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Comportements asymptotiques et transition de phase
pour des marches aléatoires en milieux aléatoires
et des marches renforcées

Cette these a pour but d’étudier certains comportements de marches aléatoires en milieux aléatoires et de
marches renforcées. Nous regardons d’une part les marches aléatoires en milieu de Dirichlet et d’autres part
deux modeles de marches renforcées : la marche aléatoire renforcée linéairement par aréte et le processus de
saut renforcé par sommet.

Les marches aléatoires en milieux de Dirichlet sont un cas particulier de marches aléatoires en milieux aléatoires
présentant une importante propriété simplifiant leur étude: I'invariance statistique par retournement du temps.
Dans une premiere partie nous utilisons cette propriété pour caractériser le comportement limite de ces marches
en dimensions 3 et supérieures dans le cas ou elles sont transitoires & vitesse nulle. Dans ce cas nous montrons
que leur comportement est caractérisé par un processus stable. Dans une seconde partie nous montrons que
la propriété d’invariance statistique par retournement du temps est caractéristique des marches aléatoires en
milieu de Dirichlet.

La marche aléatoire renforcée linéairement par aréte et le processus de saut renforcé par sommet sont deux
modeles de processus renforcés intimement liés. Dans ces deux modeles la marche a tendance a revenir vers
les zones déja visitées. Nous montrons que certaines quantités caractéristiques de ces deux modeles présentent
une certaine monotonie en leurs parametres. Cela induit un certain nombre de conséquences notamment une
unicité de la transition de phase entre récurrence et transitivité, la récurrence en dimension 2 et une loi du 0—1
pour la récurrence. Dans un second temps on s’intéresse également a une version biaisée du modele de marche
aléatoire renforcée linéairement par aréte pour lequel on montre qu’il conserve un comportement similaire pour
certains types de graphes.

Asymptotic behaviour and phase transition
for random walks in random environments
and reinforced random walks

In this thesis, we study some behaviours of random walks in random environemnts and reinforced random
walks. We will first look at random walks in Dirichlet environment and then at two models of reinforced walks:
the linealry edge-reinforced random walk and the vertex reinforced jump process.

Random walks in Dirichlet environment are a special case of random walk in random environments that exhibit
an important property simplifiant leur étude: the statistical invariance by time reversal. In chapter 2] we will
use this property to characterize the asymptotic behaviour of these walks in dimensions 3 and higher when they
are transient with zero speed. In this case we show that their behaviour is characterized by a stable process.
In chapter [3| we show that this property of statistical invariance by time reversal is actually characteristic of
random walks in Dirichlet environments.

The linearly edge-reinforced random walk and the vertex reinforced jump process are two closely linked models
of reinforced processes. In both models the walk tends to come back to areas it has already visited. In chapter
we will show that some characteristic quantities exhibit some monotonicity in their parameters. This induces
some consequences: unicity for the phase transition between recurrence and transience, recurrence in dimension
2, and a 0 — 1 law for recurrence. Then, in chapter [5| we will look at a biased version of the linearly edge-
reinforced random walk for which we show that its behaviour stays similar to the original model on some infinite
graphs.






Chapter 0

Résumé en Francais

Dans cette these nous allons étudier certains comportements de marches aléatoires en milieux aléatoires et de
marches renforcées. Nous regardons d’une part les marches aléatoires en milieu de Dirichlet et d’autres part
deux modeles de marches renforcées: la marche aléatoire renforcée linéairement par aréte et le processus de
saut renforcé par sommet.

Les marches aléatoires en milieu de Dirichlet sont un cas particulier de marches aléatoires en milieux aléatoires.
Ces dernieres sont tres bien comprises sur Z, lorsque les probabilités de transitions en chaque site sont iid
[90], car la marche est alors nécessairement réversible ce qui permet I'introduction d’un potentiel qui simplifie
grandement 1’étude de la marche. Ce potentiel permet de déterminer si la marche est récurrente ou transitoire
ainsi que de déterminer, dans le cas ou elle est transitoire, si elle est balistique ou non. Cette réversibilité et
donc la notion de potentiel disparaissent en dimensions 2 et supérieures. Le comportement général est donc
beaucoup moins bien compris en dimension plus grande que 2 méme si certains résultats importants ont été
prouvés, comme un critére sous lequel il y a balisticité et méme un TCL [83]. Cependant, il reste de nombreuses
questions ouvertes. On ne sait pas encore montrer que les marches en dimensions 3 et supérieures sont transi-
toires. On ne connait pas de critéres simples permettant de déterminer s’il y a balisticité, notamment on ne sait
pas prouver que dans un environnement iid avec une loi uniformément elliptique la transience directionnelle
implique la balisticité. Cependant, 1’étude de ces probléemes reste accessible sur certains modeles comme le
modele de marche aléatoire en milieu de Dirichlet.

