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ABSTRACT. We study the exit path from a general domain after the
last visit to a set of a Markov chain with rare transitions. We prove
several large deviation principles for the law of the succession of the
cycles visited by the process (the cycle path), the succession of the
saddle points gone through to jump from cycle to cycle on the cycle
path (the saddle path) and the succession of all the points gone through
(the exit path). We estimate the time the process spends in each cycle
of the cycle path and how it decomposes into the time spent in each
point of the exit path. We describe a systematic method to find the
most likely saddle paths. We apply these results to the reversible case of
the Metropolis dynamics. We give in appendix the corresponding large
deviation estimates in the non homogeneous case, which are corollaries
of already published works by Catoni [8] and Trouvé [39,41}.

RESUME. Nous étudions le chemin de sortie d’une chaine de Markov
a transitions rares apres son dernier passage par un sous domaine
d’un domaine quelconque. Nous établissons des estimées de grandes
déviations pour la suite des cycles visités par le processus, la suite des
points selle qu’il emprunte et la suite de tous les états constituant le
support du chemin de sortie. Nous estimons aussi le temps passé en
chaque cycle et sa répartition entre ses différents états. Nous décrivons
une méthode systématique pour déterminer les suites de points selle
les plus probables, et traitons plus en détail le cas particulier des dy-
namiques de Metropolis réversibles. Nous donnons en appendice des
estimées de grandes déviations correspondant au cas plus général des
chaines non homogenes, qui s’obtiennent comme corollaires de travaux
antérieurs de Catoni [8] et Trouvé [39,41].
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1. INTRODUCTION

Markov chains with rare transitions appear in a variety of contexts rang-
ing from statistical mechanics to optimization and reliability theory. This
discrete model of a dynamical system with small random perturbations has
been studied for itself for the first time by Freidlin and Wentzell in con-
nection with diffusion models [22]. Its main feature is that the transition
rates are supposed to obey some large deviation principle with parameter
(called the inverse temperature). In other words the transition rate between
states z and y is assumed to be of order exp —3V (z,y) for some rate func-
tion V. Exponential rates come from the discrete approximation of more
complex events, such as the jumps of a diffusion process with small pertur-
bations from one attractor to another, or the rate of failure of a machine.
They may also be used to simulate on a computer the distribution at ther-
mal equilibrium of a system of particles or magnetic spins, called the Gibbs
ensemble by physicists. They may even be used as a rough model for the
microscopic dynamics of such a system of statistical mechanics (whether at
equilibrium or not).

The convergence of Markov chains with rare transitions towards equi-
librium becomes arbitrarily slow when temperature goes to zero. To solve
this problem, which is crucial for simulations and optimization applications,
time inhomogeneous Markov chains have been introduced under the name
of simulated annealing algorithms. Many questions have been studied about
the low temperature behaviour of both homogeneous and non homogeneous
chains. Let us mention three of them: the question of the limiting behaviour
of their invariant distributions (which is somehow a prerequisite to any fur-
ther study), the rate of convergence of these chains towards equilibrium at
low temperatures and the distribution of the exit times and points from sub-
domains of the state space. Two main approaches have proved successful
to answer these questions: the semi-group approach, based on spectral gap
estimates, and large deviation theory, where the distributions of exit times
and points are estimated first. The semi-group approach started with Holley
and Stroock [24] (see also Diaconis and Stroock [20]) and was first applied
globally, to get results on the rate of convergence of simulated annealing al-
gorithms toward equilibrium for slow evolutions of the temperature (see also
Miclo [30]). Then it was realized that it was possible to localize it to get re-
sults on exit times and exit points. The first step in this direction was made
by Gétze [23]. It led to precise estimates for the joint distribution of the exit
point and exit time from arbitrary subdomains and (almost) arbitrary C!
temperature evolutions in Miclo [31,32], in case of continuous time dynam-
ics. For a different point of view, based on backward equations and requiring
some restrictive assumptions on the rate of decay of the temperature, see
also Chiang and Chow [19].

The large deviation approach started with Freidlin and Wentzell’s book
on “Random Perturbations of Dynamical Systems”, where the homogeneous
case is studied by graph techniques. Freidlin and Wentzell’s theory gives
closed formulas for the distribution of the exit point from arbitrary subdo-
mains and the expectation of the corresponding exit time. These authors
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have also introduced a fundamental concept in the study of trajectories:
the decomposition of the state space into cycles. A cycle is a subdomain
in which the chain stays an exponential length of time and goes to and fro
an exponential number of times between any pair of states before leaving.
The construction of the cycles in the most general situation was not given
by Freidlin and Wentzell, and was described in full detail for the first time
seemingly by Hwang and Sheu (acknowledged in Chiang and Chow [18], and
published in [27], but the preprint circulated a long time before). The study
of the exit time and point from subdomains in the non homogeneous case was
made in Catoni [5,6,8] for arbitrary non increasing temperature evolutions
and reversible simulated annealing algorithms. The rough estimates (where
the exponents are optimal but the constants before the exponentials are
not) were generalized to non necessarily reversible chains and arbitrary non
increasing temperature evolutions by Trouvé [39,41] (English translations
[40,42]). In these papers, the line of reasoning is inspired by Freidlin and
Wentzell’s theory and the graph technique is replaced by induction proofs.
Applications are made to the study of optimal or nearly optimal tempera-
ture evolutions (those giving approximately the largest probability to be in
a state below a given energy level after some fixed large number of itera-
tions). These tools were also applied to the theory of genetic algorithms by
Cerf [12,13]. The first main question addressed in this context is the asymp-
totic behaviour of the invariant distribution [14]. Further insights into the
dynamics of genetic algorithms can be obtained by analyzing the influence
of the population size and the operators (mutation, crossover, selection) on
the geometry of the cycles [15,16].

The large deviation approach was the first one to give results on the
behaviour of trajectories and also the first one to be generalized to arbitrary
non increasing temperature evolutions, this extension being made in the
case of discrete time Markov chains. Moreover the “rough large deviation
estimates” given in Catoni [8] and Trouvé [41] have the advantage to be
uniform with respect to the energy function (or with respect to the rate
function in the non reversible case). This allowed to prove that some type
of exponential triangular temperature evolutions are robust, in the sense
that they give an almost optimal convergence rate uniformly over compact
sets of energy (or rate) functions.

Recently an important step was made in Miclo [31,32] along the semi-
group approach. These two papers are the first from the “semi-group school”
to deal with arbitrary C! temperature evolutions in the non-reversible case.
They study the continuous time case, under the assumption that the gen-
erator is exactly equal to ¢(z,y) exp —5;V (x,y) (whereas in Trouvé [41] the
transition matrix has only to be of the same order as this quantity), and
prove results for the renormalized exit times and points from subdomains
with “sharp” constants. Sharp constants were also obtained in Catoni [6]
for reversible Markov chains, and the generalization to the non reversible
case should be feasible, but would be more complicated than Miclo’s proof,
which does not rely on an induction argument.

Freidlin and Wentzell’s theory also had an echo in the domain of statistical
physics, where homogeneous Markov chains with rare transitions were stud-
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ied in connection with the metastability phenomenon (Olivieri and Scoppola
[35,36]). In the study of metastability, one is interested in the occurrence
of a partial equilibrium in a subdomain of the state space, as well as in the
lifetime of these partial equilibria. The global relaxation time of the system
is the time needed for partial equilibria to melt into a global one. The cycle
decomposition of Freidlin and Wentzell gives a clear cut description of the
metastability phenomenon and was reworked in this context by Olivieri and
Scoppola [35,36]. One of the merits of these papers is that they have under-
lined the importance of the description of the escape path from metastable
states for the understanding of the metastability phenomenon. They give a
description of the most probable escape paths and a physical interpretation
of the cycle decomposition in terms of renormalization procedures (see also
Scoppola [38]).

The aim of this paper is to give a large deviation description of the escape
path in the homogeneous case, using only simple proofs inherited directly
from Freidlin and Wentzell’s graph method. We will prove various large
deviation estimates related to the exit path of a homogeneous Markov chain
with rare transitions from an arbitrary subdomain of the state space. Doing
this, we will have in view mainly applications to the metastability problem,
which will be given in Alonso and Cerf [1] and in Ben Arous and Cerf [2].

Let us also mention that, as proved in Catoni [10] and Cot and Catoni
[11], piecewise constant temperature evolutions, if properly tuned, can give
almost optimal convergence rates for the generalized simulated annealing
algorithm. Moreover, another speed-up technique for the Metropolis algo-
rithm, called the Iterated Energy Transformation algorithm and studied in
Catoni [9], uses homogeneous Markov chains with rare transitions. There-
fore the homogeneous case is also relevant for stochastic optimization.

We could have started with refined estimates from which we would have
deduced coarser and coarser ones using the contraction principle of large de-
viation theory. We have instead chosen to proceed step by step from simple
estimates to more refined ones. Although this is not the most economical
approach from the mathematical point of view, we think it gives an eas-
ier understanding of the behaviour of the process. We start with a rough
description of the exit path, where we study only the succession of the maxi-
mal cycles the process goes through. Then we look for the entrance and exit
points of the visited cycles, thus describing the exit saddle path. We give
precise estimates for the time the process spends in each cycle of the cycle
path. We describe eventually more precisely the succession of arrows the
trajectory is likely to go through and we give estimates for the time spent
in each point. We put forward an efficient method to find the exit saddle
paths the system is likely to take. We also simplify some results in the re-
versible case of a Metropolis dynamics. This method is applied to study the
metastability of the three dimensional Ising model on a torus at very low
temperatures in [2], the model dependent variational problems being solved
in [1]. This study of a huge and intricate energy landscape would not have
been possible without the use of a systematic way to find the exit path and
illustrates the efficiency of the method.

We had claimed in our first submitted manuscript that we would basically
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prove nothing new if compared with the non homogeneous and therefore
more general results contained in Catoni [8] and in Trouvé [41]. As one
of the referees suggested to make this statement more precise, we give in
appendix the non homogeneous formulation of the main results of the paper
and indicate how to deduce them from Trouvé [41] (English translation
Trouvé [42]).

2. THE MAIN PROBLEM

Let F be a finite space. We consider a family of time homogeneous Markov

chains (X, P3) on E indexed by a positive parameter [ (the inverse tem-
perature). More precisely, we consider the coordinate process X = (X, )nen
on the space EN defined by X, : (wo,...) — w, together with a family
of probabilities (P3) indexed by (3; under each of them the coordinate pro-
cess is a Markov chain. We suppose that these Markov chains are in the
Freidlin-Wentzell regime, namely that their transition mechanisms satisfy

a(B) exp—BV(x,y) < Ps(Xnp1=y/Xn=1) < a(f)”" exp—BV(z,y)
for all z,y in F, where § — a(f3) is a positive function such that

lim f~'Ina(B) = 0

B—00

and V : E x E — Ry U{oo} is an irreducible cost function i.e.

Ve,ye Ex E Jig,i1,... 0y 0=, i, =71,
Viig,ir) + -+ V(iv_1,ir) < oo.

For C' an arbitrary subset of E we define the time 7(C,m) of exit from C
after time m
7(C,m) = min{n >m: X, ¢C}

(we make the convention that 7(C') = 7(C,0)).
We define also the time 6(C,m) of the last visit to the set C' before time m

0(Cym) = max{n<m:X, € C}

(if the chain has not visited C' before m, we take 0(C,m) = 0).
Remark that 7 is a stopping time when m is deterministic whereas 6 isn’t.
Let G and D be two subsets of E such that G C D and let = be a starting
point in G. Our aim is to describe the behaviour of the chain (X,,) after
its last visit to the set G before it escapes from the set D. More precisely
we will study the asymptotic behaviour as (8 goes to infinity of the law of
(Xk, 0(G,7(D)) < k < 7(D)). We will determine the points of D\ G the
Markov chain (X,,) is likely to visit on its exit path as well as the typical
times it spends in the subsets of D \ G it crosses. The key idea to achieve
this study, introduced by Catoni [6], is to decompose D \ G into its maximal
cycles and to focus on the jumps of (X,,) between these cycles, which may
be seen as abstract states.
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3. FREIDLIN AND WENTZELL LEMMAS ON MARKOV CHAINS

These lemmas give useful formulas for the invariant measure and for the
laws of the exit time and exit point for an arbitrary subset of E. These
formulas are rational fractions of the coefficients of the transition matrix
whose numerators and denominators are most conveniently written as sums
over particular types of graphs.

DEFINITION 3.1. (the graphs G(WW))
Let W be an arbitrary non—empty subset of E.
An oriented graph on F is called a W—graph if and only if
e there is no arrow starting from a point of W
e each point of W€ is the initial point of exactly one arrow
e for each point x in W€, there exists a path in the graph leading from z
to W.
The set of all W—graphs is denoted by G(W).

Remark. The third condition above is equivalent to
e there is no cycle in the graph.

DEFINITION 3.2. (the graphs G, ,(W))
Let W be an arbitrary non—-empty subset of E, let « belong to E and y
to W.
If « belongs to W€, the set G, (W) is the set of all oriented graphs on E
such that

e there is no arrow starting from a point of W

e cach point of W€ is the initial point of exactly one arrow

e for each point z in W€, there exists a path in the graph leading from z
to W

e there exists a path in the graph leading from z to y.
More concisely, they are the graphs of G(W') which contain a path leading
from z to y.
If z belongs to W, the set G (W) is empty if  # y and is equal to G(W)
ifx=y.

Remark. The graphs in G , (W) have no cycles. For any x in E and y in W,
the set G, (W) is included in G(W).

DEFINITION 3.3. (the graphs G(z /& W))
Let W be an arbitrary non—empty subset of £/ and let x be a point of E.
If = belongs to W the set G(z 4~ W) is empty.
If « belongs to W the set G(x /4 W) is the set of all oriented graphs on E
such that

e there is no arrow starting from a point of W

e cach point of W€ except one, say y, is the initial point of exactly one
arrow

e there is no cycle in the graph

e there is no path in the graph leading from = to W.
The third condition (no cycle) is equivalent to

e for each z in W€\ {y}, there is a path in the graph leading from z
to W U {y}.
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LEMMA 3.4. Let W be an arbitrary non—empty subset of E and let x be a
point of E.
The set G(xz / W) is the union of all the sets Gy (W U{y}), y € W¢.

Remark. In the case x € W€,y € W, the definitions of G , (W) and G(z /4
W) are those given by Wentzell and Freidlin [22]. We have extended these
definitions to cover all possible values of . With our choice for the definition
of the time of exit 7(W¢) (the first time greater than or equal to zero when
the chain is outside W¢), the formulas for the law of X () and for the
expectation of 7(W¢) will remain valid in all cases.

Let g be a graph on E, we define its probability pg(g) by

ps(g) = H Ps(Xny1=y/Xn = 2).

