there the same qualitative
behavior.
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Hence, each torus satisfies all reasonable conditions to be qualified as a valley of
depth 6y. However, there is no attractor in this example since a specific state is visited
by the symmetric simple random walk only in the time scale N¢.

The existence of attractors could be replaced by weaker requisites as, for instance, on
the total variation distance between the state of the process and stationary measures for the
dynamics restricted to the well ‘W. Nevertheless, in several non trivial examples, as in the
case of condensed zero-range processes [3] which motivated this paper, attractors do exist.

4 Additional Statements

In this section we prove some results on valleys and on tunneling in the setting of Sect. 2.1,
in particular, without any further assumptions as recurrence or reversibility.

4.1 Valleys
Next lemma is needed in the proof of Proposition 4.2, one of the main results of this section.

Lemma 4.1 Consider a subset A = (Ay : N > 1) of (Ey : N > 1). Assume that there exists
t > 0and € < 1 such that

limsup sup P, [T,A, > IQN] < €. “.1)

N—oo neWy

Then, sup, ey, EqlTA(W)] <[1/(1 — €)]0y for every N sufficiently large and

lim limsup sup E,,[Q,Q'T,A(W)I{TA(W) > K@N}] =0 4.2)

K—00 Nooo neWy
Proof The proof is a simple consequence of the strong Markov property and Assump-
tion (4.1). Consider the sequence of stopping times {/; : k > 1}, {J; : k > 1} defined as
follows. I} =0, J; = 10y,
Lo = inf{t > Je:inY € Wy}, Jipi =L +10y, k=1,

with the convention that J; = I = oo if [; = oo for some k > 1. Let M be the first time
interval [, Ji] in which the process visits A y:

M = min{k >1: ntN € Ay for some t € [, Ji] or I}, = oo}
Clearly, T4(W) < t6yM. On the other hand, for N sufficiently large, by definition of the
stopping times {/; : k > 1} and by Assumption (4.1), M is stochastically dominated by a

random variable M’ with geometric distribution given by P[M' =k] = (1 — e)e*~', k> 1.
This concludes the proof of the lemma. ]

Next proposition gives an equivalent definition of a valley with attractor.

Proposition 4.2 Assume that (W, B, &) is a valley of depth 0 and attractor §. Then, for any
pointp=m" :N>1)in W,
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(1) The hitting time of the attractor & is negligible with respect to the escape time from the
basin B in the sense that

BT (W) _
N—oo En [ Tge (W)]

)

(ii) Under P, the law of the random variable Tge(W)/E n[Tgc('W)] converges to a
mean-one exponential distribution;

(iii) For every § >0,

Tge(A)

lim P N[i
E, [Tae(W)]

N—ooo

>5]=0.

Moreover, the sequences Oy and E,n[Tgc(W)] are asymptotically equivalent in the sense
that limy_. o0 O 'E, v [Tge (W)] = 1.

Conversely, if (W, B, &) is a triple satisfying (2.5) for which (i)-(iii) hold, then for any
point n = ("N : N > 1) in ‘W, the sequence E, v [Tgc(W)] is asymptotically equivalent to
EEN [T;gc (W)]

im Tz O]
N2 Egn [ Tge (W)]

and (W, B, &) is a valley of depth 0, where Oy = Egn [Tge (W)].

’

It is implicit in the statement of this proposition that the time spent in the well ‘W before
leaving the basin 8B, Tge (W), has finite expectation with respect to any P, v for sufficiently
large N, as well as the time spent in the well ‘W before reaching the attractor &, Tz ('W).

Proof of Proposition 4.2 Assume that (W, B, &) is a valley of depth @ and attractor &. We
first claim that

lim sup E,[0y' T:(W)] = 0. (4.3)

N—o00 neWn

This assertion follows from (V1’) and the previous lemma with A = {£}, 7 =38, =1/2.
Fix a point = (n™ : N > 1) in ‘W. We claim that

lim E v [0y Tge(W)] = 1. (4.4)

N—o00

Three ingredients are needed to prove this result. The convergence of 9,;' Tge to a mean
one exponential random variable, a bound on E, v [(91;1 Tgc('W)] provided by the previous
lemma, and the fact that the process does not spend too much time in A.
We start with the proof of the lower bound. Fix § > 0, t > 0. On the set {Tgc(A) <86y},
we have that Tge (W) > Tge — 86y. Therefore,
Tgc(W) > =80y + Tae 1{T$c(A) < 591\/}
Replacing T'gc by min{Tgc, t6y} we obtain the estimate

T@c(W) > 860y — ZONI{TBC(A) >89N} + min{Tgc,IQN}

which holds for all § > 0, ¢t > 0.
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By (V3), the expectation with respect to P~ of the second term on the right hand side
divided by 6y vanishes as N 1 oo for any fixed § > 0, ¢ > 0. By (V2), the expectation with
respect to P,y of the third term on the right hand side divided by 6y converges to 1 as
N 1 oo and then t 1 oo. Therefore,

. . —1
liminfE,x [0y Tge (W)] = 1.
The proof of the upper bound is simpler. For every A > 0,
E,v[Tg:(W)] < Ev[min{Tge, A0y}] + En[Tge(W)1{Tge (W) > Aby}].

By (V2), the first term on the right hand side divided by 8y converges to 1 as N 1 co and
then A 1 co. By (V2), (4.1) holds with A = B¢, € = 1/2 and some ¢t < oco. Therefore, by
(4.2), the second term divided by 0y vanishes as N 1 oo and then A 4 co. This concludes
the proof of (4.4).

Assertion (i) follows from (4.3) and (4.4), and assertion (iii) from (V3) and (4.4). Finally,
Tgc(W) =Tge — Tgc(A). By (V2), 0, 'Tge converges in distribution to a mean one expo-
nential random variable, and, by (V3), 6,\_,1 Tgc(A) converges to O in probability. Assertion
(ii) follows from these facts and from (4.4). The final claim of the first part of the proposition
has been proved in (4.4).

To prove the converse, suppose that conditions (i)—(iii) hold. We first prove that (V1),
(V2), (V3) are in force with @y replaced by the sequence 8(n") = E,n[Tge(W)], which
depends on the point = (»™ : N > 1). In this case, condition (V3) corresponds to (iii). To
prove (V2), note that Tge = Tge (W) + Tge(A). By (i), 8(nV) ! Tge (W) converges in dis-
tribution to a mean one exponential random variable and, by (iii), 8 (n") ™! Tgc (A) vanishes
in probability. Therefore, (V2) holds. Finally, on the set {T; < Tgc}, Tz = T (W) + T¢(A)
and Tz (A) < Tge(A). By (i) and (iii), 0(n") ™' T¢ (W) and 6(n")~' Tgc (A) vanish in prob-
ability as N 1 co. On the other hand, by (V2), already proved, 8(n")~!Tgc converges in
distribution to a mean one exponential variable. This proves (V1).

It remains to show that the sequences 6(n") = E,v[Tgc(W)] and Egn [T (W)] are as-
ymptotically equivalent in the sense that their ratio converges to 1.

By (ii) and Lemma 4.1, the sequence 6 (n™)~! T (W) is uniformly integrable with re-
spect to P, ~. Therefore, by (V1),

. 1
1\}141;1;1)0 WE,IN [TBC(W)I{TE < Tﬂc}] = 1.

By the strong Markov property and the explicit form of Tz (W), the expectation is equal to

1
5y B ITE N UTe < Ta)] + 5o Bon [ Toe (WP T < Tl

By (i), the first term vanishes as N 1 oo. Since by (V1) P,~[T; < Tgc] converges to 1,
E,v[Tge(W)] and Egn [Tgc (W)] are asymptotically equivalent. This concludes the proof of
the proposition. g

4.2 Tunneling

We start proving that tunneling may be defined without referring to trace processes. Indeed,
consider the S-valued stochastic process X defined as

XtN = \DN(HQI(I))y
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where o (1) := sup{s < : 7" € &y}. Note that XV is well defined whenever n" starts from
a point in &y. Then, we claim that

Proposition 4.3 In condition (M2) of Definitions 2.2, 3.7, we may replace the stochastic
process {X,IXN 1t >0} by {)A(%N 1t >0}.

In order to prove this statement, let us first fix a metric in the path space D(R, S U {0})
which induces the Skorohod topology. In what follows, we identify the point 0 with 0 € Z
so that S U {9} is a metric space with the metric induced by Z.

For each integer m > 1, let A, denote the class of strictly increasing, continuous map-
pings of [0, m] onto itself. If A € A,,, then Ayp =0 and A,, = m. In addition, consider the
function

1 ift<m-—1,
gn() = ym—t ifm—1<t<m,
0 ift >m.