La marche aléatoire renforcée linéairement, introduite par Diaconis et Coppersmith [24] est un modele de
marche aléatoire biaisée vers les arétes déja visitées. Ce modele est partiellement échangeable ce qui permet
de montrer que c¢’est un mélange de marches aléatoires parmi des conductances [30] ce qui en fait une marche
aléatoire dans un milieu aléatoire. C’est en voyant ce modele comme une marche aléatoire en milieu aléatoire
que la plupart des résultats connus sur ce modele sont démontrés. De méme, le processus de saut renforcé par
sommet introduit par Davis et Volkov dans [26] est également biaisé vers les zones déja visitées. Ce processus
est également partiellement échangeable et il est en fait tres proche de la marche aléatoire renforcée linéairement
[72].

0.1 La marche aléatoire en milieu de Dirichlet

Le modele de marche aléatoire en milieu de Dirichlet possede une propriété fondamentale facilitant son étude
: la marche renversée est aussi une marche aléatoire dans un environnement de Dirichlet. La marche renversée
n’est en général définie que sur des graphes finis puisque sa définition fait intervenir la loi invariante de la
marche. Cela dit, cette propriété d’invariance des marches dans un environnement de Dirichlet par inversion
du temps est en fait vraie pour tout graphe fini. Cette propriété permet de démontrer le caractere transitoire
de la marche en dimensions 3 et supérieures [69] ainsi qu’'en dimension 2 si les probabilités de transitions ne
sont pas symétriques [74] mais dans le cas symétrique on ne sait pas démontrer la récurrence. L’invariance par
renversement du temps permet aussi de démontrer, dans le cas ol les probabilités de transitions ne sont pas
symétriques, le caractére transitoire directionnel [88] ainsi que 'existence de temps de renouvellement (la marche
est en-dega d’un certain niveau avant ces temps et au-deld apres) et ainsi de montrer une loi des grands nombres.

Le cas balistique, c’est-a-dire le cas ol XT converge vers une vitesse v non nulle est plutét bien compris,
un théoréme central limite a méme été prouvé [20]. Méme dans le cas général, il existe des critéres permettant
de montrer un théoréme central limite dans le cas balistique [83]. Cependant, il n’existe pas encore de critéres
simples permettant de déterminer si la marche est balistique dans le cas général mais il existe tout de méme
plusieurs criteéres de balisticité ([83], [41]). Pour les marches dans un environnement de Dirichlet, le cas sous-
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balistique est moins bien compris : en effet il a été prouvé [I8] que % — converge vers un certain x qui

dépend des parametres de la loi de Dirichlet mais il n’a pas encore été prouvé que iff converge vers une loi
limite non dégénérée. Un probléme similaire, celui d’une marche parmi des conductances aléatoires biaisées (on
prend des conductances iid et on biaise en multipliant par une exponentielle en la distance selon une direction) a
été étudié et il a été montré [42] que dans ce cas iff,j converge vers une loi limite non dégénérée. Dans le chapitre
[2] on montre un résultat similaire dans le cas des marches aléatoires en milieu de Dirichlet. Plus précisément,
on montre que la comportement de la marche en dimension 3 et plus, dans le cas transitoire sous-balistique
est caractérisé par un processus k-stable pour un s explicite. Plus précisément, le processus renormalisé par
n~" converge vers I'inverse d’un processus k-stable. Il est aussi possible de caractérisé les temps d’atteintes de
niveau par le processus k-stable.