(z—y)€g

LEMMA 3.5. (expected number of visits before exit)
For any non—empty subset W of E, y in W€ and x in E,

> pslg)

9€Ga,y (WU{y})

> pslg)

geG(W)

Y Ps(Xn=y, 7(W)>n/Xg=12) =

This lemma, due to Catoni [10], may be used to prove the following three
lemmas of Wentzell and Freidlin. For the sake of completeness, we reproduce
the proof here.

Proof. Let us dismiss in this proof the subscript &, the lemma being true
for any irreducible Markov chain with transition matrix p. The matrix

mr,y) =3 P(Xp = y,7(W) > n/ Xo = 2)
n=0

is the unique solution of

S ((w2) = pla2))mlzy) = I@,y), oy e WS
zeWe

because (I — p)jwexwe is invertible (p being irreducible). As

p(z,z) =1— Z p(z, z),

z€E\{z}

the preceding equation can be rewritten as

Yo plzzmlzy) =1@y)+ Y pla,2)mlzy). (1)

2€E\{z} z€ (WU{I})C
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Let
1

mz,y) = Y p(y)( > p(g))

ger,y(WU{y}) QEG(W)
We have
-1

> iy = (Y paap@)( Y pe)

ze{x}e (2,9)€C1 geEG(W)

and
1

> p(ﬂfyz)ﬁ%(z,y)z( > p(ﬂfvz)p(g))( > p(9)>_,

z€(Wu{z})e (2,9)€C2 geEG(W)

where

Cr={(z,9) € E\N{z} x GW U{y}) : g € Goy(WU{y})},
Co={(z,9) e EX(WU{z}) x GW U{y}) : g € G-y (WU{y})}.
For a graph g with exactly one arrow starting from z, we denote by g(z)
the unique element z such that the arrow x — z is present in g. In the case
when z # y, consider the one to one change of variable ¢ : Cy — C5 defined
by
o(z,9) = { (2,9) ifgeG.,(WU{y})
’ (9(x), g U{(z = )} \{(z = g(2))}) if g & Gopy(WU{y})
To check that it is one to one, it is enough to notice that its inverse is given
by
’ (9(2).gU{(z = )} \{(z = g(2))}) if g ¢ Gay(WU{y})
Let (z, g) belong to C; and let (2, ¢") = ¢(z,g). We check that p(z, z)p(g) =
p(z,2")p(g).
It follows that
> b 2plg) = > plx,2)p(d)
(zvg)ecl (2,79,)602

and thus m satisfies equation (1) when z # y.

In the case when x = y, we have Cy C C7, and we can consider the change
of variable ¢ : C; \ Cy — G(W) defined by ¢(z,9) = gU{(y — 2)}. Tt is
one to one since its inverse is given by ¢ '(g9) = (9(y),9 \ {(y — 9(¥))}).

Therefore
> syl = Y. plo)
(2,9)€C1\C2 geG(W)
and
—1
> p(y,z)p(g))( > p(g)) =
(2,9)€C geG(W)

—1

1+ (Y pwar@)( > p)

(2,9)€C2 geG(W)

This shows that m satisfies equation (1) also when z =y. O
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LEMMA 3.6. (stationary measure)
The stationary measure pg of the Markov chain ((Xy,)nen, Pg) is

> pslg)
Ve e E pp(x) = 9eae)

- SN psle)

yEE geG(y)

LEMMA 3.7. (exit point)
For any non—empty subset W of E, any y in W and z in E,

> sl

gEG y(W)

ST psle)

geEG(W)

Pﬂ(XT(WC) = ?//XO = :L') e

LEMMA 3.8. (exit time)
For any subset W of E and x in E,

> > pslg) Y. pslo)

c EWe  gEGL (WU{y}) G pW

Eg(r(We)/Xg=1) = Y g y _ 9€6( )
> pslg) > psly)
geG(W) geG(W)

4. THE CYCLE DECOMPOSITION

We now recall briefly some basic facts and definitions of quantities con-
cerning the decomposition of E into cycles. For a detailed exposition of this
question, we refer the reader to Catoni [8,10] and Trouvé [39,40,41,42].

DEFINITION 4.1. (cost of a graph)
We define the cost of a graph g over E by

Vig)= > Viay)
(x—y)€g
Clearly, we have limg_.o Inpg(g)/8 = =V (9).
We next define a delicate but extremely useful tool.
DEFINITION 4.2. (renormalized communication cost)
Lemma 3.7 implies the existence of the limits for any subset D of E
1

VeeD Vy¢gD ma —ElnPﬁ(XT(D) =y/Xo=2) = Cp(z,y)

= min{V(g): g € Gy 4(D)} — min{V(g) : g € G(D°) },
1
I Ps(Xp1y =y/Xo=2) = Cp(z,y) =

p
min{ V(z,2)+V(g) : z € DU{y}, g € G, (D) } —min{ V(g) : g € G(D°) }.

Ved D Yyé&D ﬁlim—
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For x in E and y in D, x # y, we set Cp(z,y) = Cp\(yy(x,y). For x =y,
we set Cp(x,x) = 0. Thus Cp is defined over E x E. The quantity Cp(z,y)
is called the renormalized communication cost in D.

For a set A, we define also Cp(z, A) = min{ Cp(z,y) : y € A}.

Remark. The first formula for the renormalized communication cost (corre-
sponding to the case x € D, y ¢ D) is the formula given by Wentzell and
Freidlin.

Remark. If D is empty we have 7(0,1) = 1 and Cy(x,y) = V(x,y) for any
z,y in F.
LEMMA 4.3. Forxz ¢ D andy & D,
Cp(z,y) = min{ V(z,2) +Cp(z,y) : z € DU{y} }.
ForxeD,ye D and z¢ D,
Cp(z,z) < Cp(z,y) + Cp(y, 2).

Proof. The first equation is a direct consequence of the expression of the
costs Cp(z,y) and Cp(z,y) in terms of graphs. A probabilistic proof is also
possible: let z,y belong to D¢; we have

Ps(Xr(p1)y =y/Xo=12) =
> Py(Xypy =y/Xo=2)Ps(X1 = 2z/Xo = )
ze€DU{y}
and the first equation follows letting 3 tend to infinity.
Now let z € D, y € D and z € D°. We can decompose Ps(X,(p) = z/Xo =
x) as
Ps(Xr(p\{y}) = ¥ Xr(p) = 2/Xo = x) + Ps(Xr(p\(y}) = 2/ X0 =2)
> Pg(Xr(p\{y}) =¥ Xr(p) = 2/ X0 = 1)
= Ps(X;(p\(y)) = y/Xo =2) Ps(X7(py = 2/ X0 = y).
Letting 3 tend to infinity we obtain
CD(«T7Z) < CD\{y}(x7y) =+ CD(yvz)'
Moreover by convention Cp\yy(7,y) = Cp(z,y). O
For another construction of the renormalized communication cost, see
Trouvé [40,41,42].

PROPOSITION 4.4. (properties of the renormalized communication cost)
For any subset D of E and for any point x in E, the cost Cp(x, D) is null.
For any z,y, the set function A Ca(x,y) is non increasing i.e.

ACB — Ca(z,y) > Cp(z,y).

Proof. These properties are easy consequences of the probabilistic defini-
tion of the renormalized cost. Let us prove the last assertion. First we
have Ca(z,y) = Ca\(yy(2,9), C(z,y) = Cp\(y}(z,y) and we may thus
assume that y is in B¢. We have the inclusion B¢ C A€ so that for ¢ = 0
ori=1,

{Xrapy =y} CH{Xeoy =y} = Ps(Xra)=y) < Ps( Xeiy=v)
and finally Ca(z,y) > Cp(z,y). O
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DEFINITION 4.5. (virtual energy)
Lemma 3.6 implies that for any x in F,

Jim ~2 (o) = W)
= min{V(g) : g € G{z}) } — min{V(g) : 9 € G{y}), y € E}.

The quantity W (z) is called the virtual energy of x.
For an arbitrary set D, we define its virtual energy W (D) by

W(D) = min{W(z):z € D }.
The bottom F(D) of D is the set of points of D with virtual energy W (D)

i.e.

F(D) = {zeD:W(x)=W(D)}.

DEFINITION 4.6. (localized virtual energy)
For any subset D of E, any point x of F and any y in D, lemma 3.5 implies
the existence of the limit

1 oo
ma 3 lnz Ps(X, =y, 7(D,1) >n/Xog=2x) = Wp(z,y).
o n=0

The quantity Wp(z,y) is the logarithmic rate of the potential of the Markov
chain starting from x and killed outside D. (Note that we do not use
Wp(x,y) with the same meaning as Freidlin and Wentzell [22].)

The expression of Wp(z,y) in terms of graphs is for any z in D and y in D,

Wp(z,y) = min{V(g):g € G y(D°U{y})} — min{V(g):g € G(D)}
and for any z in D¢ and y in D,

Wp(z,y) = min{ V(z,2)+V(g) : 2€ D, g€ G, ,(D°U{y})}
—min{ V(g) : g € G(D°) }
= min{ V(z,2) + Wp(z,y) : 2 € D }.

LEMMA 4.7. (link between the localized virtual energy and the renormalized
cost)
Let D be an arbitrary subset of E, x in ¥ and y in D. Then

Wp(x,y) + Cp\(y3 (¥, D) = Cp\(y3(z,9).
Proof. Let us assume first that = is in D. We have

Wp(z,y) = min{V(g):g € Goy(D°U{y})} — min{V(g):g e G(D%)}

and

Cpo\iyy(y, D°) = min{V(g) : g € G(D°) } —min{ V(g) : g € G(D°U{y}) }.
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Thus

Wp(z,y) + Cp\y3(y, D) = min{V(g) : g € Gy, (DU {y})}
—min{V(g): g € G(D°U{y}) }
= OD\{y}(xay)'

When z is in D¢ we can write

Wp(z,y) + Cp\(yy (¥, D) = min{V(z,2) + Wp(z,y) : € D}
+ CD\{y} (y7 DC)
= min{ V(z,2) + Cp\(y(2,y) : 2 € D}
= CD\{y}(xay) U

Remark. A probabilistic proof is also possible, starting from the identity

(Z Py(Xo =y, 7(D,1) > n/Xo = x)) PoXoion iy & D) Xo = y) —
n=0
P3(X-(p\{y}) = ¥/ X0 = ).

In other terms, the probability to escape from D after having visited y is
equal to the probability to visit y before leaving D!

DEFINITION 4.8. (height of a set)
The height H(D) of the set D is defined by

.1
H(D) = max ﬂh_}n;oglnE,@(T(D)/Xo—x).

By lemma 3.8 this limit exists and is equal to

H(D) = —min{V(g):x €D, g€ G(x 4 D }+min{V(g) : g € G(D°) }.

DEFINITION 4.9. (boundary)
For a subset D of E we define its boundary B(D)

B(D) ={y:y¢D,3zeD V(r,y) <oo}

and its principal boundary B (D)

1
B(D) ={yeB(D):3z€D Blim —BlnPB(XT(D) =y/Xo=xz) =0}

Remark. The principal boundary of a set D may equivalently be defined by

B(D) ={yeB(D):3ze€D Cp(z,y)=0}.
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DEFINITION 4.10. (cycle)
A cycle 7 is a subset of F which is either reduced to a point or satisfy

1
Yo,y em, x#uy, ﬁlim 3 In Pg(X7(m\(yy) # ¥/ Xo=2) > 0.

The set of cycles is a tree for the set inclusion, two cycles being either
disjoint or comparable for the inclusion relation. As said in the introduction,
the chain goes to and fro an exponential number of times between any pair
of states in a cycle before leaving it. This is a simple consequence of the
probabilistic definition of the cycles we chose to use here, and explains why
the exit time and point from a cycle is weakly dependent at low temperature
from the initial conditions. This is what states the next proposition.

PROPOSITION 4.11. (mixing properties of cycles)
Let w be a cycle. For any points x,y in 7, the cost Cyr(x,y) is null.

For any subset D of E containing m and for any x,y in 7, we have for any z
mn kB

Wp(z,2) = Wp(z,y) = W(z) - W(y)
Cp(z,z) = Cply,z), Cp(z,z) = Cp(z,y)

and for any z in D, we have Wp(z,z) = Wp(y, 2).

As a consequence, we can define without ambiguity the renormalized costs
Cp(m,z), Cp(z,m) for any cycle 7 included in D and any point z in E, as
well as Cp(my,m2) for any cycles 7y, mo included in D.

DEFINITION 4.12. (maximal partition)

Let D be a subset of E. The partition of D into its maximal subcycles
is denoted by M(D). For x in D we denote by 7 (z, D) the unique cycle
of M(D) containing z (for = in D¢ we make the convention that 7(z, D) =

{z})-

Remark. In case D is a cycle, we have M(D) = {D}.

The relevance of the cycles of M (D) for the study of the behaviour of the
Markov chain in D will already appear in the next lemma. It can also be
understood from the remark that the distribution of the exit time and point
from D knowing that the chain started from state x will only depend at low
temperature on the component of the maximal partition of D to which x
belongs.

Notation. Let g be a graph and A a subset of F, we denote by g|4 the
restriction of g to A, obtained by deleting from g all the arrows starting
outside from A.

LEMMA 4.13. Let D be an arbitrary subset of E. We have

min{ V(g) : g € G(D)} = Z min{ V(g) : g € G(n°) }.
TeEM(D)
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Moreover for any graph g in G(D¢) realizing the minimum min{ V(g) : g €
G(D°)} and any cycle 7 of M(D), we have V(g|r) = min{V(g) : g €

G(7°) } and gl has only one arrow with endpoint outside of .

Proof. Let us prove first that any g realizing the minimum min{ V(g) : g €
G(7°) } has only one arrow with endpoint outside of 7. For this purpose,
let us assume that (r — y) € g, (¢/ — ¢') € g with z,2" € 7, y,y € 7°
and x # 2’. The graph g\ {(z’ — y’)} would belong to G ,(7°U{z’}) and
would satisfy

VE\{=" =)} = min{V(g) : g € G(z°U{a"}) },

therefore we would have that y belong to B(w \ {#’}) N 7 which is in con-
tradiction with the fact that 7 is a cycle.

Now let g be any graph of G(D¢). For any 7 in M(D) let g|, denote its
restriction to 7 (obtained by removing arrows with starting point outside ).
Clearly the graph g|, belongs to G(7¢). Therefore

2 V@ = > V@ = Y min{V(g):geG(x)}

TeEM(D) TeM(D)

and there is equality if and only if for each 7 in M(D) we have V (g|,) =

min{ V(g) : g € G(n°)}. Thus to end the proof of the lemma, all we
have to do is to build a graph g in G(D¢) such that for any = in M(D),
V(glx) = min{V(g) : ¢ € G(7°)}. For this purpose, let us consider the
graph G over the set M(D)U D¢ (the points of D¢ being identified with one
point cycles) defined by

(7T1 —>7T2) €g < E(?Tl)ﬂﬂ'g 7'5 0 < 071—1(71'1,77'2) =0.