For any integer m > 1 and e, ¢ € D(R, S U {0}), define d,, (e, €) to be the infimum of those
positive € for which there exists in A,, a A satisfying

sup |A, —t| < €
1€[0,m]

and

sup |gm()"t)e)q _gm(t)ét| < €.

te[0,m]

Finally, we define the metric in D(R, S U {2}) by

d(e,é) = Zz*m(l Ady (e, 8)).

m=1

This metric induces the Skorohod topology in the path space D(R,, S U {2}) (cf. [2]).
For any path e € D(R,, SU {0}) denote by (z,(e) : n > 0) the sequence of jumping times
of e: Set 79(¢) =0 and, for n > 1, we define 1, (¢) as

7(e) = inflt > T,1() e E e, o),

with the convention that 7, = oo if 7,_; = 00 and, as usual, inf & = +o00.
Now, Proposition 4.3 is a consequence of the following result. To keep notation simple,
for the remaining of this section we denote by X" and X" the speeded up processes {X %N :

t >0} and {}A(ZZN 1t > 0}, respectively.

Proposition 4.4 Suppose that {n" :t > 0}, N > 1, satisfies (M3) for any x € S. Then, for
any x € S and point n = (N : N > 1) in &%,

lim E,v[d(XY, XM)] = 0.

Proof Fix arbitrary integers m > 1 and N > 1. To keep notation simple, set 7, := 7,(X Ny
and 7, := 1,(X"), n > 0. Define the random variables

n = sup{j>0:7; <m}
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and
TV = Toe1 A

In Lemma 4.5 below we show that P, ~v-a.s.,
dp(XV, XV) < |S| max {£, — Ta; m — T(X™)}. 4.5)

To estimate the right hand side in (4.5), observe that

T — Tn :/ 1{ny, € Ay}ds 5/ 1y, € Aylds.
0 0

On the other hand, in the case T, < m, m — T(X") can be written as m — {Z, + [Tny1 —
o]} + [Tn — Tal. Since T, — 7, is the time spent by {n,’\éN 1t >0} in Ay in the time interval
[0, T,] and m — {T, + [Tny1 — Tal} is the time spent in Ay in the time interval [T,, m],

m—TXY) < f 1{n), € Aylds == TV,
0

Therefore, by (4.5) we have just shown that
0 m
dxM, xVy < Zz_'ﬂ<1 A S| /0 l{nfg)N e AN}ds>.
m=1

The desired result follows from this estimate and property (M3). a
Lemma 4.5 For any integers N, m > 1, (4.5) holds P,]N -almost surely.

Proof Fix two integers N, m > 1. All assertions in what follows must be understood in the
P, ~-a.s. sense. Recall the notation introduced in the previous lemma.

Let us list some evident properties of X" and XV First notice that forall 0 < j <n — 1,
we have T;4 —7; > Tj41 —7; and XSAQN = )A(,Ae’N for (s,t) € [}, Tj31[x [T}, Tj41[. Further-
more, T, < T(X) <m, XY #£0vand X8 =X} for (s,1) € [ta, T(XV)[x[£s, ml.

In particular, since %, < m, we may choose € > 0 small enough such that 7, < T (X") —
€ and 7, <m — €. Now, let A € A,, be given by: Afj =71, forj<n A= T(XN) —e,
An = m and we complete A on [0, m] by linear interpolation. Then,

sup |A, —t] < max{Z, — o, m — T(XM)}.
te[0,m]

Moreover, since A, <t,0<t <m,
sup |gm(A) XNy —gnOXY | <ISI sup |gn(h) — gu(®)]
r€[0,m—e] 1€[0,m—e]

<ISI sup  |A —1]

te[m—1,m—e]

and
sup gm0 X Yo — & @XN [ <ISI sup  (Igm(A) — gu (D] + 28w (1)])
te[m—e,m] te[m—e,m]
<|S| sup [|A, —t]+2|S]e.
te[m—e,m]
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Since € may be taken arbitrary small, the claim is proved. a

In Theorem 2.4 we provided sufficient conditions to ensure properties (M1) and (M2) of
tunneling. The following two statements may be used in order to check property (M3).

Let {n¥ : 1 > 0} be a sequence of Markov processes and suppose that property (M2)
in Definition 2.2 is satisfied. Denote by S, C S the subset of non-absorbing states for
{P, : x € S}. We claim that for the states in S, we may replace requirement (M3) by property
(V3) of valley, namely: For each x € §,,

1
lim sup P,,|:9—TE§X(A) > 8:| =0, V5§>0. (C3)
N

N—o0 ne 6’1’(/
This is the content of the following proposition.

Proposition 4.6 Assume that (M2) is fulfilled for a sequence of Markov processes
(Yt >0}, N > 1. If (M3) is satisfied for each x € S\ S, and if (C3) holds for any
x € S, then (M3) is in force for any x € S.

Proof For every e € D(R, S U{0}), denote by J,(e) the number of jumps up to time ¢:
Ji(e) == sup{j =0:7;(e) <t}.

Fix an arbitrary non-absorbing state x, € S for the Markov process {P, : x € S}, a point
n=@":N>1)in & and a time ¢ > 0. Let us denote

t
TV = / 1{n}y, € Ayds}, (4.6)
0

so that it suffices to show that E, ~ [TN]— 0as N — oo.

Recall that XV and XV stand for the speeded up processes {X%N :t >0} and {)A(%N >
0}, respectively. For any integer K > 1,

TV < 1{J,(X"y> K}t + LX) <K} TV, 4.7)

P, ~-almost surely. The subset {J; > K} € D(R,, SU({0}) is closed for the Skorohod topol-

ogy. Therefore, by property (M2),

limsupP, v [J;(XV) > K] < limsupP, v [J;(XV) > K] < Po:[J, > K.

N—o00 N—o0

The right hand side vanishes as K 1 oo. From this and (4.7), it follows that

limsupE,v[TV] < limsuplimsupE, v [1{J,(X") < K} T].

N—oo Ktoo N—oo
In consequence, in order to conclude the proof it is enough to show that

lim E, v [{J,(X¥y=i}TV] =0, Vi>D0. (4.8)
N—oo

Fix some integer i > 0. To keep notation simple, denote .f, = J,()A( Ny and let (£, : n > 0)
stand for the jumping times of X". Recall that we denote by S, the set of non-absorbing
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states for {P, : x € S} and set & = J &y . On the event {JA, =i} let us define

XSy

[ = inf{Osjgi:)?geN €S\ S.),

so that I = oo if and only if )A(sgN € S, forall 0 < s <t. On the one hand, P, v —a.s.,

i+l g
A A J
HJ,=i; I=00)TVN <1{J, =1i; 1:oo}§ / L{ny, € Ax}ds
=17 ti-1

i+1 At

N * N
< § 1n? g, esN}[ | 1{n),, € Ay}ds.
j=1 Tj-

Thus, applying the strong Markov property we get

En[1{J; =i =00} T"] < (i +1) sup sup E) [t A (65" T (A))].

X€ESx 2’]6@;{[

The right hand side vanishes as N 1 co by assumption (C3) for the non-absorbing states.
On the other hand, for any 0 < £ <i we have that, P,x —a.s., on the event {J; = i; I = {},

. )

TV < Y e Ayd Y e and

<> | 1l eAndds + | Unj €Ay}ds.
j=1"%i-1 T

4

By applying the strong Markov property as before, we show that E,~ [1{ Ji=i; 1=0}T"]
is bounded above by

€ sup sup E)/ [t A (63" Tz (A))] + sup sup EN[TV].

YESx neéy xeS\Sx ne€y,

As N 1 oo, the first term vanishes as before while the second one vanishes by assumption
(M3) for absorbing states. This concludes the proof. ]

We arrive to the same conclusion in Proposition 4.6 if we assume instead that (C3) holds
for every state x € S. This is the content of Lemma 4.7 below. Actually, for an absorbing
state x € S\ S, property (C3) is stronger than (M3) because in this case OA_,lTéx diverges.
The following version of Proposition 4.6 does not distinguish between absorbing and non-
absorbing states.

Lemma 4.7 Assume that (M2) is fulfilled for a sequence of Markov processes {n" :t > 0},
N > 1. Then, condition (M3) is satisfied if for each x in S,

1
lim supP,,[g—Téx(A)>8] —0, V5>0.
N

N—oo neey

Proof The proof is simpler than the previous one. We do not need to introduce the variable /.
We estimate 7 in (4.6) as in the case I = oo to get that

En[1{J,;=i}T"] < (i + 1) sup sup EN[r A (65 Tz (A))].

xeS neéy

This expression vanishes as N 1 oo by assumption. a
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5 Proof of the Main Theorems

We prove in this section the main results of the article. The proofs rely on some results on
recurrent Markov processes presented in Sect. 6.

5.1 Proof of Theorem 2.3
Next statement plays a central role in the proof of Theorem 2.3.

Proposition 5.1 Consider two sequences of sets W and B satisfying (2.5). Assume that
there exists a point & = (€Y : N > 1) in ‘W such that for every point n = (nV : N > 1) in
W (2.8) and (2.9) hold. Then, condition (V1) is in force. Moreover, the law of ry (W, B)
Tge (W) under P,n converges to a mean-one exponential distribution, as N 1 0o, and

A}g%or,v(w,ﬂc)EnN[Tﬁf(W)] =1 (5.1)
for any pointy =N : N >1)in W.