Dans le chapitre [3] on s’intéresse a la propriété d’invariance statistique par retournement du temps. On montre
que sur tout graphe vérifiant quelques hypotheses techniques cette propriété caractérise les marches aléatoires
en milieu de Dirichlet. Plus précisément, on montre que sur tout graphe vérifiant ces quelques hypothéses
techniques si 'environnement et ’environnement renversé ont des probabilités de transitions indépendantes a
chaque site alors I’environnement est un environnement de Dirichlet ou un environnement déterministe.

0.2 La marche aléatoire renforcée linéairement

La marche aléatoire renforcée linéairement est une marche biaisée vers les arétes déja visitées. Plus précisément
la probabilité d’emprunter une aréte est proportionnelle au nombre de fois que cette aréte a été visitée plus un
poids initial a. Quelle que soit la dimension de I’espace Z¢ sur lequel on regarde la marche, pour un renforce-
ment suffisamment fort, c’est-a-dire un poids initial petit, la marche devient récurrente et méme positivement
récurrente. On a méme que le nombre moyen de fois que 'on visite un point décroit exponentiellement avec
la distance & lorigine ([72], [2]). Inversement, en dimension 3 et plus il a été montrer que cette marche est
transitoire pour un poids initial suffisamment grand [32]. En dimension 2 il a été démontré que la marche est
récurrente quelque soit le poids initial ([60],[76]). Des résultats ont été démontrés pour le processus de saut
renforcé par sommet.

Dans le chapitre [ nous montrons que diminuer le poids initial rend les deux modeles «plus récurrentss. Cela
implique qu’il existe une unique transition de phase entre les comportements récurrent et transitoire pour les
deux modele. Ce résultat a d’autre conséquence : nous étendons les résultats de récurrence a tous les graphes
récurrents (au sens des réseaux éléctriques) et nous montrons que les deux modeles satisfont une loi du 0-1 pour
la récurrence ce qui étend un résultat de [76].

Enfin, dans le chapitre [f] nous étudions une modification de la marche aléatoire renforcée linéairement. Cette
nouvelle version a un biais sur les arétes dans une certaine direction. Cela a pour conséquence de briser
I’échangeabilité partielle. Par conséquent il n’est plus possible de voir ce modele comme un mélange de marches
réversibles ce qui nous prive d’un outil puissant. Nous montrons cependant que pour un biais suffisamment
faible, pour une certaine famille de graphes, ce modele biaisé est également récurrent.
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Chapter 1

Introduction

1.1 Simple random walk and electrical networks

1.1.1 Simple random walk

In this section we will start by describing the simplest example of a random walk: the aptly named simple
random walk. Then we will discuss a first generalization of the random walk: the random walk among con-
ductances. This model has links with the physical concept of electrical network which are useful for its study.
It will be useful for the next section where we will start by looking at the behaviour of a random version of
its model but more importantly in section where the models we study can be seen as random walks among
random conductances.

But first, let us start by defining the simple random walk. It is a Markov chain on Z? (for any dimension d),
started at 0 where at each step the walker choose a neighbouring position uniformly at random (with proba-
bility 1/2d). This means that if S, is the position at time n of the random walk then the random variables
(Sn+1 — Sn)neN are iid.

This simple description as a sum of iid random variables makes it possible to do explicit calculations and get
incredibly precise results on the behaviour of this walk. First by simply applying the law of large number we
get:

—= — 0 almost surely,
n

and then, by applying the central limit theorem we get:

S—:L — A0, I4) in law.

NG

An important question for random walks is whether they are recurrent or transient, depending on the
dimension.

Definition 1.

e The simple random walk is said to be recurrent if it comes back to the origin infinitely often almost
surely.

e The simple random walk is said to be transient if it comes back to the origin finitely many times almost
surely.

In dimension d = 1, the probability that the walk comes back to the origin at time 2n is equal to:

From this it is possible to show that in dimension d, the probability that the walk comes back to the origin at
time 2n is of order n~%2. This means that on average, the walk comes back infinitely often to the origin in
dimensions 1 and 2 and only finitely many times in dimension d > 3. From this we can deduce the following:

Theorem 1. In dimensions d =1 and d = 2, the simple random walk is recurrent while in dimensions d > 3,
the simple random walk is transient.