Let G| pq(p) be its restriction to the cycles of M(D) (that is we only keep the
arrows of G whose starting point is a cycle of M(D)). This restriction has no
stable irreducible component in M (D). Indeed such a component could not
be reduced to one cycle, because no cycle (and in fact no set) has an empty
principal boundary, and on the other hand, if it were made of more than
one cycle, the union of these cycles would be a cycle of D, and this would
contradict the maximality of the elements of M (D). Consequently, we can
extract from G| p) a spanning collection of oriented trees H belonging to
G(M(D)®), that is a graph on M(D) U D¢ such that

e cach cycle of M(D) is the starting point of exactly one arrow.

e there is no arrow starting from D°.

e there is no loop in H.
Now for each m in M(D), considering 7’ such that (7 — 7’) is in H, we
can choose y in B(m) N7’ (because H C G) and find a graph g, in G, ,(7),
where x is some point of 7, such that V(g,) = min{V(g) : g € G(7°) }
(because y is in B(7)). Then we know that y is the only endpoint of the
arrows of g, lying outside of 7. Let g be the union of all the graphs g,, ™ €
M(D). The graph g has no loop, because any loop in g would correspond to
a loop in H. Therefore g belongs to G(D¢) and answers the question. [

The formula of lemma 4.13 is very useful to perform several computations
of renormalized costs and heights of sets. As an application, we compute
the cost appearing in lemma 4.7 above.
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PROPOSITION 4.14. For any subset D of E and s in D we have
CD\{s}(SaDC) = H(ﬂ-(SvD)) + W(T‘-(&D)) _W(S)

(where 7(s, D) is the greatest cycle included in D and containing s.)

Proof. As we already noticed in the proof of lemma 4.7, we have
Cp\(s3(s, D) = min{V(g) : g € G(D°) } —min{V(g) : g € G(DU{s}) }.

Using lemma 4.13 we obtain that the cost Cp\ (4 (s, D¢) is equal to

Z min{ V(g): g € G(7°) } — Z min{ V(g) : g € G(7°) }

TEM(D) meM(D\{s})

= min{ V(g) : g € G(n(s, D))} — > min{ V(g) : g € G(n°) }
TeM(m(s,D)\{s})

= min{V(g) : g € G(n(s,D)°)} — min{V(g) : g € G(n(s,D)°U{s})}.

Let e belong to F(m(s,D)). We have also that the quantity (from the first
equation of proposition 4.11)

min{ V(g): g € G(w(s,D)°U{s})} — min{V(g) : g € G(n(s,D)°U{e})}

is equal to W(s) — W(e) (i.e. the computation of a difference of virtual
energies can be done within a cycle containing the points) so that finally

Cp\(s3(s, D) = min{ V(g) : g € G(7(s, D)%) }
—min{V(g): g € G(m(s,D)°U{e}) } + W(n(s,D)) — W(s)
= H(n(s,D)) + W(n(s,D)) — W(s). O

COROLLARY 4.15. For any subset D of E and for any s in D, we have

CD\{S} (37 DC) = Cﬂ'(S,D)\{S} (87 7'('(8, D)c)

Proof. We apply proposition 4.14 to the set D = 7(s, D). Since the cycle
m(s,m(s,D)) coincides with m(s, D) (see the remark after definition 4.12),
we see that the cost Cr(s p)\(s}(s,7(s, D)°) is also equal to H(7(s, D)) +
W(n(s,D)) — W (s).

5. THE EXIT CYCLE PATH

We will study how the Markov chain (X, )nen jumps between the cycles
of M(D\ G), the partition of D\ G into its maximal subcycles, after its last
visit to G.
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DEFINITION 5.1. (cycle path)
We define recursively a sequence of random times and cycles:

T-1= 0(G7T(D))> T—1= {XT—1}7
T0o=1T7_1+1, o =7(Xr, D\ G),

71 = 7(70,70), m =7n(Xr,D\G),
T = T(Th—1, Th—1), i =m(X5,, D\ G),
7. = 7(D), T = {X, }.

Notice that the length r is itself random, since r is defined by the equal-
ity 7. = 7(D).
The sequence (7_1, 7o, ... ,Tr—1,7) is called the cycle path of (X,,) relative
to D, G and denoted by 7(X, D, G). It is a random variable with values in
the cycle path space

¥(D,G) = {{y}:yeG}x

U{(Wo,...,71'7,_1)EM(D\G)T:Trk#Wk_1,1§k<r}><{{z}:z€Dc}
r=0

of finite sequences of cycles starting in G, traveling through M(D \ G) and
ending in D¢. We define a cost function V,, (D, G) on the space ¥V(D,G) by

Vx(Dv G)({y}77T07 sy TTr—1, {Z}) =

r—1
Wp(z,y) + V(y,mo) + chk,l(ﬂ'k—laﬂ'k) + Cr,_y (Tr-1,2)
k=1
where we recall that by definition,
V(y7 7T0) = IILIélﬂ'ré V(y) u)? Cﬂ'kfl(ﬂ-kflvﬂ-k) = 11)’161;'2 Cﬂ'kfl(ﬂ-kfl’v)'

Since the sets D and G will be fixed in the sequel, we will drop them
in the notation whenever no confusion is possible: for instance we will
write V,, ¥, 7(X) instead of V,.(D,G),¥(D,G), n(X, D, G).

THEOREM 5.2. (estimation of the probability of a cycle path)

There exists a positive constant K1 (depending only on the cardinality of D\
G ) such that for any exit cycle path ({y},mo,... ,mr—1,{2}) in ¥(D,G) and
any B we have

(K a(B) ) exp —BVa({y} mo, .. mron, {23)
< P3(n(D,G) = ({y}.mo,... ,m—1,{2})/Xo=1) <
(Kla(ﬁ)iKl)rJrl €xXp _ﬂVr({yL Ty -« s Tr—1, {Z})
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Proof. Conditioning by the last visit of the chain to the set G and applying
the Markov property we get

Pg (W(DjG) = ({y},mo,...,mr—1,{2})/ X0 = x) = (3)
> Ps(Xn =y, 7(D) >n/Xo=2x) || Ps(Xr, € m/Xr, €m0, —1 <1 <E).
n=0 k=0

By lemma 3.5, there exist positive constants C1, C such that

Cra(B)“ exp —BWp(z,y) < ZP,B(Xn =y, 7(D) >n/Xo = 1)
n=0

< O 'a(B) " exp —BWp (. y).
Moreover the first term of the product in formula (3) satisfies

a(B) exp =BV (y,mo) < Pp(Xr, € Mo/ X7, =)
< a(B) " mo| exp —BV (y, o)

and for £ > 1 we have

P,@(ereﬂk/Xn Eﬂl,—1§l<k) = (4)
> P(Xy, € m/Xy_, =) Py(Xy,_, =u/Xr €m,—1 <1 <F).
UETT 1

Yet there exists a positive constant Cs such that for any w in mp_1,
Cy'a(B)“? exp —BCx, _, (Th_1,7)
< Pg(Xr €mp/Xs , =u) <
Coa(B)~ exp —BCh, _, (Th—1, %)

whence, substituting this inequality in the previous equation and summing
over u € mp_1, we get

C5 ta(B)<? exp —BCx, _, (Tr—1, k)
< PB(XTk S 7Tk/X7-L em,—1<Il< k’) <
Coa(B)” exp —BCr,_, (Te—1, %) -
and formula (3) yields the result. [

The cost of a cycle path includes the sum of the costs of each of its arrows
(mk—1 — 7). Thus any path of bounded cost has a bounded number of
arrows of positive cost. However it may have an arbitrary large number of
arrows of null cost if there exist loops of null cost.

DEFINITION 5.3. The cycle path ({y}, 7o, ... ,m—1,{z}) is optimal knowing
that Xo = x if its cost V.({y}, mo,... ,mr—1,{2}) is equal to the infimum

mf{ Vz(w—la e ,ws_l,{z}) :s €N, (¢—1> ey s, {Z}) S \I/(D,G) }

Let G, be the graph containing the arrows of all optimal paths knowing
that XO =x.
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PROPOSITION 5.4. The cycle path (7_1,...,m.) is optimal knowing that
Xo = x if and only if it is contained in the optimal graph G, (that is, all its
arrows do appear in the optimal graph).

Remark. That any optimal path belongs to G, is obvious. The interesting
point is that each path contained in the optimal graph G, yields also an
optimal path knowing Xy = x.

Proof. Let us define the cost of a beginning path (w_1,m,... ,m;) where
the mx’s belong to M(D \ G) by

k

Vx(ﬂ',l,ﬂ'o,... ,TI'k) = WD($,7T71) + V(Trfl,ﬂ'o) + ZC’mA(m,l,m).
=1

Then for any optimal path (7_q,... ,7.) and any k < r, (7_1,... , 7)) iS op-
timal among the paths ending in 7. Conversely, assume that (7_1,... ,7,)
belongs to G, i.e. that all the arrows of the path do appear in the graph G,.
We prove by induction that (7_1,...,7) is optimal among the paths end-
ing in mg. Suppose the result is true at rank k — 1. By the very definition
of the optimal graph G, there exists an optimal path ~ such that the ar-
row (mp_1,7) is in . Let 7,1 be the path 7 truncated at 7p_; and ~yx
be the path v truncated at m;. By the induction hypothesis V,(yx—1) =
Ve(m_1,... ,mk—1) so that V (vx) = Vp(m_1,... , 7). Since v is optimal,
(m_1,...,m) is also optimal. [

Remark. The same kind of proof appears in the study of the well known
dynamic programming algorithm.

We study now the link between the cycle path cost and the renormalized
communication cost.

THEOREM 5.5. Let D be a domain, let x belong to D and let y be a point
of E. Let m, and m, be the cycles of M(D) containing x and y respectively
(if y is not in D, we put m, = {y}). The cost Cp(z,y) is equal to the
infimum

inf { Z C’]Tk71 (kala Wk) :

k=1

(S Na o = g, (71-17"' 77TT—1) S M(D)rila Ty = Ty }

Remark. Proposition 4.11 shows that Cp(z,y) = Cp(m,, my) is independent
of the pair (z,y) chosen in m, x m,.

Remark. 1If we had not used maximal cycles in theorem 5.5 as well as in the
construction of the exit cycle path, the renormalized communication cost
would have been strictly inferior to the infimum of the cycle paths costs
and all the exit cycle paths of finite length would have had an exponentially
vanishing probability to be taken during the last excursion. This shows that
the maximal cycles of M(D) represent the right granularity at which the
last excursion should be described.
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Proof. In case m, = m,, the cost is zero, as well as the infimum. We assume
now that 7, and m, are distinct. By definition of the renormalized cost, we
have Cp(z,y) = Cp\(y}(x,y) and since = belongs to D \ {y}, then the cost
Cp\{y}(,y) is equal to

min{ V(g) : g € Gz, (D°U{y}) } — min{V(g):9 € G(D°U{y}) }.

Let g be a graph realizing the first minimum i.e. g belongs to G ,(D°U{y})
and

V(g) = min{V(g): g€ Gey(DU{y}) }-

There exists a path of arrows in g leading from x to y. Let mg — -+ — 7,
be the sequence of the successive cycles of M (D) visited by this path. Since
the path of points starts at x and ends at y we have mg = 7, and 7, = m,,.
In addition we remove the loops in this cycle path, in order to obtain a path
of distinct cycles. Now

Cp(z,y) = V(g) — min{V(g):9 € G(D°U{y}) }.

Decomposing g on the cycles of M(D) and applying lemma 4.13 we get

Cp(z,y) = Y. V@) — Y.  min{V(g):g€eG(n)}

reM(D) reM(D\{y})

- ¥ (wg\w)—min{wm:geam})+v<g\wy>

TEM(D),mm,

- Z min{ V(g) : g € G(7°) }.

reM(D\{y}),mCmy

However the set of cycles {7 : m € M(D \ {y}), # C m, } is exactly the
maximal partition M(m, \ {y}) whence by applying once more lemma 4.13,
the cost Cp(z,y) is equal to

> (V) -nin(Vig) g € 66} + Vil

TEM(D),m#my
—min{ V(g): g € G(m; U{y}) }.

Since g belongs to G, (D°U{y}), for any 7 in M(D)\ 7y, its restriction g,
belongs to G(7¢). Moreover, g|., belongs to G (7 U{y}). As a consequence,

r—1
Cotes) = 3 (Viales) = min{ Vi) s g € GG} ).
k=0
(where g, ... ,m, is the sequence of cycles previously described).

By construction of the m’s, there are xj, in 7, and yy in 7,41 such that g,
is in Gmlwyk (ﬂ]‘;), thus V(§|7Tk) _min{ V(g) HEVAS G(Wli) } > Cﬂ'k (.’Ek,yk)- We
obtain finally the desired inequality

r—1

CD(.%', y) > Z Crrk (T‘-k?ﬂ—k—‘rl)'

k=0
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Conversely, let mg — - -+ — 7, be a cycle path in M(D) starting at mo = 7,
ending at 7, = 7, and realizing the infimum of the theorem. Let us introduce
the stopping times

vo1 =0, vp=1(mp,vk—1)for0<k<r, v,=71(m\{y},vio1).
We have, putting 7,11 = {y},
Ps(Xr(D\{y}) = y/Xo = )

,
> H Ps(X,, € i1/ Xy, € Ts1,5 < k, Xo = x)
k=0

r—1

> H ulélfk PB(XT(ﬂk) S 7Tk+1/X0 = U,) X ulélf Pﬁ(XT(WT\{y}) = y/Xo = u)
k=0 "

Using the definition of the communication cost and letting § tend to infinity
we get that

r—1

Cp(z,y) < Y Crp(mi,mpyr). O
k=0

We first obtain a slight improvement of the second equation of lemma 4.3.

COROLLARY 5.6. For x in D and y in D¢, the cost Cp(x,y) is equal to

CD($7y) = min{ CD(I',Z) + CTI’(Z,D)(Z?y) EAS D}

We apply now theorem 5.5 to the set D\ G.

COROLLARY 5.7. For anyy in G and z in D¢, the cost Cp\a(y, ) is equal
to the infimum

r—1

inf{ V(y,mo) + ZC’M (7, mk41) © {y}, 7o, ... ,mr—1,{2}) € ¥(D,G) }
k=1

Proof. This is a consequence of the fact that
Cp\a(y,2) = min {V(y,u) + Cp\g(u,2) :ue€ D\ GU{z} }
(lemma 4.3) and of theorem 5.5. [

COROLLARY 5.8. The function Ly from M(D\G)U{{z}:2z¢€ D°} to RT
defined by

Lw(ﬂ-) = 2&18 (WD($7y) + CD\G(yvﬂ-))

1s non decreasing along the optimal cycle paths knowing that Xy = x.