The proof of this proposition is divided in several lemmas. Recall that &y = Wy U Bj,,
N > 1, and that {n,g’\' :t > 0} stands for the trace of {ntN :t >0} on &y. For any 0 = (Oy :
N > 1), properties (2.8) and (2.9) hold for {n,g"’ :t > 0} if and only if they do so for the
speeded up process {'75;;], : t > 0}. Furthermore, condition (V1) remains invariant by any
re-scale of time, while (5.1) and the assertion preceding it are implied by the corresponding
claims for {nggt :t > 0}. In consequence, speeding up the process appropriately, we may
assume in Proposition 5.1 that

rv(W,8)=1 VN=>1 5.2)
and condition (2.9) becomes

lim sup E,[T;(W)] = 0. 5.3)

NaoonEWN

To prove the last two assertions of Proposition 5.1, we show that the law of T'gc (‘W) under
P, converges to a mean-one exponential distribution and that

Jlim E,v[T5:(W)] = L. (5.4)

We identify the trace process {n,g N .t > 0} with the first marginal of the &y x
{0, 1}—valued Markov process {(nf N, XN):t >0} defined as follows. To keep notation sim-
ple, let X =1 — x, x =0, 1. The transition rates for {(n,g"’, XtN) :t > 0} are the following:

e From each (1, x) € Wy x {0, 1}, the process jumps to (£, x) (resp. to (£, X)) with rate

Rfi, (n, &) for any & € Wy (resp. for any £ € By,).

e From each (, x) € B§, x {0, 1}, the process jumps to (§, x) with rate R,‘f, (n, &), for any

%‘ (S gN.

Let P, 1), (n, x) € Ey x {0, 1}, be the probability measure on D(R,, &y x {0, 1}) induced
by the Markov process {(r;,gN , XN) : t > 0} starting from (7, x). Hence, for any starting point
(n, x) € &y x {0, 1}, the law of the marginal {n,gN :t >0} on D(R,, &y) under P, . is P,.
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By Proposition 6.3, the conditioned probability measure va( -):=un(-|&y) is the in-
variant probability measure for the trace process {#°¥ : t > 0}. Define the probability mea-
sure on &y x {0, 1} by

my (7, %) = (1/2) py(m),  for (1, x) € &y x {0, 1.

We may check that my is an invariant probability measure for {(n,g N XNy:t > 0}. In par-
ticular, {(nf NoX tN ) : t > 0} is positive recurrent.

Clearly, for any n € Wy, the law of Tgc (‘W) under P, coincides with the law of the first
jump

inf{r >0: X" # Xx{'}

under P, ), for any x € {0, 1}. Hence, to prove that T.gc (‘W) converges to a mean one ex-
ponential law it is enough to show that the second coordinate of the trace of the process
(Y, XMy:t >0} on Wy x {0, 1}, denoted by (X'V .t >0}, converges to a Markov
process on {0, 1} which jumps from x to 1 — x at rate 1. This is done in two steps. After
having shown that the sequence of processes { X tW V.t > 0} is a tight family, we characterize
in Lemma 5.6 all limit points by showing that they solve a martingale problem. Both state-
ments rely on a replacement result, stated in Lemma 5.5, which allows the substitution of a
function by its conditional expectation.
Conditions (2.8) and (5.3) imply that

Tg(€)
lim sup E,,[ / {RY &) +1}1{n¥ € WN}ds] =0, (5.5
0

N—o00 neWn

where T¢(8) = TSN(S) =inf{r > 0: n,gN = £V}, As a consequence of (5.5), we get the
following lemma.

Lemma 5.2 For every t > 0,

lim sup
N—+o00 ne€y

En[fot (RY ) = 1) 1{n € Wy} ds]| =o.

Proof Recall the notation introduced in Sect. 6.2. Let g : &y — R be given by g(n) =
RY(m1{n € Wy} so that the expectation of g with respect to % is equal to uy(Wy)/
un(Ey) in view of (5.2). Consider the partition 7 = {Wy, By} of &y and note that the
conditional expectation (g|m) u, = 1{n € Wy}. Since g is integrable with respect to /Lfv, the

statement follows from (5.5) and Corollary 6.5 applied to the process {n,g Nir>0}. a
We use this lemma to show tightness for the sequence {X* : ¢ > 0}.

Lemma 5.3 Fix an arbitrary point y = (n" : N > 1) in ‘W and z € {0, 1}. For each N > 1,

denote by Qy the law of {XV : t > 0} under P~ ). Then the sequence of laws (Qy : N > 1)

is tight.

Proof Foreach T > 0, let T7 denote the set of all stopping times bounded by 7. By Aldous
criterion (see Theorem 16.10 in [2]) we just need to show that

lim lim sup sup sup P("N,z)[ |Xiv+9 - XY > 6] =0 (5.6)
N0 Nooo 6<8 teTp
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for every € > 0 and T > 0. Denote by L, the generator of (r),gN, X¥);50 and by p: Ey x
{0, 1} — {0, 1} the projection on the second coordinate. Consider the martingale

MY - Xy - / Ly @Y, XN ds .

It is therefore enough to show that (5.6) holds with X, , — X replaced by MY,, — MY

and by [T (LEP) (Y, X ) ds.
Consider the integral term. By Chebyshev inequality and by the strong Markov property,
we need to prove that

hm lim sup sup sup E(W)[/ ’(L P, XN ’ds] =0,
{0,1}

N—oo 0<8 (nx)e€yx
where E, ,) stands for the expectation with respect to P, ,,. A simple computation provides
LYP) (1, x) = (X —x} RY () 1{n € W }.

The proof is thus reduced to the claim

5
]1151 limsup sup E |:/ R?\,V(nf"’)l{nf"’ € WN}dsj| =0. 6.7
0

N—oo neéy

Since the expectation above is less than or equal to

3
EUO (RY (1) = 1) 1™ WN}ds]

the limit (5.7) follows from Lemma 5.2.
We now turn to the martingale part {M} : 1 > 0}, whose quadratic variation is given by

+ 4,

()Y = /0 (LE (0% — 2pLEp} (. X ds

t
:/ RY ) 1 n®y e Wy} ds.
0

By Chebyshev inequality

T

1
PnN,z)[|M£V+9 _Mle >6] = e_zE(nN.z)[<M)iv+0 - (M>N]'

Finally, by the explicit formula for the quadratic variation and by the strong Markov prop-
erty, the right hand side above is less than or equal to

s
— sup E,,|:/ R;V(nff")l{nf” eWN}dsi|.

€? neéy 0

It remains to use (5.7). O

As a consequence of Lemma 5.3 we obtain condition (V1) for the triple (W, W, &) with
En .
respect to the trace process {n," : ¢ > 0}.
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Lemma 5.4 For any point = n" : N> 1)in W,

lim P,v[Ts(W) < Tge(W)] = 1.
N—+o00

Proof Fix nV in Wy, N > 1. Consider the modified uniform modulus of continuity wyj :
DR,,{0,1}) - R, given by

/ e— 3
wg(x.) := inf max sup |x, —xs|,
{t;} O<i<r i <s<t<tjy]

where the first infimum is taken over all partitions {t; : 0 <i < r} of the interval [0, 1] such
that

O=t)y<ti<---<t,=T
ti—ti_1>98, fori=1,...,r

By the previous lemma (see e.g. Theorem 1.3 in Chapter 4 of [21]),

limlimsup P, ) [ w5(XY)=1] = 0.
840 N—+00

Therefore, since for all § > 0 {Tge (W) < 8} C {w;(XN) =1} P~ ,,—almost surely,

limliminfP, v [ Tge (W) >8] = 1. (5.8)
810 N—+o0

On the other hand, by (5.3), we have

lim Pn[Te(W)>38]=0 (5.9)
N—+o0
for any § > 0. The desired result follows from (5.9) and (5.8). a

Actually, since {Tg (W) < Tge (W)} C (T < Tgc}, Lemma 5.4 proves condition (V1) for
the triple (W, B, &) with respect to the process {n[N; t > 0}: For any pointp = (n¥ : N > 1)
inW,

lim PWN[T§<T£L‘]: 1.
N—+00
We now consider the trace of {(n,gN,XlN) 2t >0} on Wy x {0,1}, denoted by
{1, x™) :t > 0}. As we shall see in Sect. 6, since {(n", XNy :t > 0} is positive
recurrent, the trace process {(n,W VX ,W Ny .t > 0} is positive recurrent as well. Moreover,

the invariant probability measure for the trace process, denoted by m;‘\,”, coincides with my
conditioned to Wy x {0, 1}:

my (9, x) == (1/2uy (1), for (n,x) € Wy x {0,1}.
The marginal process {ntw N':t > 0} corresponds to the trace of {ntg Nt >0} on Wy.
Let L;\,” denote the Markov generator of {(r},W N, X,W ¥y .t > 0}. Define, in addition, the

Markov generator £ as

LF(x):= F@X) —F(x), x¢e{0,1}, (5.10)
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for every F :{0,1} — R. For each N > 1, let p = py be the projection function on the
second coordinate p : Wy x {0, 1} — {0, 1}. If R?\,”(-, -) stands for the transition rates of
("™, X"y : t > 0}, we have that

LY(Fop)(n,x) = {F(X) = F(x)} Y RY((n,x), (¢, %))

EeWy

for any (1, x) € Wy x {0, 1}. By applying Corollary 6.2 to the Markov process {(n,gN, XNy:
t > 0} and its trace on Wy x {0, 1}, we get that

Y RYV((13), (6. 5) = Ry ()

§eWy

for all (5, x) € Wy x {0, 1}. Therefore, by (5.2), the conditional expectation of LX,V(F op),
under m?\,‘;, given the o-field generated by the partition

Wy x {0, 1} = (Wy x {0}) U (Wy x {1}), (5.11)

is (LF) o p. Therefore, applying Corollary 6.11 to the trace process {(n,WN, X,WN) 1t >0},
the function LX,V (F op) and the partition (5.11), we obtain the following replacement lemma.