A simple generalization of the simple random walk is to still look at it as a sum of iid random variables
but changing the law of these variables. We could authorize steps of length more than one but we will restrict

7



ourselves to jumps to the nearest neighbours. The walk is said to be balanced if E(S;) = 0 and biased
otherwise. If the walk is balanced then the previous results hold true (if you can go in all directions with
positive probability). If the walk is biased then the walk is transient in any dimension. More precisely we still
have a law of large number and a CLT which yield:

S,

7” — E(S;) and Sn — nE(51)

Vn
This is not the only possible generalization of the simple random walk. One interesting such generalization

is the electrical network. Representing the simple random walk as an electrical network creates a probabilistic
interpretation of physical concepts like resistances, conductances, current, potential, and energy.

— Var(S1)4(0,1).

1.1.2 Electrical network

Before explaining the link between electrical networks and the simple random walk, we must first give a precise
definition of an electrical network.

Definition 2. An electrical network is a non-directed graph (V, E) to which we add positive weights (We)eck
on the edges. The weights are called conductances and their inverse resistances.

Now, how do we link electrical networks to random walks 7 First we choose an arbitrary starting point
29 € V (it can even be random). Then, when the walk S is at a point z, it chooses a neighbour proportionally
to the conductances, i.e:
Wis )
> Wiazy

T

Py, (Sn+1 = y|Sn = 1‘) =

To get the simple random walk in dimension d, we just need to take the graph Z? and set all the conductances
to be equal. For now, this definition gives a generalization of the simple random walk but we loose the notion
of sum of iid random variables in this general setting. Fortunately, it gives rise to new tools.

Definition 3. Let (V,E,W) be an electrical network and In,Out € V two distinct vertices of the graph. A
unitary flow [ from In to Out is a function from the directed edges to R such that:

e for every vertices x ~ y, f((x,y)) = —f((y,z)),

o for every vertices x € V\{In,Out}, > f((z,y)) =0,

y~z

e > flUny)=1

y~In

It follows from this definition that we also have Y f((y,Out)) = 1.
y~Out

Definition 4. Let (V,E,W) be an electrical network and In,Out € V two distinct vertices of the graph. A
unitary potential U from In to Out is a function from U to R such that U(In) =1 and U(Out) = 0.

From these two definitions we can define the notion of energy.

Definition 5. Let (V, E,W) be an electrical network, U a unitary potential on this network, and j a unitary
flow on this network. Their respective energies & are defined by:

£0) =3 Y (i )? and
{wyrep oy}

In both sums, each non-directed edge is counted only once.

In these definitions of the energy we just sum on every edge the energy contained within the edge. The
energy contained within an edge is given by the formulae 2 Rj? and $C(VU)? (where R is the resistance and
C' the conductance). As often in physics, we will try to minimize the energy.
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Theorem 2. Let (V,E,W) be a finite, connected electrical network and In,Out € V two distinct vertices of
the graph. There exists a unique unitary potential U, from In to Out and a unique unitary flow jmin from
In to Out that minimize the energy. The potential Uy, is harmonic on V\{In,Out}, that is to say:

Vo € V\{In,0ut}, Y Wiayy3Unin(y) = Umin(z) Y Wigyy-

y~z y~z

As for the minimal unitary flow jmim, it derives from the minimal unitary potential Uy, that is to say there
exists a constant C' such that:

Vo ~y, Cimin((,9) = Wiey) Unin(y) — Unmin(z)) -

Remark 1. The minimal potential from Out to In is equal to 1 minus the minimal potential from In to Out.
Similarly, the minimal flow from Out to In is equal to minus the minimal flow from In to Out.

The potential Uy, has a simple probabilistic interpretation. It represents, for any vertex, whether it is
easier to go to In or Out starting from that point. More precisely if 7, is the first time such that S;, = z. We
then have:

P, (Tln < TOut) = Umin(x)~

This interpretation leads to an extremely useful result. Let U be unitary the potential from In to Out that
minimizes the energy. We have:
28 (U)

Z W{In,y} '

y~In

Prn (T]J;L > TOut) =

where TIJ; is the return time: the first time strictly after O such that S_+ = In. The proof is just a simple

In

calculation that only uses that U,,;, is harmonic outside of {x,y}:

26(U)= Y. Wiy (U(z) = Uly))®

{z,y}€E

= U@ Wiy (U(z) = U(y))
zeV y~zx

= ) U@x0+0x Y Wiouy 0=U@)+1x Y Wiy (1—U(y))
zeV\{In,Out} y~Out y~In

= Z W{In,y} Pry (7'1-";1 > TOut) .

y~In
Similarly, let j be the unitary flow from In to Out that minimizes the energy. We have:

1

y~In

Prn (T[_‘;l > 7—Ouit) =

Definition 6. The quantity Py, (’7’;;1 > ’Tout) Y. Wiinyy is called the effective conductance between In
y~In
and Out. Its inverse is called the effective resistance between In and Out.