6. THE PRUNED CYCLE PATH

The estimates in theorem 5.2 are not very satisfactory because their preci-
sion depends on the length of the path and also because paths of bounded
cost do not necessarily have a bounded length.
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In this section we will eliminate the loops in the graph of transitions of
null cost between cycles. We define a relation — on the cycles of M (D \ G)
by

T — T = B(m)Nmy £ 0 — Cr,(m1,m2) = 0.
The associated equivalence relation = is
T=x = Iy, T Ty, T € M(D\ G)
T T — o > T = T — T — s — Ty — T

We denote by M(D \ G) the partition of M(D \ G) determined by this
equivalence relation. Formally, the elements of M(D \ G) are sets of cycles,
but we rather consider them as subsets of F by identifying 7 in M(D \ G)
with the set {z : 37 € W,z € 7w}. For a point x in D \ G, we denote
by 7(z, D \ G) the unique element of M(D \ () containing .

For any 7 in M(D \ G) and for any y in E the cost C=(z,y) is independent
of the point = in 7 (by theorem 5.5). We can thus define the cost C#(T, y).
Once more, if A is a subset of E, we set C#(7, A) = min{ C=(7,y) : y € A }.

DEFINITION 6.1. (pruned cycle path)
We define recursively a sequence of random times and cycles:

T_ 1= Q(G,T(D)), T_1 = {X;il},
To=T7T-1+1, To =7(X7,, D\ G),
?1 - T(ﬁ()a?O)) ™

1 :ﬁ(X?17D\G)7
T = T(Th—1,Tk—1), T = (X7, D\ G),

7. = (D), 7 = {X= ).

The sequence (T_1, 70, ... ,7r—1,7) is called the pruned cycle path of
(X,,) relative to D, G and is denoted by 7(X, D,G). It is a random variable
with values in the pruned cycle path space

U(D,G) = {{y}:yeG}x
U {(To,... . Tro1) E M(D\G)" : Ty # 71,1 <k <r}x{{z}:2€ D}
r=0

of finite sequences of sets of equivalent cycles starting in G, traveling through
M(D \ G) and ending in D°. We define a cost function V,(D,G) on the
space U (D, G) by

VI(Da G)({y}aﬁ07 cee 3 Ty {Z}) =
r—1
WD(£7Z/) + V(y7ﬁ0) + Zcfk71(fk—17ﬁk) + Cﬁr—l(ﬁr—17z)'
k=1
Notice that the pruned cycle path of (X,,) is a partition of the cycle path
of (X,): it is obtained by regrouping equivalent cycles in M(D \ G). The-
orem 5.5 shows that the V,—cost of a cycle path and the V,—cost of the
corresponding pruned cycle path are equal i.e. we have V. (7(X,D,G)) =
Ve (®(X, D, G)).
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THEOREM 6.2. (estimation of the probability of a pruned cycle path)
There exists a positive constant Ko (depending only on the cardinality of D\
G) such that for any pruned cycle path ({y},%o,--. ,7r_1,{2}) in ¥(D,G)
and any B we have

(K5 a(3) ) exp —BV.({y}, 7o, - - o1, {2})
< P3(7(D,G) = ({y},Tos-.. . Tr1,{2})/Xo = 1) <
(Kga(ﬂ)*KQ)T+1 exp —OBV.({y}, To, ... ,Tr_1,{2}).

Proof. This is the same kind of proof as for theorem 5.2. The only difference
is that we now use the estimation (for some constant Cy), for all u in 7x_1,

Crla(B) exp —BCx, _, (Tr_1,71)
< Py(Xr, € T/X7,_, =u) <

Tk—1

Cya(B)”“ exp —BCx, , (Fx—1,7k)- O

The key fact that makes V, a good cost function to work with is the
following

LEMMA 6.3. Let (To,...,7,) be a sequence such that 7, € M(D \ G),
Tk # Tk-1, 1 < k < r. There exists a positive constant ¢ independent
of (To,... ,7r) such that, if r is greater than the cardinality of M(D \ G),
then

ZCﬁkil(ﬁk_:[,ﬁk) > 4§ > 0.
k=1

Remark. The graph of the jumps of null cost over M(D \ G) has no loop.
We could have replaced the cardinality of M(D \ G) by the diameter of this
graph, that is the number of vertices of its longest paths.

Proof. Since r is greater than or equal to |[M(D \ G)|, two elements 7; and
75, 0 < i < j < r of the sequence T,..., 7, have to be equal. Since
T; # Tiy1, then 7 > 7+ 1 and 7, Ti41,... ,7T; = 7; is a loop. Therefore one
of its jumps at least has a positive cost and the sum of the lemma is not
smaller than

§ = min{Cx(7,y) : 7€ M(D\Q), y € B(7), C=(7,y) >0}. O

COROLLARY 6.4. The cost V, gives a control on the length of the pruned
cycle path i.e.

YA 3JR(\) Vr>R(\) Y(Fo,...,7) €U(D\G) Vi(To,...,7r) >\

COROLLARY 6.5. The cost function V , is a good rate function on V¥ i.e. its
level sets are compact (finite in our situation).

Proof. Corollary 6.4 shows that the sets { (7o,... ,7.) : Va(To,... ,7r) <
A} contain only sequences of bounded length and are thus finite. [

The length of the cycle path 7(X) (i.e. the number of jumps it involves)
will be denoted by |7(X)| in the sequel. For instance |(mg,... , 7 )| = r.
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PROPOSITION 6.6. There exist a positive constant K3 and a function h :
N — Ry such that lim, . h = 400 and

Ps(I7(X)| > R/Xo =) < (Ksa(8) ") exp —Bh(R).

Proof.
Py(Im(X)| = R/Xo = )
= Y PsFa(X)={y},7(X) =70,..., Tr(X) =Tr/Xo =)

Y0, s TR

D> (Kaa(B) K2)RH x

Y,T0,-- TR

IN

R
exp —f3 <WD($, ) +V(y,70)+ ) Cr, (WklﬂTk))
k=1

" exp —B([R/IM(D\ G)[] 6 + C)

IN

IGI(IM(D\ G)| Ky a(B)~"2)
where 0 is as in lemma 6.3 and

Cs = inf {Wp(x,y)+V(y,70):y €G, 7€ MD\G)}. O

THEOREM 6.7. (large deviations upper bound)
For any positive X\, there exists a positive constant K4 such that for any 0

Ps(Vo(m(X)) > N Xo =) < Kya(B) %4 exp -3

Proof. We decompose the event { V. (7(X)) > A} according to the length
of the associated pruned cycle path. Let R be such that h(R) > A. We have

Py(Va(m(X)) 2 M/ Xo = ) = Pa(Vo(7(X)) = A/ Xo = )
= Pp(Vo(7(X)) = A, [7(X)| = R/Xo = ) +

Po(Va(7(X) 2 A, [F(X)] < R/Xo = a).

The first term in the sum is controlled by proposition 6.6. The second term
is equal to

> Py(R(X) = (Fo,... )/ Xo = )

where the sum runs over all pruned cycle paths (o, ... ,7,) satisfying the
conditions r < R, V,(To,... ,7T) > A. For such a path we have by theo-
rem 6.2

Py(m(X) = (%o, ,7r)/Xo = ) < K5Ta(8)" 520 exp —A

and there is only a finite number of such terms (the length of the paths
being bounded). The desired upper bound follows easily. [

7. THE EXIT SADDLE PATH

In this section, we will study the entrance and exit points of the cycles of
the exit cycle path.
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DEFINITION 7.1. (saddle path)
We define recursively a sequence of random times and points:

70 =0(G,7(D)) + 1, so = Xro—1, s1= X,
1 :T(W(SlvD\G)7T0)7 82:X7’1—17 83:X7'17
T, = 7(7(s2k-1, D\ G), Tie—1), Sop = Xrp 1, S9k41 = X1y
Tr = T(D)7 Sor = XTT—17 Sor4+1 = XTT.

Remark. The times 7; are the same as those used in the definition of the
cycle path. We recall also that the length r is random, since r is defined by
the equality 7, = 7(D).

The sequence (sg, ... ,s2,41) is called the saddle path of (X,,) relative
to D, G and denoted by S(X, D, G). The saddle path space relative to D, G
starting at x is the set
S(D,G) = { (80, e ,32r+1) 180 € G, Sory1 € ch
Vk € {1, . ,T}, Sop_1 €D \ G, so € 71'(82]{,1,D \ G), V(Sgk, 82k+1) < 00,

Sok+1 € B(?T(Sgk_l, D \ G)) }
We define a cost function V, (D, G) on the space S(D, G) by
VI(D, G)(So, ce 782r+1) = WD(x, 80> + V(So, 81) +

T

3 (W(S%) V (8ak, S9p11) — H(m (52, D\ Q) — W (m(s25, D \ G))).
k=1
Since the sets D and G will be fixed in the sequel, we will drop them in
the notation whenever no confusion is possible: for instance we will write V,,,
S, S(X) instead of V,(D,G), S(D,G), S(X,D,G).
The next lemma estimates the probability of one fixed jump of a saddle
path.

LEMMA 7.2. (last point and exit point of a cycle)
There exists a positive constant Ks such that for any cycle w, x,y € ©
and z € B(m),

K5 'a(B) s exp—B(W(y) + V(y,2) — H(m) — W(m))
< PB(XT(ﬂ) = Z7X7'(Tl')—1 = y/XO = ‘T) <
Ksa(B) 55 exp —ﬂ(W(y) +V(y,z) — H(m) — W(ﬂ'))

Proof of lemma. By summing over the possible values of the last instant
in 7, we obtain

PB(XT(W) = Z7X‘r(7r)fl = y/XO = .’L')
= ZPﬁ(T(ﬂ') >k, Xi =y, Xpy1 = 2/Xo =2)
k=0
oo

— (ZPﬁ(T(F) > k‘, Xk = y/Xo = x))Pg(Xl = Z/XO — y).
k=0
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Lemma 3.5 yields the existence of a positive constant C'5 such that

Csa(B)" exp —fWr(x,y) < > Py(r(m) > k, Xj = y/Xo = x)
k=0

< Csa(B)~ exp — W (z, y)

By lemma 4.7, we know that Wr(z,y) = Cr\ 141 (7,y) — Cr\ (43 (3, 7€). Since
7 is a cycle, the cost Cr\ () (,y) is null. Moreover proposition 4.14 gives

—Wa(z,y) = Cr\gyy (9, 7°) = H (1) + W(7) = W(y).

The required estimation follows easily. [

COROLLARY 7.3. For any cycle 7, any point x in w and any point y in B(w),
we have

Cr(z,y) = min{ W(z)+V(z,y) : z €} — H(w) — W(m).

THEOREM 7.4. (estimation of the probability of a saddle path)

There exists a positive constant Kg (depending only on the cardinality of D\
G) such that for any saddle path (so, ..., Sar+1) in S(D\ G) and any B we
have

(Kga(B) ) exp —BVa(s, ., s2r41)
S PQ(S(X) = (80, PN ,82r+1)/X0 = I’) S
(Ksa(B)~"°) * exp —Va(s0, - - - » 52011)-
Proof. If S(X) = (s0,...,82,41), the last visit of the chain (X,) in G

occurred at sp. Conditioning according to the time of this last visit and
then applying the Markov property, we obtain

PB(S(X) == (So,... ,82T+1)/X0 :SC) ==

Z Pﬁ(S(X) = (Soa"- 782r+1)7 Xk = 50, Xy QGa k<l§7—(D)/XU :LU) =
k=0

> Ps(S(X) = (50,- - »52r11), X = 50, X; € G, k <1< 7(D)/X}, = s9)
k=0
XP,B(Xk: =50, k < T(D)/XO = l‘)

= (Z Pg(Xk:SO,k<T(D>/X0:x)> X (5)
k=0
P3(S(X) = (s0,--- ,82041), Xo =50, VI 0<1<7(D), X; ¢ G/Xo=50)

Lemma 3.5 yields the existence of a positive constant Cg such that

Cgta(B)° exp —Wp(z,80) < Z Ps( Xy = s0, k<7(D)/Xo=2) (6)
k=0
< Coa(B)~“ exp—BWp(z, s0)
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We now deal with the second term in formula (5). By repeated conditioning
and applications of the strong Markov property we get

PI@(S(X) = (80,... ,82T+1), Vi 0<I< T(D), X ¢ G/XO = 80) =
P,@(XT,. = 327‘—‘,—17X‘r,.—1 = SQT/XTT_l = 327‘—1) X ... X
PB(XTl =53, Xr 1= SQ/XTO = SI)PB(XTO = S81,7T0 = 1/XU = 30)

= H Ps(X: = sopt1, Xr—1= 82k, 7 = T(7(526—1, D \ G))/ X0 = S21—1)
k=1
X P/g(Xl = 81/X0 = 80).

Several applications of lemma 7.2 to the above expression, together with
formulas (5) and (6), yield the desired estimation. [

We would like to show that the law of the saddle path of (X,,) concentrates
on the set of sequences in § having a null V,—cost as 8 goes to infinity.

DEFINITION 7.5. (optimal saddle)
Let m be a cycle. A pair (y, z) is an optimal saddle escaping from 7 if

yem z€B(m), Wy +V(yz)=W(r)+H(m).

Let (sq,...,S2,+1) belong to & and suppose there exists a sequence
(t(), NN ,t2h+1) in D \ G such that

toEﬂ'(sl,D\G), t1 EE(TI’(Sl,D\G)), ton+1 G?T(Sl,D\G),

and (to, tak+1) is an optimal saddle escaping from 7(tar—1, D \ G) for all k
in{1,...,h}. Then (to,...,tan4+1) may be seen as a portion of a saddle path
of S. Since (tak, tar+1) is an optimal saddle escaping from m(tor—1,D \ G)
we have

h
> (W(tar) + V(taks tansr) — H(r(tor, D\ G)) = W (n(tar, D\ G))) = 0.
k=0

Now (so, S1,t0,--- ,t2n+1, 52, ,S2r+1) is in the saddle path set S and has
the same V,—cost as the initial saddle path (sg,...,s2,+1). As a conse-
quence, V, is not in general a good rate function (its level sets are not
compact) and with V, we won’t be able to control the length of the saddle
path. What we have to do is to get rid of sequences like (tg,... ,tan4+1) by
considering only the relevant jumps between cycles of M(D \ G).