Lemma 5.5 For every x € {0, 1}, function F : {0, 1} — R and time t > 0,

lim sup
N—o0 neWy

E(,m[/ LY (Fop) ()™, X"V) — LF(Xj”N)}ds” =0.
0

Proof Recall that the conditional expectation of LX,V(F op)is (LF) op. Since
ILY (Fop)(n,x) — LF(x)| < (RY () + D) max{|F(0)[, |[F(D)]},

in view of Corollary 6.5, to prove the lemma we just need to check that for any x € {0, 1},

T’W
£.x
lim sup E(M)[/ ( )(R;V]V(UEVN) + l)l{XSWN :x}ds] =0, (5.12)
0

N—o0 neWy

where, for each N > 1,
Ty, =T (V) == inf{e = 0: (™, X)) = &V, 1)}

Fix an arbitrary x € {0, 1}. It follows from conditions (2.8) and (5.3) that

Tg(W)
lim sup En[/ (Ry (™) + l)ds] = 0. (5.13)
0

N—o00 neWn
To keep notation simple, let us denote

T'W
&.x)
Ty :=/ (RY (™) + DX = x}ds.
0
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Since, for any n € W, {Tg(W) < Tge(W)} S {T(W) = T?g’x)} P, «)-almost surely then by
(5.13) and Chebyshev inequality we have that

lim sup Py, [Ty >t, Te(W) < Tgc(W)] =0, (5.14)

— 00 WEWN
for every t > 0. From this limit and Lemma 5.4 we conclude that

lim sup Py, [Ty >t]1 =0, Vr>0. (5.15)

N—oo neWy

By the strong Markov property, (5.15) and the arguments presented in the proof of
Lemma 4.1,

lim limsup sup E(, [Ty 1{Ty > A}] = 0.

A=00 N_ooo neWy
Hence, by Lemma 5.4,
limsup sup Eq, o[ Ty I{Te(W) > Tgc(W)}] = 0. (5.16)

N—oco neWy

On the other hand,

Tg (W)
E¢)o[ Ty T (W) < Tge(W)}] < En[/ (RY (") + l)ds].
0
Therefore, (5.12) follows from this estimate, (5.13) and (5.16). O

‘We now prove the convergence in law of {X ,W Nt >0} as N 1 oo. Fix an arbitrary point
p=®":N=>1)in W. For each N > 1, denote by Py the law of {XtWN :t > 0} under
P, (). Following the same argument presented in the proof of Lemma 5.3 we can show
that (Py : N > 1) is tight.

The uniqueness of limit points for this sequence is established as follows. Assume
without loss of generality that Py — P, as N — oo, for some probability measure P on
DR, {0, 1}). For t > 0, let X, denote the time-projection X, : D(R,, {0, 1}) — {0, 1}. We
shall prove in the following lemma that [P solves the martingale problem associated to the
generator £ defined in (5.10). It is well known that this property together with the distribu-
tion of X, characterize the measure P.

Lemma 5.6 Under P, Xqg =0 a.s. and
t
MF = F(X,) — F(Xo) —/ LF(X,)ds, fort=>0,
0

is a martingale for any function F : {0, 1} — R.

Proof The first claim is trivial. For the last one, fix 0 <s < t, a function F : {0, 1} —» R
and a bounded function U : D(R,, {0, 1}) — R depending only on {X, : 0 <r < s} and
continuous for the Skorohod topology. Denote by [E and Ey the expectation with respect to
P and Py, respectively. We shall prove that

E[M/U] =E[M]U]. (5.17)
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Recall that LX,V denotes the generator of {(n,W v, XtW My :t >0}. For N > 1, consider the
P~ o-martingale {M} : t > 0}, defined by

t
MmN = F(X,WN)—F(O)—/ LY (Fop) (™, x")ds, t>0.
0

Denote UN := U(X"V). As {M} : 1 > 0} is a martingale,
B o[MYUY] = En o) [MU"]
so that

E(,]N,O)[UN{F(X,WN)— F(XSWN)—/ LLV(Fop)(n:VN,X,WN)dr” = 0.

5

On the other hand, since UV is bounded and F,-measurable, it follows from the Markov
property and Lemma 5.5 that

t
Jim Eg o) [UN / {LY(Fop)(n™, X") —tF(X,VVN)}dr} = 0.
Putting the last two assertions together we get
t
A}im IEN[U{F(X,)—F(XS)—/ LF(X,)dr” =0. (5.18)
—>00 s

Now, since Py converges to P, time averages of Ey[F(X,)U] and Ey[F(X,)U] converge
to time averages of [ [F (X)HU ] and E [F (XU ], respectively. Hence, from this last obser-
vation and (5.18) it follows that

€ (+r
1/ dr]E[U{F(XH,)—F(XHr)—/ ﬁF(XS)” =0
0 s

€ +r

for every € > 0. It remains to let € | 0 and use the right continuity of the process to deduce
(5.17), which concludes the proof of the lemma. O

Under P, {X, : t > 0} is therefore a Markov chain on {0, 1} with generator £ and starting
at 0. We have thus shown that, the law of

Tge(W) = inf{t >0:x,"" =1},

under P~ ), converges to a mean-one exponential distribution. To conclude the proof of
Proposition 5.1 it remains to check (5.4). By Lemma 5.4 and the convergence in law of
Tgc (W), (W, W, &) is a valley for the trace process {nf” :t > 0} with depth 1. Therefore,
applying item (ii) of Proposition 4.2 to (W, W, &) and {ntg"’ 1t > 0} we get (5.4). This
concludes the proof of Proposition 5.1 u

We are now in a position to prove Theorem 2.3. Condition (V1) follows from Proposi-
tion 5.1 and Condition (V3) from (2.10) and Chebyshev inequality. Condition (V2) follows
from (V3) and the convergence in law of ry (W, B¢) Tgc (W) stated in Proposition 5.1.
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5.2 Proof of Theorem 2.4

The proof of this result is divided in three lemmata. As in the proof of Proposition 5.1,
without loss of generality, we may assume that 6y = 1, VN > 1. In this way, condition (H0)
guarantees that, for every x,y € S, x # y,

Jim ry (€%, &) = r(x,y), (5.19)

and we shall prove the convergence in law of the sequence {X ,N :t>0}, N>0.
Clearly, conditions (C1) and (C2) imply

Te, .
lim sup E,7|:/ {Ry0E¥) +ry (€%, €D} 1{(nY € Sﬁ}ds] =0 (5.20)
0

N_)mr]eé‘;{,

for any x € S, where {nf’v ¢t > 0} stands for the trace process of {n, : # > 0} on &y. Let us
define Vy : &y — R as

V() =) Ry(DUne&y), neéw.

xes

Let ui be the measure py conditioned to &y and denote by VN the /Lf,-conditional expec-

tation of Vy given the o -algebra generated by the partition &y =, .5 Ex:

VnGn) =) rn(E5, €9 1{ne &y}, Vneéy.

xes§
Since Vy is integrable with respect to ;Lfv it follows from Corollary 6.5 and from (5.20)
that, for any ¢t > 0,

lim sup
N—o0 neén

Ez[/ {Vw - VN}(an)ds” = 0. (5.21)
0

In order to prove (M2), fix some x € S and a point § = (" : N > 1) in &*. For each
N > 1, denote by Py the law of {X" : # > 0} under P, ~. The convergence of the sequence
(Py : N > 1) stated in (M2), follows from tightness and uniqueness of limit points. We first
examine the tightness.

Lemma 5.7 The sequence (Py : N > 1) is tight.

Proof Foreach T > 0, let T7 denote the set of all stopping times bounded by 7. By Aldous
criterion (see Theorem 16.10 in [2]) we just need to show that

lim li P, [|xY, —xV = 22
U5 2P P X5 = X712 €] =0 o2

forevery ¢ > 0and T > 0.
Let Lf\, be the generator of the trace process {an 1> 0} and let {MN : ¢ > 0} be the
martingale defined by

t

t
MY = xN - x} - / LS Wy (V) ds.
0
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To prove tightness, it is therefore enough to show that (5.22) holds with the difference
X%, — XV replaced by MY,, — MY and by [**" L XV ds.

T

Consider the integral term. By Chebyshev inequality and by the strong Markov property,
we need to prove that

0
lim lim sup sup E,,|:/ |L1‘cf,\IJN(an)|ds:| =0.
0

80 N—oo 0<8 neéy

An elementary computation shows that

LYWy = Y (v —x} Ry () 1 € &),

x,yeS

for any n € &y. Since |L§\IJN| <k Vy, the proof is reduced to the claim

8
lim lim sup En[ / VN(an)ds] = 0.