Remark 2. The effective conductance and resistance between In and Out are the same as the effective con-
ductance and resistance between Out and In.

This means that we can easily bound the value of Py, (TIJ; > Tout) by exhibiting explicit unitary flows and
potential. Indeed, if U is a unitary potential from In to Out, j a unitary flow from In to Out and U™ and
7™ the unitary potential and flow from I'n to Out that minimize the energy we have:

26 (U™™) _ 26 (U)

Py, (T;';L > TOut) = Z W - Z Wr and
Py v 7
Pr, (11, > Tout) = 1 = 1 '
n \Trn u 28 (jmin) Z Wln,y - 28 (]) Z WIn,y
y~In y~In

It is actually possible to use this method to get the following property on effective conductances and resistances
that considerably simplify their study:



Theorem 3 (Rayleigh monotonicity). Let G = (V, E) be a finite graph and In and Out two vertices of that
graph. Let W=, W™ be weights on that graph such that for any e € E,W, < WS . Let C;ﬁ and Cjﬁ be the
effective conductances between In and Out on (G,W~) and (G,W™) respectively. Let R_gz and Rjﬁ be the
effective resistances between In and Out on (G,W ™) and (G,W™) respectively. We have:

Coyp < Cly and Rz > RE,.

Now, it is possible to use these results to gain information on transience and recurrence on infinite graphs.
If we think about it in a non-rigorous way, by taking Out to be infinity then Py, (TEL > Tout) becomes
Pry, (Tfn = oo) (the walk goes to infinity before coming back to In means that the walk never comes back
to In). This means that it is equal to 0 if the walk is recurrent and is strictly positive if it is transient. Then
we know we can bound this value by using the energy so we can use potentials and flows to show whether the
walk starting from In is recurrent or transient. This can be done rigorously and we get the following results:

Theorem 4. Let (V, E,W) be an electrical network and In € V a vertex. The walk starting from In is transient
if and only if there is a unitary flow starting from In (and with no Out) with finite energy.

Theorem 5. Let (V,E,W) be an electrical network and In € V a vertexz. The walk starting from In is
recurrent if and only if there is a sequence of unitary potential starting from In (and with no Out) such that
their energy goes to 0.

From these two results it is possible to get back the result from theorem (1| that the simple random walk is
recurrent in dimension 1 and 2 but transient in dimensions 3 and above. One advantage of this method compared
to explicit calculations is that it is not reliant on all the weights being the same. Indeed, by modifying slightly
the weights but looking at the same potentials and flows, the energies are not modified by much and transience
and recurrence are not changed. More precisely:

Theorem 6. Let G = (V, E) be an infinite graph and In a vertex of that graph. Let W~ W™ be weights on
that graph such that for any e € E,W, < W, . If the walk on (G,W ™) starting from In is transient then so
is the walk on (G, W) starting from In. Similarly if the walk on (G,W™) starting from In is recurrent then
so is the walk on (G,W ™) starting from In.

In particular, we get by comparing an electrical network to the simple random walk:

Theorem 7. In dimension d € {1,2}, an electrical network on Z< with weights W for which there evists a
constant C' such that for any edge e, W, < C' is recurrent.

In dimension d > 3, an electrical network on Z¢ with weights W for which there exists a constant C' such that
for any edge e, W, > C' is transient.

Remark 3. For the recurrence in dimension 1 and 2, weights equal to 0 are allowed which means that in
dimension 2 the walk on the infinite percolation cluster is recurrent for instance.

Another interesting aspect of the electrical network is its invariant measure. The invariant measure 7 is
extremely simple to compute in the case of electrical networks. Indeed, for a finite electrical network (V, E, W),
the invariant measure 7 is given by:

Ve eV, m, = Z W{L,y}
Y~

Indeed, we have:

Vx eV, Z Z {m’y} 7Ty = ZW{Ly}

y~z y~z

This results also extends to infinite graphs. The measure 7 defined as above is an invariant measure in the case
of infinite graphs.