8. THE PRUNED SADDLE PATH

The pruned saddle path is to the saddle path what the pruned cycle path
is to the cycle path.
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DEFINITION 8.1. (pruned saddle path)
We define recursively a sequence of random times and points:

To = Q(G,T(D)) + 1, S = X?o—lv S1 = X;O,
?1 == T(ﬁ(§17D \ G)7?0)7 §2 == X?1717 §3 = X?17
T = T(T(Sok—1, D\ G), Tr—1),  Box = Xz -1,  Soks1 = X7,
7 = 7(D), Sor = X7,.1, Sory1 = X7,

The sequence (3o, ... ,82,+1) is called the pruned saddle path of (X,)
relative to D, G and is denoted by S(X,D,G). The pruned saddle path
space relative to D, G starting at x is the set

S(D,G) = {(Eo»n- ,52r41) 1 50 € G, 52041 € DF,
Vke{l,...,r}, Sap—1 € D\ G, 521 € T(S26—1, D \ G), V (521, 52k+41) < 00,
Sok+1 € B(f(?gk_l, D \ G)) }

We define a cost function V,(D,G) on the space S(D,G) by

V$(D,G)(§0,... ’§2r+1) = WD($,§Q) + V(Eo,gl)

+ Y (W(ggk) 4V (Sak, Soisr) — H(@Gar, D\ G)) — W (T (o, D \ G))).

Notice that the pruned saddle path of (X,,) is a subsequence of the saddle
path of (X,,): it is obtained by deleting the jumps between equivalent cycles
of M(D \ G). These removed jumps have a null cost so that the V,—cost of

a saddle path and the V,—cost of the corresponding pruned saddle path are
equal i.e. we have V;(S(X)) = V,4(S(X)).

THEOREM 8.2. (estimation of the probability of a pruned saddle path)
There exists a positive constant K7 (depending only on the cardinality of D\
G) such that for any pruned saddle path (So,...,52,41) in S(D\ G) and
any [ we have

(K7 'a(B)"7) ™+ exp _gvz(§07 ey B2041)

< PB(S(X) = (50, ce ,§2T+1)/X0 = ZE) <
(K7a(ﬂ)_K7)T+1 exp —ﬂVmGo, - 7§2r+1)-

The proof is of the same kind as for theorem 7.4. The only difference lies
in the equivalent form of lemma 7.2, that we state now.

LEMMA 8.3. (inner and outer exit points from a set of equivalent cycles)
There exists a positive constant Kg such that for any cycle @, z,y € T
and z € B(T),
Kg'a(B)"s exp —B(W(y) + V(y, 2) — H(T) — W (7))
< Pe(Xrm) = 2, X1 =y/Xo=1) <
Ksa ()™ exp —B(W (y) + V(y, 2) — H(7) — W(7)).
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Proof. The proof follows the line of the proof of lemma 7.2. Here the quan-
tity characterizing the rate of decrease of the event under consideration (i.e.
the exit from the set 7 through the arrow (y, 2)) is Wa(z,y)+V (y, z). Appli-
cation of lemma 4.7 yields Wx(z,y) = Cz () (2, y) — O\ (4} (y, 7). Since x
and y are in 7, we have by the definition of T combined with theorem 5.5
that the cost Cr 1y} (z,y) is null. Next, proposition 4.14 yields

Ca\iyy (4, 7) = H(n(y, 7)) + W(n(y,7)) — W(y)

(where we recall that 7(y,7) is the greatest cycle included in 7 which con-
tains y). Anyway the quantity H () + W () is the same for all the maximal
subcycles of 7 and coincides with H(7) + W (7). Thus Wa(z,y) +V (y, z) =
W(y)+V(y,z) - H(m -W(m). 0O

Let © be the map from S(D,G) to ¥(D,G) defined by

@(§07~-- 7§2r+1> = ({50},f(§1,D\G),... ,f(?Qr_l,D\G),{ggr_,_l}).

Let (S0,...,82,41) in S(D,G) and (7_1,... ,7,) in ¥(D,G) be such that

@(50,... 7527‘—{-1) == (ﬁ_l,... ,ﬂ'r).

We have the inclusion
{S(X)=(S0,-.-,52r41) } C {7(X)=FT-1,...,7)}.

Theorems 6.2 and 8.2 then imply that V (S0, ... ,82,41) > Va(T_1,... , 7).
As a consequence, the conclusions of corollaries 6.4 and 6.5 are still valid
for the rate function V, on the space S. We restate them in the next two
corollaries.

COROLLARY 8.4. The cost V, gives a control on the length of the pruned
saddle path i.e.

YA IR\ Vr>R(\) Y(So,...,5r41) €S(D\G)

VI(§07"' a§27’+1) > A

COROLLARY 8.5. The cost function V,, is a good rate function on S i.e. its
level sets are compact (finite in our situation).

The length of the saddle path S(X) (i.e. the number of jumps it involves)
will be denoted by |S(X)| in the sequel. For instance |(so, ... ,S2r41)| = 7.

COROLLARY 8.6. There exist a positive constant Kg and a function h : N —
R, such that lim, . h = +00 and

P3(|S(X)| > R/Xo =1z) < (Koa(B) )" exp—Bh(R).

Proof. This is a straightforward consequence of the equality |S(X)| = |[7(X)|
and of proposition 6.6. [
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THEOREM 8.7. (large deviations upper bound)
For any positive X\, there exists a positive constant K19 such that for all 8

Proof. We decompose the event { V,,(S(X)) > A} according to the length
of the associated pruned saddle path. Let R be such that h(R) > A. We
have

T
<l
B
ol
E
vV
>
vl
e
A
=
~
B
Il
2

The first term in the sum is controlled by corollary 8.6. The second term is
equal to

> Ps(S(X) = (S0, .. ,52041)/ X0 = )

where the sum runs over all pruned saddle paths (So,... ,S2,+1) satisfying
the conditions r < R, V;(S0,... ,52,41) > A. For such a path we have by
theorem 8.2

Pﬁ(g(X) = <§07 Ce ,§2T+1)/X0 = CL‘) S (K7a(5)*K7)T+1 exp —/BA
and there is only a finite number of such terms (the length of the paths
being bounded). The desired upper bound follows easily. [

We have just proved that the law of the pruned saddle path satisfies a
large deviation principle with the good rate function V. As a consequence,
as 3 goes to infinity, this law concentrates on the paths of null V,—cost.

PROPOSITION 8.8. (concentration of the law of the saddle path)

lim Ps(Vy(S(X)) =0/Xo=2) = 1.

p—o0

We finally give a criterion to decide whether a saddle path has a positive
asymptotic probability to occur.

PROPOSITION 8.9. Assume that liminf a(f8) > 0. Then

B—o0

liminf Pg(S(X) = (s0,... ,52r41)/Xo=2) > 0

B—o0

<~ Vx(SO,... 732r+1) = 0.

9. THE SADDLE PATHS OF NULL V,—COST

This section is devoted to the investigation of the structure of the saddle
paths having a null V,—cost.
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THEOREM 9.1. (characterization of the saddle paths of null V;—cost)
Let s = (so,...,S2r+1) be a saddle path in S(D,G). Let r, = min{k :
Sop+1 € m(so, D) }. The saddle path s has a null V,—cost if and only if

hd CD\SQ($7SO) =0,
o V(so,s1)+
Z <W(32k) + V(sok, s2p41) — H(m(s20, D\ G)) — W(m(s21, D \ G)))
e = H(n(s0, D)) + W (r(s0, D)) = W(s0),
o Vk, r.<k<r, (Sor,Sok+1) is an optimal saddle escaping from the
cycle m(sak—1,D \ G).

Remark. The second property is equivalent to saying that ss,, 41 is in the
principal boundary of 7(sg, D) and that the sequence (sq,... ,S2r,4+1) IS a
saddle path of null V; -cost of ¥ (7(so, D), G).

Remark. We recall that the third property says that (see definition 7.5)
Vke{r.+1,....7}, s € w(s2k-1,D\G), s2u41 € B(n(s21-1, D\ G)),
W (sak) + V(sak, S2k+1) = W(n(s2x—1, D\ G)) + H(m(s2k—1,D \ G)).

Proof. We have the inequalities
Va(s0y -+ yS2r41) = Wp(w,s0) + V(so,51)+
S (Wlsak) + Visak, sak01) = H(r(sa, D\ @) = W(n(sax, D\ G)))

1<k<r,

(Corollary 7.3) > Wp(z,s0) + V(s0,51)
T Z C”(32k7D\G)(32k732k+1)

1<k<r.
Lemma 4.3
<Pr0p0sition 4.4> = Wp(@,50) + Cr(so,00\G (50, 527 41)
(Lemma 47) = CD\{SO}(ZL‘, So) — CD\{SO}(S(), DC)

+ Cr(so,p\G (505 S2r, 1)
(Corollary 4.15) = Cp\ 150} (%, 50) — Cr(so,0)\ {50} (50, T (50, D))
+ Cr(so,00\G (50, 527, +1)

> C’D\{SO}(x,so) > 0.

The first inequality is obtained by truncating the sum in the definition of
the cost V. The third inequality relies on the following facts:

V(s0,51) = Cr(so,0\G(50,51), 7(s26, D\G) C 7(s0, D)\G, 1<k <.

Thus, for the saddle path to have a null cost, all these successive inequalities
have to be equalities. That is, we must have Cp\ {4, (2, s0) = 0, the quantity

V(so, 1) +
> (Wlsaw) + V(sak s2ki) = H(m(s2k, D\ G)) = W w(sax, D\ G))

1<k<r.
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must be equal to H(mw(so,D)) + W(m(so,D)) — Wi(so) and for all £ in
{r«+1,...,7}, we must have W (sar) + V (Sak, Sok+1) — H(w(s2, D\ G)) —
W (m(sak, D\ G)) = 0, this last condition being equivalent to saying that
(S2k, S2k+1) 1s an optimal saddle escaping from the cycle 7(sar, D \ G).
Conversely, if these three conditions are satisfied, we check directly that
the V,—cost of the saddle path is null. [

DEFINITION 9.2. Let A and B be two disjoint subsets of . We define
V(A, B), the set of points from which A is visited before B, by

V(A, B) = {.'17 ekl : CAcch(.'E,B) > 0}
We define R(A, B), the set of ridge points between A and B, by

R(A,B) = {l‘ e E: CAcch(l‘,B) = CAcch(I‘,A) = 0}

The probabilistic counterpart of this definition is the following:
a point x is in V(A, B) if and only if

lim —;lnPB(T(BC) < 7(A9)/Xo=2) > 0,

B—oo

a point x is in R(A, B) if and only if

lim —;lnPB(T(BC) < 7(A9)/Xo =) = 0,

B—oo

lim _;mPﬂ(T(BC) > r(A%)/Xo =) = 0.

B—o0

Remark. Notice that for any point of F, we have Cyecqpe(x, AU B) = 0
so that at least one of the two costs Cacnpe(x, A), Cacnpe(z, B) is null.
Henceforth,

CpcnpBe (CC,A) >0 = CACQBC(SC,B) =0,
OACQBC(%’,B) >0 — CAcch(.’L',A) =0.

As a consequence, the three sets V(A, B), R(A, B),V(B, A) form a partition
of E.

PROPOSITION 9.3. Let s = (so,...,S2r+1) be a saddle path in S(D,G) of
null Vy—cost. This saddle path visits successively the three sets V(G, D),
R(G, D), V(D¢ G): if we let ro = min{k : sorr1 &€ V(G, D)} and r* =
min{k > 7, : sak+1 € R(G,D°) }, then
Vk, 0<k<2r,, sk € V(G, D°),
Yk, 2r, <k <2r", sk € R(G, D),
Vi, 2r* <k<2r+41, sk € V(D4 Q).

In addition the index r. coincides with min{k : sor11 & (S0, D) }. Thus a
saddle path of null V,—cost may be decomposed into three parts: an ascending
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part (s, 0 < k < 2r,), a ridge part (si, 2r. < k < 2r*) and a descending
part (sg, 2r* <k <2r+1).

Proof. We first prove that the two indices r! = min{k : sax11 & 7(s0, D) }
and 72 = min{k : soxr1 € V(G,D¢)} are equal. We have (s, D) C
V(G, D) so that r! < r2. Theorem 9.1 shows that Cp\c(52r141, D) =0
so that 9,141 is not in V(G, D) and r} > r2. Thus r, =r} =13

That the points s, 0 < k < 2r, are in V(G, D¢) is straightforward; in
fact they all belong to 7(sg, D) (remember that sor € 7(s2p—1,D \ G)).
Theorem 9.1 shows that all the subsequent points of the saddle path sat-
isfy Cp\g(sk, D¢) = 0 so that they are not in V(G, D). The definition
of r* implies that s € R(G, D°) for 2r, < k < 2r*. Finally, theorem 9.1
shows that for & > 2r*, we have Cp\g(s2r<41,5x) = 0. Each point z
such that Cp\g(s2,-41,2) = 0 is such that Cp\g(2,G) > 0 and is thus
in V(D¢, G) (otherwise we would have Cp\g(s2r++1,G) = 0). Therefore the
points (sg, 2r* <k <2r+1) are in V(D¢ G). O

DEFINITION 9.4. (global saddles)

Let s = (so,...,S2r+1) be a saddle path in S(D,G) of null V,,—cost. The
global saddles of this saddle path are the saddles ((sak, Sok+1), 7 < k < 717%).
The set of the global saddles between G and D€ is the union of the global
saddles of all the saddle paths of S(D,G) of null cost.

DEFINITION 9.5. (global saddle points)

A point y is a global saddle point between G and D¢ if there exists a global
saddle between G and D¢ entering the cycle w(y, D\ G) and a global saddle
between G and D¢ escaping from the cycle 7(y, D \ G).

Remark. Equivalently, the global saddle points are the ridge points between
G and D¢ which may be visited with a non exponentially vanishing proba-
bility during the last excursion from G before leaving D.

The task of determining the set of all the saddle paths of null V,—cost
can be performed in the following way:
i) first find the points s of G such that Cp(z,s) = 0;
i1) for each such point s, find the points s’ of the principal boundary of
the cycle (s, D);
ii1) for each such point s’ in E(W(S,D)), determine all the sequences
of cycles mg,...,m in M(D \ G) such that s’ € my, E(Wk) N M1 #
0 for k in {0,...,r — 1}, B(m,) N D¢ % 0;

iv) for each such cycle path m,... ,m,. determine all the saddle paths
(S0, .. ,S2r+1) such that sg € mg, Sory1 € D€, (Sok—1,S2r) € T X i for k
in {1,...,7}, and (sok, S2x+1) is an optimal saddle escaping from 7 for all
kin {0,...,7};

v) finally determine all the saddle paths (s, ... , s, ;) in (7 (s, D), G)
starting at s; € m(s, D) N G, ending at s5,, | = s’ and such that the cost
Vi(so, 1)+

(W (i) + V (she shisn) = H( (s, D\ G)) = W (s, D\ G))

1<k<r’
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is equal to H(w (s, D)) + W (m(s;, D)) — W(sg);

vi) the set of all the saddle paths of null V,—cost passing through s is the
set of the saddle paths (s, ... ,s5.,50,51,...,52,41) obtained by gluing
together two saddle paths obtained at step iv) and v).