810 N—>0o peg, 0

The left hand side can be written as
s ) 5
lim lim sup {En |:/ {VN - VN}(an)ds] + E, |:/ VN(y]fN)dS]}.
§/0 N—oo neéy 0 0

The first term converges to zero as N 1 oo, for any é > 0, by (5.21). The second term is
bounded above by

lim lim & 65,867,
510 N—>oo £ rv(Ey, Ey)
Xe

which is equal to zero by (5.19).
We now turn to the martingale part, whose quadratic variation, denoted by (M"),, is
given by

t
(M"Y, = /0 (LY W)Yy = 2X V(L) (nf¥) }ds,  1>0.
An elementary computation shows that this expression is equal to

Yo —xPRY e &)

x,yeS

By the explicit formula for the quadratic variation, by Chebyshev inequality and by the
strong Markov property,

1

Pl |MY, = M| > €] < S B [(MY)ero — (M™)]
©? s

< — sup E,7|:/ VN(an)dsi|.
€ neéy 0

It remains to repeat the arguments presented for the integral term of the decomposition. [J
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Now we turn to the uniqueness of limit points. Assume without loss of generality that the
sequence Py converges to a measure IP. Denote by £y and £ the Markov generators on the
state space S ={1, ..., k} given by

(EvF)(x) = D {F(y) — F(x)lry (€, €")

yes\{x}
and

(EF)x) = Y {F() — Flrx, ).

yes\{x}

For t > 0, let X, denote the projection D(R,, S) + S. The probability P is completely
determined by the properties stated in the following lemma.

Lemma 5.8 Under P, Xo = x and
t
M, = F(X;) — F(Xp) — / LF(Xy)ds (5.23)
0
is a martingale for any function F : S — R.

The proof of this lemma follows closely the one of Lemma 5.6. It suffices, in particular,
to show the following replacement lemma. Let L;‘f, stand for the generator of {nf Nt >0}

Lemma 5.9 Foranyt >0,

lim sup E,,[/ {Lfv(Fo\pN)—(f.F)oq/N}(an)ds] =0.
0

N—oo ne€n

Proof First, by condition (H0), we have that

lim sup En[ / {evF (X)) - (EF)(Xf’)}ds} =0.
0

N_)OOUESN

It remains to prove that

lim sup En[/ [LG(FoWy) —(EyF)o npN}(an)ds} =0. (5.24)
0

N—o00 ne€y

The u& -conditional expectation of L§ (F o Wy) given the o-algebra generated by the par-
tition Ex = J, 5 &5 is (Ln F) o Wy. The expectation of | Li(F o Wy) | with respect to va
is bounded by C(F) Y _orn(€*, &) for some finite constant C(F), depending only on F,
and, for any n € &y, |L§,(F oWn)(n) — (£nF) o Wy (n)| is bounded above by

2max | F (2)| ;{R"N(n)+rw(8",8y)}l{n €&yl
By Corollary 6.5, applied to g = Lff,(F o Wy) and by (5.20), (5.24) holds, which concludes
the proof of the lemma. ]

This concludes the proof of condition (M2). Condition (M1) follows from Proposi-
tion 5.1 with W = &*, 8 = §* U A, which concludes the proof of Theorem 2.4. O
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5.3 Proof of Theorem 2.6

We assume in this subsection that the process is reversible and that (2.12) holds.

‘We adopt all notation introduced in Sect. 2.3. In this reversible context, the expressions
appearing in Theorems 2.3 and 2.4 can be computed by using capacities. Given two disjoint
subsets A, B C Ey, denote by ff,VB : Enx — R the function in Cy (A, B) defined as

) =P, [Ta <Tp].

In addition, for two points § = (¥ : N> 1) and p=n" : N> 1)in W, nVN £V, N > 1,
Set fN(’% E) = f{Z,\ZlN]{sN] and CapN(ns E) = CapN({nN}» {SN})
Consider two sequences of sets W and 8 satisfying (2.5). By (6.16) we have that,

T w
EnN|:/ ER;VV(’];V) l{n?/ c WN}ds:| _ (RN 1{Wy}, fN(ﬂvE))uN ’ (5.25)
0 capy (1, §)
(H{Wn}, fnm, &) )y
E ~v[T:(W)] = s 5.26
0] capy (1, £) 20
and, by Lemma 6.7,
- capy (W, B)
W, B)= ———- 5.27
W B = o) 627

In the last identity capy (W, 8) := capy (Wy, By) and puy (W) := un(Wy). The previous
relations can be used to check conditions (2.8) and (2.9) in Theorem 2.3 as well as assump-
tions (C1) and (C2) in Theorem 2.4.
Furthermore, since 0 < fy(n,&) < 1, and since, by (2.7), (R,‘VV Wy =
un(Wyry(Ww, 8), by (5.27),
T capy (W, 8°)
E RYM 1Y ew, ds:|<N7’
nN [/0 YOO Y e Wylds | = TS
capy (W, 8°)

and  ry(W, B)E,n[Te(W)] < capy (§)

where cap,, (§) has been defined in (2.13). Hence, conditions (2.8) and (2.9) in Theorem 2.3
follow from the stronger condition (2.14).

The proof of Theorem 2.6 relies on the following result which states the important fact
that, under condition (2.14), the capacity between ‘W and B¢ is asymptotically equivalent to
the capacity between any point ¢ of ‘W and B¢.

Proposition 5.10 Consider two sequences of sets W and B satisfying (2.5). Assume that
condition (2.14) holds for some point § = (€~ : N > 1) in 'W. Then, the assertions of Propo-
sition 5.1 are in force. Moreover, for every point £ = (N : N > 1) in ‘W,

W, 8
Jim SRy BY (5.28)
N5 Capy (8, B9)
and
lim inf P,[Ty < Tge] = 1. (5.29)

N—ooneWy
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Proof We have already observed that conditions (2.8) and (2.9) follow from (2.14). In par-
ticular, the assertions of Proposition 5.1 hold.

Fix an arbitrary point & = (¢ : N > 1) in ‘W. By (6.16) applied to {n"}, g = 1{W},
{£V), and to (€N}, g =1{W}, {¢V), forany p = (" : N = 1) in W,

[T (W) ] < En[Ty(W)] + Ex[T; (W)
W) e (W)
1
= Gy @6 I e @B

< 2ZunW)
~ capy(§)

1" #&Y)

From this estimate, identity (5.27) and hypothesis (2.14), it follows that
lim ry(W, B)VE,n[T,(W)] = 0,
N—oo

which, by (5.1) in Proposition 5.1, implies that

Ex[T;(W)]

— = 5.30
W= E v [Tge (W)] 630

This limit corresponds to item (i) of Proposition 4.2 with the point ¢ instead of &. Item (ii)
of Proposition 4.2 follows from the last two assertions of Proposition 5.1. From items (i)
and (ii) we conclude that (W, ‘W, ¢) is a valley for the trace process {n,8 V.t > 0}. Hence,

lim P v[T;(€) < Tg(6)] =1,
N—oo

which implies condition (V1) for the triple (W, 8¢, ) because {T;(8) < Tgc ()} S (T; <
Tge} P,v-a.s., proving (5.29).

By Proposition 6.10 with A = {n}, B = B¢ and g = 1{ W}, and by identity (5.27), the
limit (5.1) can be re-written as

lim ({Wy}, fn(m, B)) .y capy (W, B€) _
N—o0 un (W) capy (n, B¢)

1.

Replace g by ¢ in this formula. By (5.29), the infimum of fy (¢, B) over Wy converges to
1 as N 1 oo. Therefore, (5.28) follows from this observation and the previous identity. [

We are now in a position to prove Theorem 2.6. We first show that (W, 8B, &) is a valley
of depth Oy = ry (W, B) ™! = un (W) /capy (W, B¢). Identity (5.27) and Proposition 6.10
show that

(AN}, S, B))y capy (W, B)
un(W)capy(y, B)

By Proposition 5.10, (5.28) holds. Since fy(, B) is bounded by one, (5.28) along with
hypothesis (2.15) proves (2.10). Since (2.8) and (2.9) follow from (2.14), all the hypotheses
of Theorem 2.3 are fulfilled. Therefore, (W, 8B, &) is a valley of depth Oy = ry (W, 8)~! =
un (W) /capy (W, 8¢). Last identity follows from Lemma 6.7.

Fix now a point ¢ in ‘W. To prove that (W, 8B, ¢) is a valley, we check conditions (i)—
(iii) of Proposition 4.2. Property (i) has been proved in (5.30). Since (W, 8B, &) is a valley,

rn (W, B)Ev[Tg:(A)] =
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conditions (ii) and (iii) are in force due to the first part of Proposition 4.2. Hence, by the
second part of this proposition, (W, 8B, ¢) is a valley of depth E,~ [Tz« (W)]. Finally, since
(W, 8, &) is a valley, by the first part of this proposition, O and E,~[Tgc('W)] are asymp-
totically equivalent sequences.