This result is important because of its link to another important property of electrical networks: they are
reversible. This means that for any path xg,x1,...,x,, we have:

P(Xn :Jﬁn,...,Xl :$1|X0 = 0)7T$0 :P(Xn Zxo,Xn_l :Z‘l,...,Xl :Z‘n_1|X0 :an)ﬂ'mn.

This has several consequences. First this gives bounds on the probability to be at a specific vertex at a specific
time. For instance: T -
Po(S, =) =P,(S, =0)—= < —=. (1.1)

0 0

This can be used if 7, is small compared to my. Another example is the following bound:

Ty

(Sgn = CC) \/]P)o(Sgn = 0) (Sgn = CL‘)

71—0
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The proof is quite short:

o(Son = ) ZIF’O P, (S, = z)
—ZHDO (Sn :y)i
\/TD: ZPO 7TO ZP.L(Sn:y)Q%

\/po(s% = )P, (S = @)~

To

This can be used to bound transition probabilities when the probability to return to the starting points are well
understood. It is actually possible to get good estimates of transition probabilities when the conductances are
uniformly elliptic. The conductances are said to be uniformly elliptic when there exist two constants ¢; < ¢
such that for every edge e, ¢; < we < co. When the graph is Z% and the conductances are uniformly elliptic
then we can get precise bounds on the transition probabilities. In [28], Delmotte proved the following bounds:

Theorem 8. For any dimension d, for any uniformly elliptic conductances on Z%, there exists constants
¢, Cpy e, Cr such that for any n > 1, for any vertices x,y such that d(xz,y) < 2n and such that the graph
distance between x and y is even, we have:

C| —Cid(z,y)? c —Crd(z,y)?
napt E9" <Py (Xop = y) < ndr/ze e,

The reason we look at Xs,, is because otherwise there would be some issues with the parity of the distance
to the starting point. This issue only concerns the lower bound. The result by Delmotte is actually much
more general than this since it characterizes exactly which graph satisfy the above property and for which
conductances.

1.2 Random walks in random environments

If we want to introduce an extra layer of randomness on the simple random walk, there are multiple ways to
do it. We could look at random graphs but here we will restrict ourselves to the study of Z? with random
transition probabilities. We will only talk about two specific cases:

e random walks among random conductances, and
e random walks in iid environments.

We will start by random walks among random conductances which are a generalization of the model studied
in the previous section where we add some randomness on the conductances. As discuss previously, in section
we will discuss a specific kind of random walk in random conductances. Moreover this will serve as an
introduction to random walk in iid environments because both model share some similar behaviours and some
tools and concept apply for both concept. Furthermore because the random conductance model allows for
several simplification compared to the iid environment model it is better understood. Finally, the next section
is devoted to the study of a specific kind of random walk in iid environments.

Before we start discussing the two models of random walks, we will explain what we mean by environment.

Definition 7. The set Q of environments on a graph 9 = (V, E) is the set of all possible transition probabilities

on this graph:
Q= {w €0,1)%, Ve eV, Y w(w,y) = 1}~

Yy~

An environment is an element of the set €.
In the case of random walks in conductances the environment is usually described in terms of conductances
instead of transition probabilities.

The random walk in iid environments consist of having random transition probabilities at each site (vertex)
instead of deterministic ones. These transition probabilities are iid at each site. The random walk among
conductances consists of looking at the simple random walk as a random walk in an electrical network. Except
that instead of looking at deterministic conductances we look at random ones. Once again they are chosen to
be iid.

11



1.2.1 Random walks among random conductances

We will start by the case of random walk among random conductances. In this model, the environment is
always reversible, this means that we restrict ourselves to a subset of all possible environments but all the
results and techniques that come from electrical networks can be applied to this model.

Before going into the details of what we know of this model we will first see what difference can arise with the
simple random walk when we authorise random conductances. First, when the conductances are of order 1, the
behaviour of the walk is quite similar to that of the simple random walk. If we think of effective conductances
then if all the conductances are between 1/c and ¢ for some constant ¢ then the effective conductance between
two points will not differ by a factor more than ¢ from the effective conductance between those same two points
for the simple random walk.