Remark that step ¢ii) may fail: it may happen that there is no cycle path
of null cost in M(D \ G) starting at s’ and escaping from D. In that case,
there is no saddle path of null cost passing through s’ and it is not necessary
to perform step v) (this is the reason why we propose to do step v) at the
end). Such a point s’ leads to a dead—end. What we do at step iii) is to look
at all the cycles we can reach from s” in the graph over M(D \ G) defined
by the relation

T — Mo < B(T['l)mﬂ'z#m <~ Cﬂ—l(ﬂ'l,ﬂ'z)zo

i.e. we determine the orbit of the cycle n(s’, D \ G) in this graph (the
minimal stable subgraph containing 7 (s’, D\ G)). The good cycle paths are
the cycle paths included in this graph which end at a cycle whose principal
boundary contains points of D°¢.

Depending on the situation, one might also determine first the pruned cycle
paths of null cost and then search for the whole cycle paths.

Saddle paths corresponding to step v) always exist: in fact, we have 7(s, D)N
G # 0 and thus for all sp in 7(s, D) N G, the cost Cp(x,sp) is null. We
consider for instance a saddle path of null Vi(m(s, D), {s})—cost starting
at s and escaping from 7 (s, D) at s’ (such a saddle path exists since s’ is in
the principal boundary of m(s, D)). We choose for s;, the last point of the
saddle path belonging to G. The portion of the saddle path after s{, satisfies
the requirements.

10. TIME SPENT IN EACH STATE OF THE EXIT PATH

We now study the times 7 — 79,... ,7p+1 — 7 between the jumps along
the saddle path as well as the times the process spends in the points of the
cycle path, knowing that the Markov chain follows a fixed saddle path. The
key lies in the following Wentzell-Freidlin type formulas.

LEMMA 10.1. (conditional expected number of visits before exit)
For an arbitrary set W, two points x,z in W€ and y in W, we have

$° Pu0 = 207 0V) > /0 = 2 Xy =) =
n=0

> psle) D palge)

91€G, - (WU{z}) 92€G (W)

> psle) D pslee)

g1EG(W) QQEGz,y(W)
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Proof. We just write

)
Z Pg(Xn =z, T(Wc) > n/Xo = va-r(WC) = y) =

_ i P,@(T(WC) > ka XT(WC) =Y, Xk = Z/XO = .%')

k=0 P5<XT(WC) = y/XO = .f(,')
. i WC > k, Xk—Z/Xo—SU)Pﬁ( (We) :y/X():z)
paars Py(Xrwey =y/Xo =)

and the result follows by applying lemmas 3.5 and 3.7. [

LEMMA 10.2. (conditional expected exit time)
For an arbitrary set W, x in W€ and y in W, we have

Eg(t(W°)/Xo =2, X (wey =y) =

> > pele) D palee)

zeWe g1€G, . (WU{z}) g2€G. (W)
S msle) S paloe)
QIEG(W) QZEGw,y(W)

Proof. We either do a proof in the spirit of the proof of lemma 10.1 or we
simply write

EB(T(WC>/X0 =, XT(WC) = y) =

Z ZPﬁ(Xn =z, T(Wc) > n/XO = anT(WC) = y)
zeWen=0

and apply the formula proved in lemma 10.1. 0O

Remark. It is interesting to notice that for these conditional formulas the
graph summations are coupled in the numerator and are independent for
the denominator.

COROLLARY 10.3. (large deviations of the conditional expected number of
visits)
As B goes to infinity,

;1112 Ps(Xy = 2,7(W) > n/Xo =, Xy qwe) = ¥)

goes to

min{ V(gl) 101 € G(W)} + min{ V(QZ) 192 € Gz7y(W) } -
min{ V(g1) + V(g2) : g1 € Go (W U{2}), g2 € G, ,(W) }.
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COROLLARY 10.4. (large deviations of the expected conditional exit time)
As 3 goes to infinity, In E(1(W*°)/Xo = 2, X;(we) = y)/B goes to

min{V(g1) : g1 € GW) } +min{ V(g2) : g2 € Goy (W) } —
min{ V(g1) + V(g2) : 91 € Go.(W U{z}), g2 € G, ,(W), z € W }.

In general these quantities do really depend on the conditioning event.
However we will only be concerned with the case of a cycle.

PROPOSITION 10.5. For a cycle 7, two points x,z in m and y in B(w) we
have

1 o0
lim 3 anPg (X =z,7(m) >n/Xo=2,X,n)=y) =
n=0

B—o0
W(r)+ H(m) — W(z),
lim ;ln E(r(m)/Xo=2,X;(n)=y) = H(nm)

B—o0
that is, the expected number of visits to a point and the exit time are of the
same order (on the logarithmic scale) as if there were no condition imposed
on the exit point.

Proof. Let 7 be a cycle, let x belong to m and let y belong to B(w). Since 7 is
a cycle, for any z in 7, the minimum min{ V(g2) : g2 € G 4(7°) } is equal to
min{ V(g2) : g2 € G44(7°) } (a minimizing graph will have only one arrow
exiting from 7 and this arrow will land in y). The quantity appearing in
corollary 10.3 is thus reduced to

min{V(g1) : g1 € G(7°) } — min{V(g1) : g1 € G o (7" U {z}) }

which is exactly Cr\ (21(2,7¢) = W(m) + H(m) — W (z) (see proposition 4.14
and the beginning of its proof). This proves the first formula stated in
the proposition. Taking the infimum over z in 7 (which corresponds to the
quantity appearing in corollary 10.4), we obtain H(7), proving the second
formula. [

PROPOSITION 10.6. (estimation of the conditioned number of wvisits to a
state before exit)

Let 1(A) denote the characteristic function of the event A. For any cycle ,
any x,u in 7, any y in B(w), for any positive e the limit

(m)
1
Jim —2In Py ( > U Xk =u) > exp—B(Wr(u,u) =€)/ Xo = &, Xr(m) = y)
> k=0

1s infinite, and for any small enough positive € the limit

7(m)
1
liﬁminf ~3 In Py <Z 1( Xy = u) < exp—B(Wr(u,u)+e€)/Xo =2, Xr(r) = y)

1s larger than €.
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Proof. Let us consider the random variable

and the sequence of stopping times

6p = inf{n>0:X,=u},
O = inf{n>0k_1:X,=u}, fork>1.
For any N > M > 0 we have
P5(¢ > N, XT(Tr) :y/XO = :E) = Pﬁ(eN < T(Tr)7 XT(Tr) :y/XO = :1:)
= Pg(0p < 7(m)/Xo =) Pg(On < 7(7)/Xo = u) Ps(Xr(x) =y/Xo =)
< Pﬂ(90 < T(W)/XO = x) Pﬁ(XT(Tr) = y/XO = u)
X Pg(Oar < 7(m)/ X0 = u) VM

_ )\ /M)
Py(Xeo(m) = y/Xo = ) <Eﬂ(¢/ﬂ)§0 — ))

IN

Let us take M = [e Eg(¢/Xo = u)]. We obtain
PB(¢>N5 XT(Tr) :y/XO :LL‘) <

N
Py(Xo () =y/Xo =) exp — \‘eEg(¢/XO =u)+ 1J

so that

N
Ps(¢ > N/ Xr(my =y, Xo = x) < exp— LEg(d)/Xo ZU)+1J

from which it is easy to deduce the first equation of proposition 10.6.
We now prove the second inequality. We have

N—-1
Py(p <N, Xp(my =y/Xo =) = Y Ps(¢ =k, Xr(x) = y/Xo = )

k=0
= P3(X;(m\(up) =¥/ Xo=1)+
N-1
> Ps(bk < 7(m), Xo(m) = ¥, Oy > 7(7) /X0 = )
=1
= P3(X;(m\(up) =¥/ Xo=12)+
N-1
Z Ps(0r < 7(m)/ Xo = x) Pa(X7(m\{u}) = ¥/ X0 = u).
=1
Moreover

Pp(Xr(m) = y/Xo =u) = Ps(Xo(m\(uy) = y/Xo = u) Eg(6/Xo = u)
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so that
PB(¢<N7 XT(W):?//XOZ‘T) <

N -1
Py(Xoimqun =y/Xo =) + — =
B =0/ X0 =0+ gg v =)

and the second inequality stated in proposition 10.6 will follow from the two
following equations:

PB(XT(ﬂ.) = y/XO = u)

. Ps(Xory =y/Xo =u)
(7) lim
B—o00 PB(X,,_(N) = ?J/Xo — I)
1 B XT m\{u}) = Xo =
(8) liminf —= In 3(Xor(m\{u}) = Y/ Xo = T)

=1,

Formula (7) follows from the three equations:

P(Xr(m) = y/Xo = u) 2 Pg(Xr(m\(z}) = /X0 = 0) Ps(Xr(m) = y/Xo = z)
PB(XT(W) = y/XO = .T,') > Pﬁ(XT(ﬂ'\{u}) = u/XO = 1‘) Pg(XT(ﬂ,) = y/XO = u)
lim Ps(Xr(m\{u}) = u/Xo=1) = thlgo Ps(Xr(m\{z}) =2/ Xo=u) = 1.

B—o0
Let us finally prove formula (8). We have

P3(X:(m\{u}y) = ¥/ Xo = ) _

Py(Xr(my) = y/Xo =12)
PB(XT(ﬂ):y/XOZU)
9 1 — P3(Xrm\fuy)y =u/Xg =2
(9) p&rmun =/ Ko=) g X = )

< 1= (1= Py(Xo(m\fup) # 0/Xo = 2)) (1 = Po(Xo(m\ (o)) # 2/ Xo = 1)),

Moreover, we know that

B—o0

1
hminf_B In P,B(XT(W\{M}) #* U/XO = $) > 0,
1
hﬁm inf_ﬁ In P/g(XT(W\{w}) #+ .T/XQ = U) > 0.
We can thus make an asymptotic expansion in formula (9), from which

formula (8) follows. [

COROLLARY 10.7. For any cycle w, any x,u in w, any y in B(w), any
positive €, the probability

7(m)
Py <exp B < 3" (X = w) exp BWi () < exp fe [ Xo = 2, Xy(r) = y>
k=0

s going to 1 as B goes to infinity.

Remark. Tt is clear from our proof that we could get stronger inequalities
than those of proposition 10.6 if we strengthen the hypothesis on a(3) (for
instance lima(3) = a > 0). We leave the details to the reader.
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COROLLARY 10.8. (estimation of the conditioned exit time)
For each € > 0, each cycle 7, x in 7, y in B(r), the probability

Pﬁ(expﬂ(H(ﬂ) —¢) < 7(m) < expB(H(m) +¢€)/Xo =2, Xo(n) = y)

is going to 1 as 3 goes to infinity.
PROPOSITION 10.9. For any saddle path (s, ... ,Sar+1) we have

lim Pg (Vk e{l,...,r} expB(H(r(s26, D\ G) —€) < Tp1 — Tk

B—o0
< exp B(H(r(s, D\ G) 4] = 1
conditionally on the event

{W(X) = ({30}, w(s1, D\ G),... ,m(s2,—1, D\ G), {52r+1})}.

Remark. The conditioning can also be done with respect to the event
{S(X) = (So, .o ,82,«+1)}.

Proof. This result follows from repeated conditioning and applications of
the preceding corollary 10.8. [

PROPOSITION 10.10. For any cycle path ({y}, o, ... ,mr—1,{2}) we have

r—1 7(D)

lim Pg <Vu € U Tk, exp—B(Wp\g(u,u) +¢€) < Z (X, = u)
Ao k=0 n=0(G,(D))

< exp—B(Wina(u,u) - ©) ) 7(X.D,C) = ({y}. 7o, .. ,m_l,{zn) — 1

. . —1 L.
More precisely, for any u in |J,_, 7k, for any positive e,

(D)

1
lim 3 In Pg( Z L(X, =u) > exp—B(Wp\a(u,u) —¢)
e n=0(G,7(D))

/m(X,D,G) = {y}, 70, ,mr_1, {z})> = 400

and for any small enough positive €

(D)
1
lim inf 3 lnPg< g (X, =u) < exp—B(Wp\g(u,u) + €)
oo n=0(G.+(D))

/7(X,D,G) = ({y}, mo, ... ,wr_l,{z})> > e

Proof. We recall that —Wp\ g (u,u) = W(r(u, D\ G)) + H(n(u, D\ G)) —
W (u). These estimations follow from proposition 10.6. [J
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Remark. The states of the exit saddle path are not necessarily those in which
the exit path spends most of its time. The states in which the exit path
spends most of its time are the ground states of the deepest cycles of the
exit cycle path.

11. CHRONOLOGY OF THE EXIT PATH

In this section we will be interested in a more refined large deviation up-
per bound which controls all the arrows of the exit path and the order in
which they appear. With the same notation as before, we introduce the cost
function

Vo(D,G)(X) = Wp(z,Xe) +
7(D)

Z (V(Xn—la Xn) + W{X9+1,... ,anl}(Xn—ly Xn—l))+
n=0+1

with the convention that Wy(u,u) = 0 in all cases. We consider the sequence
of random times vy = 0,

v = inf {n > vp1: V(Xpo1, Xn) + W, (Xn—1, Xn—1) >0},

where we have put S,, = { Xp41,...,Xn_1}. The cost function defined
above is related to the events

gr(y7 (Sl)a (Ak),z) - {Xt9 =Y, XUk—l = S2k—1; XVk = S2k;
Suk =Ap, 1<k, T(D) < Vrti, XT(D) = Z}

where the sets Ay are subsets of D\ G and the points s; are in D \ G. For
each of these events we have the following estimates.

THEOREM 11.1. There is a positive constant K11 such that for any (8

(Ki'a(8)5) ™ exp =V, (€)
< Ps(&(y, (s1), (Ar), 2)/ Xo = 7) <
(Klla(/@)_K“)r—H exp —(V,(€) .

Proof.

PH{E (500 (4 2)/ X0 = 2) = (3 PolX = 7(D) > m/Xo =)
m=0

X Pﬂ(gr(ya (Sl)v (Ak)vz)7 XT(D\G) S DC/XO = y)

Moreover

P,@(gr(ya (8l>7 (Ak>7 Z)7XT(D\G) € DC/XO = y) =
(10) PB(XT(D\G) =Z,Vpy1 > T(D)/Xl,r = SQT)X

I
H Ps(Xyp—1 = s2k—1, Xu, = Sk, Su, = Ai/ X0, | = S2k—2, Sup, = Ap—1)
k=1
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We have to estimate the term

(11)
PB(XI/kfl = 82]4}717 XVk = 82k7 Sl/k - Ak/Xl/k,1 = S2k727 Syk71 = Ak*l)

We will deal with the case when A1 # Ag, which is the most intricate, the
other case is left to the reader. Let Zy be the collection of all the sequences

(g -+ yum) in (A¢_;)™*! such that
® Uy = S2p—2,
® ug,...,uUy, are distinct points,

L Ak—lu{u07"'7um}:Ak7
i CAk_lLJ{uo,‘..,ul_l}(ul—17ul) :O

If 7}, is empty, then the term in formula (11) is zero, otherwise it is equal to

Z HP,B(Xal =wu, Vg > o/ Xay_, = U1,

(’U‘Ow'"um)ezk =1
(12) Suzfl :Ak—l U{UU,... , Uj—2 })
XPﬁ(XVk—l = Sok—1, Xy, = Sok, Suk = Ak/Xam = Um, Sam-l-l = Ak)

where ag = vj—1 and oy = inf{n > a;_1/X,, € S,, }. But

Pﬁ(Xal =uy, Vg > Oél/"') =
Ps(Xoy =i/ ) — Pg(Xoy =g, vy g/ ).