5.4 Proof of Theorem 2.7

We need to check that all assumptions of Theorem 2.4 are satisfied. As in the proof of
Theorem 2.6, conditions (C1), (C2) follow from assumption (H1). By Proposition 4.6 it
remains to show that (C3) is fulfilled for all non-absorbing states. Fix such a state x € S,. It
is enough to prove that

lim sup sup LE,,I:Tgx(A):I — 0. (5.31)
N—oo neey ON
By Proposition 6.10 and since f,¢x is bounded by 1, the expectation is less than or equal
to un(A)/capy(n, &%). By (5.28), we may replace asymptotically 5 by &* in the previous
capacity. By Lemma 6.7, cap(&*, é"‘) isequal to uy (8%)ry (€7, é"). In conclusion, we have
shown that

1 1 A
limsup sup Q—EH[TEX(A)] < limsup py(A) 532

N—oo neg;’(, N N—oo QNVN(S’V,éX) MN(EX)

Since x is a non-absorbing point, by assumptions (H0), (H2), the right hand side is equal
to 0. This concludes the proof.

5.5 Proof of Remark 2.8

We need to show that (H2) holds for non-absorbing states and that (M3) holds for absorbing
states. Clearly, (H2) follows from (H2’) for non-absorbing states. On the other hand, we
already know that (M2) is fulfilled. Hence, by Lemma 4.7, (M3) for absorbing (and non-
absorbing) states is a consequence of (5.31). By (5.32), assumption (H2') implies (5.31),
which concludes the proof.

6 Continuous Time Markov Chains

We state in this section several properties of continuous time Markov chains used throughout
the article. We start assuming that the holding rates are strictly positive and finite and that the
jump chain associated is irreducible and recurrent. We add assumptions as we progress. At
the end, we consider the case of positive recurrent, reversible Markov chains whose holding
times belong to L' (1), where p is the unique invariant probability measure.

Consider a countable set E and a matrix R : E x E — R such that R(n, &) >0, n #§&,
—o0 < R(n,n) <0, Zs R(n,&)=0,ne E.Let A(n) = —R(n, n). Since A(n) is finite and
strictly positive, we may define the transition probabilities {p(n, &) : n, & € E} as

1
p(n, &) = W})R(n,é) forn#&, (6.1)

and p(n,n) =0 for n € E. We assume throughout this section that {p(n, &) : n,& € E} are
the transition probabilities of an irreducible and recurrent discrete time Markov chain.
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We claim that there exists a unique stochastic semigroup {p; : ¢ > 0} on E satisfying

. pi(m,8) — po(m,§)
1m

i [ = R, &) and po(n,§) = 8, 6.2)

for every n, & € E, where §, ¢ is the delta of Kronecker. To prove the existence, we construct
a Markov process {5, : t > 0} on E whose Markov semigroup satisfies (6.2). We shall use
this construction in some of the proofs below.

Let Y = {Y, : n > 0} be an irreducible, recurrent, E-valued discrete time Markov chain
with transition probabilities {p(n, &) : n, & € E} given by (6.1). Let (e, : n > 0) be a se-
quence of i.i.d. mean one exponential random variables, independent of Y. We associate to
every sample path of Y the sequence of random times 7 = (7}, : n > 0) given by

€n
T,
A(Y,)
Since Y is recurrent, Y ,_, 7; = 0o a.s. In particular, the time-change
a(r) = min[nZO:ZTi>t} (6.3)
i=0

is a.s. finite for every ¢ > 0 and 1, = Yy is a.s. well defined for all # > 0. In Theorem 2.8.1
of [25] it is proved that {5, : t > 0} is a strong Markov process with respect to the filtration
{Fi:t >0}, Fy =0 (n, : s <t). The stochastic semigroup corresponding to {n, : ¢+ > 0}
fulfills (6.2), as follows from the proof of Theorem 2.8.4 in [25]. On the other hand, the
uniqueness of the stochastic semigroup is a consequence of Theorem (51) in Chapter 7 of
[13] along with the recurrence of the transition probabilities p(-,-). Note that there is no
explosion since ) ., 7; = 00 a.s.

In conclusion, a collection of nonnegative numbers {R(n, &) : n, & € E} satisfying the
conditions listed at the beginning of this section determines uniquely the law of a strong
Markov process {n, : t > 0}. We shall refer to R(-,-), A(-) and p(:, -) as the transition rates,
holding rates and jump probabilities of {n, : t+ > 0}, respectively. The Markov chain Y =
{Y, : n > 0} is called the jump chain associated to {n, : t > 0}.

Of course, since the jump chain Y is irreducible and recurrent, so is the corresponding
Markov process {7, : t > 0}. In consequence, {7, : > 0} has an invariant measure © which
is unique up to scalar multiples. Moreover,

M) == Ax(Mu(m), neeE, 6.4

is the invariant measure for the jump chain Y, also unique up to scalar multiples. The proofs
of these assertions can be found in Sects. 3.4 and 3.5 of [25].
Recall that 74 : D(R4, E) — R, A C E, denotes the hitting time of the set A:

tale)) = inf{t >0:¢, € A}.

Let Ty :=t4(n.) and T, := T, n € E. Define the stopping time 7, : D(R,, E) — R, as
the first return to A:

ti(e) = inf{t >0:¢ € A, e, # ey for some 0 < s <1},

and let T := 1, (n.), T, = T{;r,, nek.
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Let P,, n € E, be the probability measure under which the jump chain {Y, : n > 0} and
the Markov chain {», : # > 0} start from 7. Expectation with respect to P, is denoted by E,.
It follows from the proof of Theorem 3.5.3 in [25] that for any n € E

T,
i) = En[/ l{ns:sms} §eE, 65)
0
is an invariant measure for {n, : t > 0}.
6.1 The Trace Process

We present in this subsection some elementary properties of trace processes and we state
some identities used throughout the article.
Let h: E — R, be a nonnegative function with nonempty support F:

F:={nekE:h(n) >0}#0a. (6.6)

Define the additive functional {Z;" : t > 0} as

t
7= [ hoas.
0

Notice that 77’ eR,, P,-as. forevery n € E and ¢t > 0. Denote by {S,h 1t > 0} the general-
ized inverse of 7,":

St = sup{s > 0: 7;" <t}

t

Since {n, : t > 0} is irreducible and recurrent, lim,_, o, T,h = 00, Py-a.s. for every n € E.
Therefore, the random path {nf 1t > 0}, given by nf’ =1ngh is P,-a.s. well defined for all
n € E and takes value in the set F'. We call the process {nf .t > 0} the h-trace of {n, : t > 0}.
Clearly, {nf 1t > 0} coincides with the trace of {5, : t > 0} on F, defined in Sect. 2, if
h=1{F}.

A change of variables shows that for any subset B of F' and for any function f : F — R,

tp (™) Tp
/O Fayde = /0 F) hiny) di ©.7)

P,-a.s. for every n € E. This identity also holds if we replace T3 (n™), Ts by rg(nf’), T,
respectively. Furthermore, for any two disjoint subsets A, B of F, it follows from the con-
struction of the Markov chain {nf :t > 0} that

P,[ta() <) ] = P [Ta < T3]
for all  in F. This identity needs to be reformulated if we replace the hitting times by return
times. Indeed, if the process starting from 7 returns to F at n, while in the original version

the process returned to 7, in the trace version the process never left 7. We claim that for all
n € F and all disjoint subsets A, B of F,

P [ti") <t "] = P[Th <T5 | T} =Try |- (6.8)
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To derive this identity, intersect the event {t} (n") < 7 (n")} with the partition {T; =
Trvp s (T = T,]+} and apply the strong Markov property to the second piece to get that

P,lc (1) <17 (] = P[cf ) <7 () T = Tryy ]

+ P [T =T, P, [t{ ") < 7 () ]-
To conclude, observe that on the set {TFJr = Tr\()} we may replace n" by 7. in the event

{ti ") <t (M}

Proposition 6.1 Under {P, : n € F}, {nf’ 1t > 0} is an irreducible, recurrent, strong Markov
chain with transition rates given by

A
R, &) = %Pn[rﬁﬂg], nEEF nHtE.

Proof Recall the explicit construction of the Markov chain {5, : + > 0} presented in the
previous subsection. To derive the A-trace from this construction, we consider first the trace
of the jump chain {Y,, :n >0} on F.

Define the sequence of times {f, :n >0} astp =0,#, =inf{n >1:Y, € F}and 1,1 =
tn +100,,n > 1, where {® : k > 1} are the discrete time shift operators. Let Y7 = {¥) :
n >0} be given by Y9 = Y, . When the jump chain {Y, : n > 0} starts in F, Y ={Y) :n >
0} defines a F-valued discrete time Markov chain with transition probabilities

p.&) =P[T/=T], néEcF.

Note that p(n, n) may be strictly positive and that Y" inherits the irreducibility and the
recurrence properties from Y.
Let T% = {T)Y : n > 0} be the sequence

2

A(YY)

Th = h(y))

n

, n>0.

By definition, the A-trace of {n, : > 0} is given by nf’ = YO?(I), t > 0, where «/(-) represents
the time-change (6.3) with Y9 and T in place of ¥ and T, respectively. Note that {e;, : n >
0} is a sequence of i.i.d. mean one exponential random variables independent of the process
{Ynh :n > 0}. By this observation and by the proof of Theorem 2.8.1 in [25], {nf’ :t>0}isa
strong Markov process on F.