In addition, for some positive constants v, C7, Cs,

Cla(B3)® < Py(Xo, =w/--+) < Cra(B)” .
Therefore for § large enough and for some positive constants Cy, C1g,
(13)  Cyta(B)° < Py(Xa, = u, v > ay/--+) < Coa(B)~ .
We also have for some positive constants C11, Ch2

Crita(B)“ exp —B(Way, (tm, S26-1) + V(S2k-1, 52)) <
(14) Pﬂ(ka—l = S2k—1, Xl/k = S2k, Suk = Ak/Xam = Um, Sam+1 - Ak)

< Cr11a(B)~ 2 exp —B(Way, (tm, s26—1) + V(s25-1, 528)) -

Let us remark eventually that Wy, (tm, Sok—1) = Wa, (S2k—1, S2k—1) be-
cause it is possible to go from w,, to sop_1 in A at null cost. Putting
together (10),(12),(13),(14) and noticing that Ps(X-(p\a¢) = 2, Vrr1 >
7(D)/X,, = sa) is logarithmically equivalent to zero, we obtain the esti-
mates stated in the theorem. [
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THEOREM 11.2. For any positive A there is a positive constant K15 such
that, for any (3,

Ps(Vo(X) > N/ Xo =) < Ki2a(B) %2 exp — 3.
Proof. Let
o = min ({ (V(z,y) + WA(a;,x))+ z,y€ B, AC E}\{0}).

We write

P(yy <7(D)/Xo=12) = > ((ﬂipg(xm =y, 7(D) > m/Xy = 1:)) X

k

HPQ(XW—1 = s91-1, Xy, = 821, Sy, = A1/ Xy, = S21-2, Sy, = Az-1)>
=1

where the first summation set is {y € G, (s1,... ,s9x) € E?* (Ay,... , Ag) €
P(E)*}. The same estimates as in theorem 11.1 show that for any k there
exist positive constant Ci3, C14 such that

Ps(ve < 7(D)/Xo =) < Ciza(B)”“** exp —B(ka + min Wp(z,y))-

We choose k such that ka + mingeq Wp(x,y)) > 2\ and we write
Bp(Ve(X) 2 A/ Xo =) <
Ps(vy < 7(D)/Xo =) + P3(Vu(X) > N\, v > 7(D)/ X0 = ).

The second term of the righthand side is the probability of a finite union
of events of the type described in theorem 11.1; applying the estimates of
theorem 11.1 to each of these events yields the desired inequality. [

12. APPLICATIONS

In this section, we apply our results to study the way the process fall to the
bottom of a cycle or escape from the bottom of a cycle.

Falling to the bottom. Let m be a cycle and x a starting point in .
We take D = 7\ F(r) and G = w(z, D) i.e. we want to study the way
the chain either leaves 7 or reaches the bottom F(m) of the cycle. For
any point so in m(z, D) we have Cp\(s,}(2,50) = 0 (since D contains the
cycle m(z, D)). Theorem 9.1 shows that we must necessarily have (second
point of the characterization of the saddle paths of null cost)

V(so,s1) = H(m(so, D)) + W(n(sg,D)) — W (so).

Moreover s; does not belong to G and is thus in the boundary of 7(sg, D) =
m(x, D). Since by corollary 7.3

H(m(s0, D)) + W(m(s0,D)) — W(so) < V(s0,81) — Cr(sy,0)(80,51)

a saddle path of null V,—cost has to satisfy Cr(s, py(s0,51) = 0 so that
in fact s; belongs to B(w(sg, D)). Necessarily, the point s; belongs to .
In addition, Cp\g(s1,52,4+1) = 0 whence sz, is in the bottom F(7) (the
exit of D takes place in F'(7)). In this situation, the index 7, is null, the
ascending part of the saddle path is reduced to (sg).
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Escaping from the bottom. Let 7 be a cycle and z a starting point in the
bottom F'(7). We take D = w and G = F(x) i.e. we want to study the way
the chain leaves 7 after its last visit to F/(m). For any point s¢ in F(7) we
have 7(sg, D) = 7 and Cp\ 5,1(, s9) = 0. By proposition 4.14 we have also
Cp\{so} (50, D¢) = H(w). In this situation the indices r, and r* are equal
to the length r of the saddle path, the ascending part is (sg, ... , S2.), the
ridge part is empty, the descending part is (s2,41) and s2,41 belongs to the
principal boundary of w. The global saddles are the optimal saddles exiting
from 7 i.e. the saddles (y, z) such that y € 7, z € B(rw) and W (y)+V (y, z) =
W (m) + H(r).

Recursive applications of the result. Knowing that the Markov chain
follows a fixed saddle path, we can recursively apply our result to obtain
information on the way it enters and exits from the successive cycles of the
associated cycle path: for instance, on the way it falls to the bottom or
escape from the bottom of an intermediate cycle.

13. THE REVERSIBLE DYNAMICS OF METROPOLIS

In this final section, we deal with the reversible case of the Metropolis dy-
namics. The reversibility of the dynamics induces some reversibility prop-
erties for the exit saddle path. This situation has also been studied in [35]
and in [37].

Let U : E — R, be a potential whose global minimum over FE is zero.
We suppose that

Ve,y € B Vizg,y) <o <= V(y,z) <o

and that V(z,y) = (U(y) — U(.%'))+ whenever V(z,y) < co. In this situa-
tion the virtual energy W coincides with the potential U and each quantity
admits a simplified expression with the help of U. For instance, for any
cycle m, H(w) = min{ (U(z) — U(m))* : x € B(nw) }.

PROPOSITION 13.1. (reversibility of the saddle path)

Let R be the reversing operator defined on the set of sequences of points of E
of odd length by R(so,...,S2041) = (S2r41,-..,50). The operator R is a
one to one map between the saddle paths of S(D,G) and S(G¢, D).

Proof. The map R is clearly one to one since R o R is the identity map.
That R(S(D, G)) = S(G¢, D°) is a consequence of the set equality D\ G =
G\ D¢ and of the following facts:
V(sak, Sok1) <00 = V(s2p41, 52;) < 00,
Sok € W(Sgk_l,D\G) e Sok—1 € W(Szk,Gc\DC),
Sok+1 € B(W(Sgk,D\G)) < S9 € B(?T(Sgk+1,GC\DC)) . O

LEMMA 13.2. Let (so,... ,S2r+1) be a saddle path. For all k in {1,... 7.}
we have
Ul(sak) + V(s2k, S26+1) — H(m(s2, D\ G)) — U(w(s2k, D\ G))

> max(U(s2k), U(sak+1)) — max(U(sak—2), U(s2k-1))-
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Proof. Since soi—2 does not belong to 7(sgx—1, D\ G) (which coincides with
m(s2k, D\ G)) and V (Sak_2, Sor—1) is finite (which implies by reversibility
that V(sak—1, Sak—2) is also finite), then sg;_o belongs to the boundary
of the cycle m(sax, D \ G). Either m(sax, D \ G) is reduced to {sax} and

H(m(s2r, D\ G)) = 0, in which case the inequality of the lemma is satisfied,
or H(m(s2k, D\ G)) > 0; in this last case, we have

U(Sgk_g) Z H(ﬂ'(SQk,D\G)) + U(?T(Sgk,D\G))

which gives the desired inequality. [

THEOREM 13.3. (reversibility of the ascending part)

Let (s, ... ,S2r+1) be a saddle path of S(D,G) of null Vi, (D, G)—cost.

For any k in {1,... ,r.}, the point sop—o belongs to the principal boundary

of m(sak—1, D\G). Equivalently, the ascending part (S, ... ,Sor,) of the sad-

dle path (sg, ... , Sar4+1) is the descending part of a saddle path of S(G€, 7 (s9, D)°)}}
of null Vs, . (G, m(s0, D)°)—cost.

Remark. For s € m(sg, D) we have 7(s, D\G) = 7 (s, 7(so, D)\G) = 7(s, G\
7T(507 D)c)

Proof. Let (sog,...,S2r+1) be a saddle path of null V, —cost. We have by
lemma 13.2

V(so, 1)+
D= (Ulsar) + Vsans saus1) = H(w(sar, D\ G)) = Ulm(sa, D\ )

1<k<r.
> V(so,81) + Z max(U (s2x), U(s2r+1)) — max(U(s2x—2), U(s2k-1))
1<k<r,

> Ul(szr,4+1) — U(so).
Now sa,, 11 belongs to the principal boundary of 7(sg, D) whence
U(s2r,+1) — U(so) = U(n(s0, D)) + H(m(s0, D)) — U(so)

which is also the value of the initial sum in the above formula (a necessary
condition for (sgp,...,s2,+1) to be a saddle path of null Vi —cost, see the
second condition given in theorem 9.1). It follows that all the intermediate
inequalities (given by lemma 13.2) are in fact equalities i.e. for all & in

{1,...,r}
U(r(s2k—1,D\ G)) + H(w(s2k—1, D\ G)) = max(U(sak—2),U(s2x-1)).

This equality is equivalent to the fact that sop_o belongs to the principal
boundary of 7w(sgr—1, D\ G). O

THEOREM 13.4. (global reversibility of saddle paths of null cost between two
cycles)

Let m and me be two disjoint cycles of £ and set G = m, D = =§.
The reversing operator R maps the saddle paths of null cost of S(D,G)
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onto the saddle paths of null cost of S(G¢, D°); it leaves the ridge part in-
vartant and exchanges the ascending and the descending part. More pre-
cisely, let (so,. .., Sar+1) be a saddle path of S(D,G) of null Vy,—cost. Then
R(s0,.-.,52r41) 15 a saddle path of S(G¢, D) of null V,,  , —cost. Its as-
cending part is (S2p41,- .. ,Sorx41), its ridge part is (Sop«, ... ,S2,,4+1) and
its descending part (Sar,,... ,S0).

Proof. Let (so, ... ,S2r+1) be asaddle path of null V,—cost. Proposition 13.1
shows that R(so,... ,s2r+1) belongs to S(G¢, D). We have

> (Ulsar) + Visaw, san1) = H(n(s2, D\ @) = Ulr(sap, D\ G)) ) =

Z (max (U(szk_l),U(szk_g))—H(W(Szk—l,D\G))—U(W(S%—MD\G)))
—max(U(s1),U(s0)) + max(U (s2r41), U(s2,))
so that

Vo (5055 82r41) = Vigoyt (R(50,- -+, 82041)) = V(s0,51) — V(S2r41,52r)
—max(U(s1),U(s0)) + max(U(s2r+1),U(s2:)) + Wp(so, So0)

— Wege (S2r+1, 52r+1)
= U(m(s2r4+1,G%)) + H(m(s2r41,G ) — U(w(s0, D)) — H(m(s0, D))

(where we have used lemma 4.7 and proposition 4.14 to compute Wp and
Wege). However the cycles 7(sg, D) and m(s2,41,G¢) do not depend on
the points sg, Sor+1 in ™ X me: these cycles are two disjoint cycles which
are maximal proper subcycles of the smallest cycle © containing both 7
and my. As a consequence, the quantities U(w(sg, D)) + H(w(so, D)) and
U(r(s2rs1,G9)) + H(m(s2,41,G)) are equal to the level of m whence

Vo (805 -+ -y 82041) = Vg, (R(S05 - -+ 5 S2041))-
Thus R(so, ... ,S2r41) has a null V,, . —cost. The assertion concerning the
three parts of R(sq,... ,S2,+1) is a straightforward consequence of the def-
inition (proposition 9.3). O

COROLLARY 13.5. Let my and my be two disjoint cycles of E. The set of
global saddles (respectively the set of global saddle points) between w1 and o
coincides with the set of global saddles (resp. the set of global saddle points)
between my and my.
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APPENDIX

In this appendix, we will state the counterpart of the main results of the pa-

per in the non homogeneous case. We will rely on Trouvé’s proofs, therefore
we will assume that a(8) = a = constant is independent of 3.

We consider a family of time inhomogeneous Markov chains (P(g ) on EV,
indexed by non decreasing sequences (0 )xen of positive real inverse temper-
atures. We use (X, )nen to denote the canonical process on EN and assume
that for some positive constant a and some family (pg)ger, of Markov ma-
trices we have for any z,y € E

a <ps(z,y)expBV(z,y) <a', PRy,
and
Py Xn=y/Xn1=1)=pg,(7,9).

THEOREM 13.6. (corresponding to theorem 5.2.)
There is a positive constant K, depending only on |E| and a, such that for
any non decreasing sequence (3.), any subsets D and G, G C D,

Py (n(D,G) = ({y}, o, ... s mr1,{2}), 7(D) > n
/0(G,7(D)) = m, Xo(c,~(p)) = ¥)

< K exp—fm+1 (V(y, o) + Z Cr._, (Wk,l,wk)>

k=1
N H (1—K*1exp(—ﬁz(k:[§nax 1H(7rk))>
=1 T

and

Zn: exp 3 (V(yﬂro) + ZT: kafl(wk,l,wk))

l=m+1 k=1

xP)(n(D,G) = ({y}. mo, ... ,mp—1,{2}),7(D) =1
/0(G,7(D)) = m, Xoc(p)) = Y)

> Kt - H (1—K_1exp(—ﬂlk max H(ﬂ'k)))

=0,...,r—1

Consequently

Py (m(D,G) = {y},mo0, ... ,mr—1,{2}), 7(D) <n
/ (G, 7(D)) = m, Xo(c.+(p)) = ¥)

> K1 exp — [, (V(y, 770) + Z C7Tk—1 (ﬂ-k—lvﬂ-k))
k=1

><<1—K ﬁ <1—K_1exp(—ﬁlk max H(ﬂ'k))))

=0,...,r—1
l=m+1
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Proof. With the notations of Catoni [8] and Trouvé [41] (English translation
Trouvé [42]),

P (n(D,G) = ({y}, 70, ... o1, {2}),7(D) = n
/0(G,7(D)) =m, X = y) =
[M(Q,WO)M(TI'O’TH) - M(T"r—l, {Z})]Z’n

y,m’

and the result follows by applying theorem 1.43 Hy and Hs of Trouvé [41]
(th. 4.5 of Trouvé [42]) to each kernel M (m,_1,7) and using composition
lemma 1.40 (lemma 4.2 of Trouvé [42]) to combine these estimates. [

THEOREM 13.7. (corresponding to theorem 6.2)
There is a positive constant K, depending only on |E| and a, such that for
any non increasing sequence ((3.), any subsets D and G, G C D,

P(ﬁ) (ﬁ(D’ G) = ({y}’ﬁ()a cee sy Tpo1, {Z})ﬂ'(D) >n
/0(G,7(D)) = m, Xo(G,~(p)) = V)

< K exp —LBm+1 (V(y,ﬁo) + Z Cr s (ﬂ:—hﬁﬁ)
k=1

n
X 1—K! -

IT ( exp —fi(,_max
l=m+1

1H(ﬂ))).