The irreducibility and the recurrence of {nf :t > 0} are inherited from the process Y.
On the other hand, the transition rates {R"(n, &) : n, & € F} of the strong Markov process
{n! : t > 0} are given by

Pilaf =€ _ p0LE) _ M)y 0
n

R"(n,€) := lim -~ = = =7
110 t E,[T)] h()

F = 7§ ]
forn, & € F, n # &. The second identity follows from the proof of Theorem 2.8.4 in [25]. J

It follows from this proposition that the holding rates {A" (1) : n € F} and the jump prob-
abilities {p"(n, €) : n, & € F} of the h-trace process {n/ : t > 0} are given by

A(n)
MO FZ)P"[T; =Th\ ] (6.9)
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and, for n # &,
P, [T} =T,]

h
P18 = ——F——7—
P,[T," = TFJr\{n}]

=P, [Try=T:]

Note that p"(-,-) depends on 4 only through its support. The second identity is obtained
by intersecting the event {Tr\(,; = T¢} with the partition {TFJr =Tr\m} {TFJr = T,f} and
applying the strong Markov property to the second piece as in the proof of (6.8).

When # is the indicator function of a set F', we obtain an explicit formula for the transi-
tion rates of the trace process.

Corollary 6.2 Let R stand for the transition rates of {n" : t > 0} when h = 1{F}. Then,
Jorn, & in F,n#&,

RY(1,&) = R, &) + Y R0, OP[Tr=T:]

LeF¢

Proof By Proposition 6.1, R" (n, &) = A(n)P,[ T = T;" ]. Consider the stopping time T
with the convention that T = oo if F© = &. Decomposing the event {7 = T;"} according
to the event {T; < T/} and its complement, we get

RY (. &) = M P, [T =T TF < T | + M P [ T =T, T < T/ .

The first probability on the right hand side is equal to P, [T} = T;] = p(n, &), while the
second term, by the strong Markov property, is equal to

D ROLOP[Tr=T].
LeF¢
This concludes the proof of the corollary. |

The previous corollary provides an explicit formula for the rates RY in terms of the
holding times A and the transition probabilities p in the case where F = E \ {§y}:

R (1,8) = R, ) + R(1,5) p(0, %)

forn £ &, {n,&} C E \ {&). In particular, if E is a finite set, the rates R can be obtained
recursively.

Since {n;’ :t > 0} is recurrent and irreducible, it has an invariant measure which is unique
up to scalar multiplies. Let u be an invariant measure for {n, : # > 0} and denote by ! the
measure on F given by

1y (€) = hE) ), E€F.

Proposition 6.3 u! is an invariant measure for {n" : t > 0}. In particular, if h is ji-
integrable then {nf’ 1t > 0} is positive recurrent. Moreover, if W is a reversible measure
for{n; : t > 0} then ,u’(} is a reversible measure for {nf‘ 1t >0}

Proof Without loss of generality, we may suppose that u is of the form (6.5) for some n € F.
Thus, by (6.7), for any & € E,

TF ool
hE)uE) = E"[/o h(no)1n; :g}ds] = E"[/o 1{n! =-§}dS]~
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This shows that 1! is an invariant measure for the h-trace process. The second assertion
follows from Theorem 3.5.3 in [25].

Suppose now that u is reversible for R(:, -). Then, the measure M defined in (6.4) is a
reversible measure for the jump chain ¥ = {Y, : n > 0}. Since the events {T; = T;} and
{T; =T,"} depend only on Y,

MP,[TF=T] = MEP[TF =T, ],

for any n,& € F, n #&. In consequence, by the formula for R”(-,-) obtained in Proposi-
tion 6.1, ug is reversible for the h-trace process. O

6.2 Positive Recurrent Case

We assume from now on that the Markov chain {7, : # > 0} is positive recurrent. Denote by
W its unique invariant probability measure.

Replacement Lemma
For any probability measure v on E, we denote by (-), the expected value with respect to v.

Lemma 6.4 Fix a function g : E — R with nonempty support, integrable with respect to i
and such that (g),, = 0. Fix also some & in A ={n:g(n) #0)}. For every t > 0,

t Ts
En[/ g(m)dSH < 2sup En[/ Ig(ns)IdS]-
0 neA 0

Proof Let {®, : t > 0} stand for the time shift operators on D(R,, E). Define the random
times Hy=0, H, = T;r and Hj 1 =H; + 1:5+ 0Oy, (n.), j = 1. Fix an arbitrary n € E and
let h : E — R, be a nonnegative function, integrable with respect to x. By Proposition 6.3,

the trace process {nf :t > 0} is positive recurrent so that

sup
nek

Tg
EW[/ h(ns)ds} = E,[t:(n")] < 0. (6.10)
0

Write

En[/ h(ns)ds] =>E,
0

Jj=0 -

/ h(”:)ds I{H/ <tr< Hi+1}]
0

M rHj
= ZE,7 / h(ny)ds 1{H,§t<Hj+1}i| 6.11)
Jj=0 LJo

Hjy
_ ZE,7 f h(n,)ds 1{H; <t < Hj+1}].
t

Jj=0 -

In the last equation, we used the fact that both terms on the right hand side are finite. To
prove it, notice first that the second term is bounded by the first one. By Tonelli’s theorem,
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the first term is equal to

J Hi 41
ZZEH[/ h(n)ds {H; <1 < Hj+1}:|

j=0 k=0 Hy
Hi 41
= ZEn[/ h(n,)ds 1{Hy St}].
k>0 Hy

Taking conditional expectation with respect to F, , by the strong Markov property, this sum
is equal to

H H,
E,,|:/ h(ns)ds} + Eg;-|:/ h(ns)ds} > P,[H <1].
0 0

k>1

The first term of this sum is finite by (6.10). In the second expectation, £ appears instead
of n, and the expectation is equal to (), by (6.5). Finally, the sum is finite by the strong
Markov property and because Pg[T;— < t] is strictly smaller than 1.

To estimate the last term in (6.11), note that the event {H; <t < H;} belongs to F, and
that on this set H; | =1 + rg“ o ©;(n.). Therefore, by the Markov property,

Hjt Hy
ZE,?[/ h(ny)ds 1{H,«§z<Hj+1}] = E,,[Em[/ h(ns)ds}].
>0 t ’ 0
Putting together the previous identities, we get that the left hand side of (6.11) is equal to
Hy H;
E,,[/ h(ns)ds] + (), ZPn[Hk <t] - E, [E,h [/ h(ns)ds} ]
0 o1 0

Applying the previous identity to g* and g™, since (g), = 0, we obtain that

t H, H;
En[fo g(m)dS} _ E"Uo g(m)dS} - E,,[En,[/0 g(ns)ds”.

We claim that we may replace the stopping time H; by T in both terms of the right hand
side. Indeed, if n is different from &, H; = T; P,-a.s. Conversely, if the starting point 7 is
equal to &, Tz = 0 so that, by (6.5),

H, T
En[/o g(m)dS] —0= E”Uo g(m)dS]-

Thus, taking the supremum over E, we have proved that

t T;
En[/ g(m)dS] En[/ g(ns)dS}
0 0

Finally, since g vanishes outside A and since & belongs to A, by the strong Markov
property,

T T: T:
En|:/ g(ns)ds] = Er]|:/ g(ns)ds:l = E77|:E77TA |:/ g(ns)ds:l]
0 T, 0

@ Springer
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1108 J. Beltran, C. Landim

Therefore,
Ty Ty
sup En[/ g(ns)dS] < sup En[/ g(m)dS] .
nek 0 neA 0
This concludes the proof of the lemma. O

Let S be a finite set and let 7 = {A* : x € S} be a partition of E. Denote by u*, x € S,
the stationary measure p conditioned on A*: w*(+) = u(+|A¥). Also, for each p-integrable
function g denote by (g|m), : E — R the conditional expectation of g, under (., given the
o -algebra generated by 7:

(glm) = D _(ghur 1{A").
xes
The next result shows that if the process thermalizes quickly in each set of the partition,
we may replace time averages of a bounded function by time averages of the conditional
expectation. This statement plays a key role in our investigation of metastability. It assumes
the existence of an attractor, but similar versions should exist under weaker assumptions on
thermalization.
For each x € S and p-integrable function g : E — R, let

8" = (g — (gh) A"}

and fix some state &, in A*, for each x in S. Next statement follows from Lemma 6.4 applied
to each g*, x € S. Note that the right hand side does not depend on time.

Corollary 6.5 Let g : E — R be an integrable function. Then,

En[/: = <8|N)u}(ﬂs)ds]‘ < 2; sup En[/OTEX |gx(m)|ds].

neA*r

sup
nek

Clearly, the right hand side in the previous corollary is bounded above by

Ty
43 g sup B[ [ 1 avyas ]
neA* 0

xeS
where | g[l» = sup{[g(n)]:n e A*}.

Mean set rates

Let h: E — R, be a nonnegative function satisfying (6.6) and belonging to L'(u). By
Propositions 6.1 and 6.3, {nf’ 1t > 0} is irreducible and positive recurrent. Moreover, its
invariant probability measure, denoted by ", is given by

h(§)
()

For each pair A, B of disjoint subsets of F, denote by r,(A, B) the average rate at which
the h-trace process jumps from A to B:

w'E) =

nE), &eF. (6.12)

1
(A, B) := h R"(n,
(A, B) u%@%“wé; (. &)

@ Springer
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1
=——— N M(nP,[TH =771,
<h,1{A}>u,§ [ 17 =15 ]

where M has been introduced in (6.4). We used relation (6.12) and Proposition 6.1 in the
last equality. We shall refer to r, (-, -) as the mean set rates associated to the trace process.
When £ is the indicator function of a set F', we denote r;, by r. In this case,

(A rp(A,B) = Y MP,[Tf <T{,] (6.13)
neA

6.3 The Reversible Case

From now on, we shall assume in addition that the process is reversible with respect to the
invariant probability measure  and that the measure M is finite:

D M@ =) rpum) < oo (6.14)

nek nek

In particular, the mean set rates r; (A, B) are finite.

Assumption (6.14) reduces the potential theory of continuous time Markov chains to the
potential theory of discrete time Markov chains. Recall from Sect. 2.3 that (-, -),, represents
the scalar product in L?(M), that P : L>(M) — L*(M) stands for the bounded operator

defined by (Pf)(1) =Y P(1,€) f (&), and that D(f) = (I — P)f, fm, | € LX(M),
is the Dirichlet form associated to the Markov process {5, : t > 0}. A simple computation
shows that for every f in L?(M),

1
D(f) = 5 Y Mpo. L — fFODF.

n,E€E

Fix two disjoint subsets A, B of E and recall that C(A,B) = {f € L*(M) :
fm=1VneAand f(§) =0V & € B}, and that the capacity of A, B is defined by

cap(A, B) := inf{D(f): f €C(A,B) }.

As max{D(f A1), D(f v 0)} < D(f),Vf e L>(M), we may restrict the infimum to func-
tions bounded below by 0 and bounded above by 1.
Denote by fap : E — R the function in C(A, B) defined as

fas(m) =P [Ta <Tg].

An elementary computation shows that f,p solves the equation

(LAHM=0 neE\(AUB),
fm=1 neA, (6.15)
Jm=0 neB.
Clearly, we may replace the generator L by the operator / — P in the above equation. It is
not difficult to show that (6.15) has a unique solution in L?(M) given by f45. Indeed, if f,

g are solutions, D(f — g) =((I — P)(f — &), (f — g))u = 0. In particular, by the explicit
expression of the Dirichlet form, f — g is constant. Since the difference vanishes on A U B,

f=gs.
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Lemma 6.6 For any two disjoint subsets A, B of E,

cap(A, B) = D(fas) = Y MP,[TF <T;].
neA

Proof We first claim that there exists a function f in C(A, B) whose Dirichlet form is equal
to the capacity cap(A, B). Indeed, we have already seen that we may restrict the varia-
tional problem defining the capacity to functions bounded below by 0 and bounded above
by 1. Consider a sequence {f, :n > 1} in C(A, B) such that 0 < f,, <1, lim,—, o, D(f,) =
cap(A, B). Since the sequence f,, is uniformly bounded, there exist f in C(A, B),0 < f <
1, and a subsequence, still denoted by {f, : n > 1}, such that f(n) = lim,_« f,(n) for
every n in E. By Fatou’s lemma, D(f) < liminf,_,, D(f,) =cap(A, B). Since f belongs
to C(A, B), D(f) =cap(A, B), which proves the claim.

We further claim that f solves (6.15). Fix n ¢ A U B. Since f solves the variational
problem for the capacity, it is clear that f () is the argument which minimizes the convex
function F : R — R defined by

F(a) =) Mm)pO, E){f () —a).

§~n

In this formula £ ~ n means that the underlying jump chain may jump from 7 to &, i.e.,
that p(n, &) > 0. An elementary computation shows that the minimum is attained at a =

Zs p(n, &) f(E) so that f(n) = (Pf)(n). Since fap is the unique solution in L*(M) of
(6.15), f = fap and cap(A, B) = D(fap). This proves the first statement of the lemma.
The second one follows from a straightforward computation. O

In particular, by (6.13) we have the following very useful identity between capacities and
mean set rates.

Lemma 6.7 Assume that F = AU B and AN B = &. Then,
n(A)rp(A, B) = cap(A, B).
Next result shows that the mean set rates can be expressed in terms of capacities.

Lemma 6.8 Let A, B be subsets of F such that AN B = &. Then,
1
(A rp(A, B) = E{cap(A, F\ A)+cap(B, F\ B) — cap(AU B, F \ [A U B]) }

Proof The proof is elementary and follows from Lemma 6.7 and the identity

2u(A)re(A, B) = n(A)re(A, F\ A) + n(B)rp(B, F\ B)
— w(AUB)rr(AUB, F\[AU B]).

O

By assumption (6.14), the holding rates A : E — R, belong to L'(x). This property
extends to the holding rates {A" (1) : n € E} of the h-trace process if 4 belongs to L' ().
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Indeed, by (6.12) and (6.9),

1

)\h h —
PRI .

nek

ZM(n)P,,[TF+ =Th,] < oo
nek

Therefore, assumption (6.14) holds for the h-trace process whenever i belongs to L' ().
In this case, its capacity, denoted by cap, (-, -), is well defined. Next result shows a simple
relation between cap,, (-, -) and the capacity of the original process.

Lemma 6.9 Leth: E — R, be a nonnegative ji-integrable function with nonempty support
denoted by F. Then, for every subsets A, Bof F, ANB =g,

(h), cap,(A, B) = cap(A, B).

Proof Fix afunction i : E — R with the properties required in the statement of the lemma
and two subsets A, B of F such that AN B = @. By Lemma 6.6 applied to the process
{nf :t > 0} and by identities (6.8), (6.12) and (6.9),

cap, (A, B) =Y " A" )P, [ 74 () < 7f ()]
neA

1
= § M@P,[TF <T]|T}=Tpy |P)[ T/ = T |-
"

neA

Since for n € A, the event {T; < T:} is contained in the event {TF+ = Tr\(n} P,-almost
surely, the previous expression is equal to

1
> MmP,[Tf <T;].
<h>“ neA
By Lemma 6.6 this expression is equal to (h);'cap(A, B), which proves the lemma. O

We conclude this subsection proving a relation between expectations of time integrals of
functions and capacities. Fix two disjoint subsets A, B of E. Define the probability measure
vap On A as

MmP,[TF <T)]
cap(A, B)

vap(n) = , NEA.

Denote by E,,, the expectation associated to the Markov process {r; : t > 0} with initial
distribution v,p. The proof of the following proposition is an adaptation of the proof of
identity (4.28) in [14].

Proposition 6.10 Fix two disjoint subsets A, B of E. Let g : E — R be a p-integrable
function. Then,

Ts _ (g, faB)u
EVABI:/(; g(n,)dt] = cap(TB).
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Proof We first claim that the proposition holds for indicator functions of states. Fix an ar-
bitrary state £ € E. Consider the random time ¢g := inf{n > 0: Y, € B} and the last exit
time

Lag :=sup{n>0:Y,€ A and n <1}

with the convention that sup @ = —oo. Then,

P TA<TB ZPg LAB—I’l

n>0

= ZZP;[Yn =n;n <tB]P,7[TB+ < TA+]
n>0 neA

= X:P,,[TB+ < T;] ZPE[Yn =n;n <tB].
neA n>0

Since Y is reversible with respect to M, the last expression is equal to

Sop (1 <7/ ] M) Y P, [Y,=En<ts].

neA M(E) n>0

Recall from the beginning of this section that {e, : n > 0} is a sequence of i.i.d. mean one
exponential random variables independent of the jump chain {Y, : n > 0}. By definition of
the measure v, 3, this sum can be rewritten as

tp—1

cap(A, B) ZUAB(U) M((?) ,,|: Z )\Z) 1{v, Zf}j|
n=0

neA
cap(A, B Tp
= LEVAB[/ l{ns:é:}dsil
n(&) 0
This proves the assertion for g = 1{£}. By linearity and the monotone convergence theorem
we get the desired result for positive and then p-integrable functions. |

In particular, taking A = {n} and B = {£} for n # & we have that
& (& fie) )u
E ds | = ————— 6.16
”[/o gm) s} cap((n). (&) (©.10)

for any p-integrable function g.
This formula provides a more accurate estimate in Corollary 6.5 in the reversible context.
For each x € S, let

cap(&y) = nejil\ﬁs_x}cap({"}’ {&:D-

Lemma 6.11 Let g : E — R be a function integrable with respect to . If the measure [ is
reversible then, for each x € S,

T x 2<|g|>;r" X
;:EEW[/O lg (Us)|dS] = ml/«(fl ),

where |g|(n) = |g(n)| for all n in E.
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Proof By (6.16) and the fact that 0 < fi,;;(z,) < 1, the left hand side is bounded above by

sup (8", foptea Ju - (1g*1)u < 2(|gl1{A*}),
neaxviex) cap({n}, {&}) cap(&,) cap(§y)

for each x € S. This completes the proof. O
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