On the other hand

Zn: exp By (V(y’ﬂo)+icnkl(ﬂk17ﬂk))

l=m+1 k=1
XP(ﬁ-) (ﬁ(D7 G) = ({y}7ﬁ07 cee M1, {Z}), T(D) =1
/0(G,7(D)) =m, XoG,(D)) =Y)

n

> K~ - lzl;[+1 (1 — K7 exp—fi(,_max H(ﬂ)))-

Proof. We have

Py (®(D,G) = ({y}. 7o, ... T, {2}), 7(D) =1 /0 = m, Xg = y)

= [M(waﬁO)M(ﬁo,ﬁl) e M(ﬁr—l, {Z})}z,:n’
with
M(ﬁk717fk') = Z M(ﬁk,l’G)M(G?ﬁk)’
GEM(Tr—-1)

and the result comes from theorem 1.43 Hs and H4 of Trouvé [41] (theorem
4.5 of Trouvé [42]), for the upper bound, and from theorem 1.43 H, for the
lower bound. [

As for theorem 7.4, what Trouvé [41] allows to do most straightforwardly
is to compute the probability of the odd points of the saddle path.
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THEOREM 13.8. (corresponding to theorem 7.4)
There is a positive constant K, depending on |E| and a only, such that for
any non increasing sequence ((.), any subsets D and G, G C D,

Pgy(s1 =20, 82641 = 2k, -+, S2r41 = 2, T(D) > 1
/0(G,7(D)) =m,Xg =y)

< Kexp—L3mi1 (V(y, 2) + Z Crp_ 1 (Th—1, Zk))
k=1

< I (1—K*16Xp(—ﬁz0r£ka§ H(ﬂk))),

r
l=m+1

and

Z expﬁl (V(y’ ZO) + Zcﬂ'kfl(ﬂ—k?—lvzk)>
k=1

l=m+1
xPy(s1 =20, 82011 = 2, 7(D) =1/0(G,7(D)) =m, Xg =y)
> K- H 1 — K texp—£ max H(my)).
Mimtat ( 0<k<r )

Proof.

Py(s1 =20, 8241 = 2k,--.,7(D) =n/0(G,7(D)) =m, Xy =y)
= [M(O,{z0})M (mo, {21 )M (71, {22}) - -- M (my—1, {z )]}

y,m’
and the result follows from theorem 1.43 of Trouvé [41] (4.5 of Trouvé [42]).
(]

Remark. Getting estimates for the whole saddle path from this theorem is
straightforward, since estimates for the whole saddle path (including its even
points) are nothing but estimates for the odd points of the saddle path of
the chain (X,,_1,X,,) with state space {(z,y) € E/V(z,y) < +o0}. We
leave the details to the reader. We let also the reader generalize the results
of section 11 on the chronology of the exit path, applying Trouvé [41] to the
chain (X,,_1, X,,).

THEOREM 13.9. (corresponding to theorem 8.2)
There is a positive constant K, depending only on |E| and a, such that for
any non increasing sequence ((3.), any subsets D and G, G C D,

Piy(31 = 20, ;52041 = 2, 7(D) > n /0(G,7(D)) = m, Xo = y)

< Kexp —fimt1 (V(% 20) + Z Crp o (Th—1, Zk))
k=1

1— K lexp— H(w )
T (s o6t s 1),
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and
Z expﬁl (V(y’ ZO) +Zcfk—1(fk—17zkr))
l=m+1 k=1

x P (51 = 20, 82,11 = 2, T(D) =n /0(G,T) = m, Xg = y)

n

>k - ]

l=m+1

/N

1— K exp— H(my)).
P~ qax H(T)

Proof.
Pl (51 = 20 a1 = 20, 7(D) =1/ 0(G,7) = m, Xg = y)
= (MO {z20})M(To, {21}) - M(Too1, {2, 1)) 70,

and

M@ {zm)) = Y, M@, G)M(G{x}). O
GEM(T)_1)

Remark. It is also possible to derive from Trouvé [41] estimates for the series

> Pi)(Xi=y.7(D,m) > 1/ Xy = x),
l

starting as in the remark following lemma 4.7 from the following inequalities:

N
Z Py (X1 =y, 7(D,m) > 1/ X,, = )
l=n+1
+o0
< Z P(B.)(XT(D\{y},m) =y, 7(D\{y},m)=1/X,, = x)
l=m
x P y(1(D,1) >n /X, =y),
and

> Pyy(Xi=y,7(D,m) > 1/ X =)

l=m

X Pis)(Xr(p\{yr141) € D/ X1 =y)

>N Py (X (o gyrom) = 4 7(D\ {y},m) = 1/ X, = @)

l=m

xPy(r(D,l) <n+1/X; =vy).

In other words, if the last visit to y is posterior to time n, then the exit
from D is posterior to n, and occurred after y has been visited. On the
other hand, if the chain leaves D before time n + 1, and has visited y in the
meantime, then its last visit to y occurred before time n.

Applying the first inequality to the inverse temperature sequence Bl =
B1 A Bn, and the second one directly to the sequence (3.), and using theorem
1.43 of Trouvé [41], we get the following theorem.
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THEOREM 13.10. There is a positive constant K, depending only on |E|
and a, such that for any non increasing sequence (3.), any subset D, any
points x,y € D, any times m <n < N,

N
Z Py (Xi =y, 7(D,m) > 1/ X, = @)
l=n+1
S KeXp (ﬁNWD(yv y) - Bm-‘,—ch\{y} (l’, y))
X H (1 —K_lexp—ﬁlH(D))
l=m+1
and

> Py y(Xi=y,7(D,m) > 1/ X, =)

l=m

> exp (ﬂm+1WD(y7y) - ﬁnCD\{y} (337?4))

n

x(K7 =TI (=K 'exp-BH(D))).

l=m+1

Therefore the whole of theorems 5.2, 6.2, 7.4 and 8.2 can be deduced
from Trouvé [41], or from its English translation Trouvé [42], in the case
a(B) = a = constant, using only simple identities based on the Markov
property.

To prove the case when a(f) depends on [ from Trouvé [41], one has
to check moreover that the constant K in the preceding theorems of this
appendix can be chosen to be polynomial in a, which amounts to a careful
inspection of the proofs of Trouvé [41]. Thus, the whole of the present paper
can be derived by an induction proof, also valid in the non homogeneous
case, without any use of Freidlin and Wentzell identities based on graph
summations.



50

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

O. Catoni — R. Cerf

REFERENCES

. L. Alonso—R. Cerf, The three dimensional polyominoes of minimal area, Electronic
Journal of Combinatorics 3 #R27 (1996).

G. Ben Arous—R. Cerf, Metastability of the three dimensional Ising model on a torus
at very low temperatures, Electronic Journal of Probability 1 (1996), 1-55.

M. Cassandro—A. Galves—E. Olivieri-M.E. Vares, Metastable behaviour of stochastic
dynamics: a pathwise approach, Jour. Stat. Phys. 35 nos. 5/6 (1984), 603-634.

O. Catoni, Grandes déviations et décroissance de la température dans les algorithmes
de recuit, C.R. Acad. Sci. Paris Sér. 1 307 (1988), 535-538.

O. Catoni, Large deviations for annealing, PhD Thesis, University Paris XI (1990).
O. Catoni, Sharp large deviation estimates for simulated annealing algorithms, Ann.
Inst. Henri Poincaré Vol. 27 no. 3 (1991), 291-383.

O. Catoni, Applications of Sharp Large Deviation Estimates to Optimal Cooling
Schedules, Ann. Inst. Henri Poincaré 27 (1991), 463-518.

O. Catoni, Rough large deviation estimates for simulated annealing. Application to
exponential schedules, Annals of Probab. 20 (1992), 1109-1146.

O. Catoni, The energy transformation method for the Metropolis algorithm compared
with simulated annealing, Probab. Theory and Rel. Fields (to appear) (1994).

O. Catoni, Algorithmes de recuit simulé et chaines de Markov a transitions rares.
Notes de cours de DEA, English translation: Simulated Annealing Algorithms and
Markov Chains with Rare Transitions (1996), Université Paris 11, lecture notes,
DEA Stochastic Models and Statistics (1995).

O. Catoni—C. Cot, Rate of Convergence of Generalized Simulated Annealing with
Piecewise Constant Triangular Cooling Schedules, preprint Rapport de Recherche
du L.M.E.N.S. (1996).

R. Cerf, Une théorie asymptotique des algorithmes génétiques, PhD Thesis, Univer-
sité Montpellier II (1994).

R. Cerf, An asymptotic theory for genetic algorithms, Artificial Evolution, Lecture
Notes in Computer Science 1063 (1996), Springer—Verlag, 37-53.

R. Cerf, Asymptotic convergence of genetic algorithms, preprint (1993).

R. Cerf, The dynamics of mutation—selection algorithms with large population sizes,
Ann. Inst. Henri Poincaré 32 no. 4 (1996), 455-508.

R. Cerf, A new genetic algorithm, Annals Applied Probab. Vol. 6 no. 3 (1996),
778-817.

D. Chen—-J. Feng—M. Qian, The Metastability of Exponentially Perturbed Markov
Chains, Chinese Science A 25(6) (1995), 590-595.

T.S. Chiang—Y. Chow, A Limit Theorem for a Class of Inhomogeneous Markov
Processes, Annals of Probab. 17 no 4 (1989), 1483-1502.

T.S. Chiang—Y. Chow, On the Exit Problem from a Cycle of Simulated Annealing
Processes, Tech. Rept. Inst. of Math. Academia Sinica (1995).

P. Diaconis—D. Stroock, Geometric bounds for eigenvalues of Markov chains, Annals
Applied Probab. Vol. 1 no. 1 (1991), 36-61.

J.D. Deuschel-C. Mazza, L2 convergence of time nonhomogeneous Markov processes:
I. Spectral Estimates, Annals Applied Probab. Vol. 4 no. 4 (1994), 1012-1056.
M.I. Freidlin—A.D. Wentzell, Random perturbations of dynamical systems, Springer—
Verlag, New York, 1984.

F. Gotze, Rate of Convergence of Simulated Annealing Processes, preprint (1991).
R. Holley-D.W. Stroock, Simulated Annealing via Sobolev Inequalities, Commun.
Math. Phys. Vol. 115 (1988), 553-569.

R. Holley—S. Kusuoka—D. Stroock, Asymptotics of the Spectral Gap with Applications
to the Theory of Simulated Annealing, J. Funct. Anal. 83 (1989), 333-347.

C.R. Hwang—S.J. Sheu, Large Time Behaviors of Perturbed Diffusion Markov Pro-
cesses with Applications I1I Stmulated Annealing, preprint, cited in Chiang and Chow
(1989) (1986).

C.R. Hwang—S.J. Sheu, Singular perturbed Markov chains and exact behaviour of
simulated annealing processes, J. Theoret. Prob. Vol. 5 no. 2 (1992), 223—-249.



28

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Markov chains with rare transitions 51

R. Kotecky—E. Olivieri, Droplet dynamics for asymmetric Ising model, Jour. Stat.
Phys. 70 nos. 5/6 (1993), 1121-1148.

R. Kotecky—E. Olivieri, Shapes of growing droplets — a model of escape from a
metastable phase, Jour. Stat. Phys. 75 nos 3/4 (1994), 409-506.

L. Miclo, Ewolution de l’énergie libre. Application a [’étude de la convergence des
algorithmes de recuit simulé, These, Université Paris XI-Orsay (1991).

L. Miclo, Sur les problémes de sortie discrets inhomogénes, Annals Applied Probab.
(to appear) (1996).

L. Miclo, Sur les temps d’occupations des processus de Markov finis inhomogénes
a basse température, preprint, submitted to Stochastics and Stochastics Reports.
(1995).

E.J. Neves—R.H. Schonmann, Critical droplets and metastability for a Glauber dy-
namics at very low temperatures, Commun. Math. Phys. 137 (1991), 209-230.

E.J. Neves—R.H. Schonmann, Behaviour of droplets for a class of Glauber dynamics
at very low temperatures, Prob. Th. Related Fields 91 (1992), 331-354.

E. Olivieri-E. Scoppola, Markov chains with exponentially small transition probabil-
ities: first exit problem from a general domain -1. The reversible case, Journ. Stat.
Phys. 79 (1995), 613-647.

E. Olivieri-E. Scoppola, Markov chains with exponentially small transition probabil-
ities: first exit problem from a general domain -1I. The general case, Journ. Stat.
Phys. (to appear) (1996).

R.H. Schonmann, The pattern of escape from metastability of a stochastic Ising
model, Commun. Math. Phys 147 (1992), 231-240.

E. Scoppola, Renormalization group for Markov chains: a general procedure based
on renormalization group ideas, Jour. Stat. Phys. 78 nos. 1/2 (1993), 83-121.

A. Trouvé, Convergence optimale pour les algorithmes de recuits généralisés, C. R.
Acad. Sci. Paris t.315 Série I (1992), 1197-1202.

A. Trouvé, Cycle decompositions and simulated annealing, SIAM J. Control Opti-
mization 34 no. 3 (1996).

A. Trouvé, Parallélisation massive du recuit simulé, PhD Thesis, University Paris
XI (January 1993).

A. Trouvé, Rough large deviation estimates for the optimal convergence speed ex-
ponent of generalized simulated annealing algorithms, Ann. Inst. Henri Poincaré 32
no. 3 (1996), 299-348.

J. N. Tsitsiklis, Markov Chains with Rare Transitions and Simulated Annealing,
Math. Oper. Res. 14 (1989), 70-90.

O. Catoni, DIAM, LABORATOIRE DE MATHEMATIQUES DE L’ECOLE NORMALE SU-

PERIEURE, UA 762 DU CNRS, 45 RUE D’ULM, 75230 PARIS CEDEX 05-FRANCE

R. CERF, UNIVERSITE PARIS SUD, MATHEMATIQUE, BATIMENT 425, MODELISATION

STOCHASTIQUE ET STATISTIQUE, URA D 0743 pu CNRS, 91405 OrsAYy CEDEX—FRANCE

E-mail addresses: Olivier.Catoni@ens.fr — Raphael.Cerf@math.u-psud.fr