If the conductances can be allowed to be 0 then we effectively change the geometry of the underlying graph.
For instance we can go from a walk on Z¢ to a walk on a percolation cluster or from a walk on Z> to a walk
on Z? if all the conductances in a specific direction are equal to 0.

If the conductances can be arbitrarily large then we can see traps appear. Traps in this case will be portions
of the graph where the conductances are large compared to the surrounding area (think of an edge with large
conductance surrounded by edges with conductance of order 1). It is extremely easy for the walk to enter such
an area because the walk tends to favour large conductances. On the other hand, it is quite hard for the walk
to exit such a region, this means that the walk stays trapped in this region for a large amount of time.

If the conductances can be arbitrarily small then we can see another kind of trap appear. Traps in this case will
be portions of the graph where the conductances are of order 1 surrounded by edges with small conductances
(think of one edge with conductance of order 1 surrounded by edges with small conductances). If the walk
enters such a trap then it will stay there a long time. However, contrarily to the previous kind of trap it is
extremely hard to enter such a trap. In fact, the longer the walk stays in a trap, the harder it is to enter such a
trap. This mean that these trap do not have much impact on average but can have an impact on the likelihood
of unlikely events.

Uniform ellipticity

We first want to look at the case where the conductances are bounded from above and from below. Let p be
a probability measure on R such that there exists a constant ¢ > 1 such that u (%,c) = 1. Set a dimension
d. Let E; be the set of edges of Z4. Let Q := (R*)F4 be the set of environments on Z?. For any environment
w € Q and any vertex = € Z9, let P¥ be the probability measure associated with the reversible Markov chain
(Xn)nen started at o and with conductances given by the environment w. Now let P, be the probability
measure on {) where all the conductances are iid of law u. Let E, be the expectation with respect to P, and
EY the expectation with respect to Py. Finally, let P# be the law of the walk starting in x, averaged on the
environments w: P%(-) :==E, (P¥(-)) and E# the associated expectation.

An important distinction when we look at random walks in random environment is whether a results holds
for almost every environment or whether it only holds true on average. If the result is true for almost every
environment then we say that it is a quenched result and if it is only true on average then we say that it is an
annealed or averaged result. For instance if we look at the position of the walk X after time n, it is obvious
that E, (E§ (X)) = 0 because of symmetries. This is an annealed result and the corresponding quenched result
would be that for almost every environment, E§ (X,,) = 0 which is obviously false.

One example of quenched result in the case of bounded conductances is the result by Delmotte. It tells us that
there exist constants ¢;, Cj, ¢, C;. such that for any n > 1, for any vertices x,y such that the graph distance
d(z,y) between x and y is even, d(z,y) < 2n and such that the graph distance between x and y, and for P,
almost every environment w, we have:

Cl

We_Czd(xvy)Z SP;(XQn:y) < Cr e_Crd(lE7y)2.

nd/2
This in turn leads to the same annealed statement. There exist constants ¢;, Cy, ¢, C, such that for any n > 1,
for any vertices x,y such that d(z,y) < 2n and such that the graph distance between z and y is even, we have:

e VT < Ph(Xan = y) < e OO,
These results strongly suggest that the walk behaves like a Brownian motion. To prove this, we actually
need the randomness of the environment. Indeed in one dimension, we could imagine the case where all the
conductances to the left of the origin are equal to 2 while all the conductances to the right of the origin are
equal to 1. In such a case the walk would spend twice as much time to the right of the origin as it spends on
the left and thus it could not converge to a brownian motion. With the randomness of the environment such
imbalances cannot exist on a large scale and therefore it was shown in [84] that the walk satisfies a quenched
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CLT where the variance does not depend on the environment. That is to say that there exists ¢ > 0 such that
for P, almost every environment the processes t — ﬁXm converge to a Brownian motion of covariance matrix

021,. This also implies an annealed CLT with the same covariance matrix.

What happens on the percolation cluster ?

If we only authorize the conductances to have value 0 or 1 then we get a walk on a percolation cluster. If the
probability to have the value 0 is too high then there is no infinite percolation cluster and the behaviour of the
walks is less interesting, for instance it cannot be transient. So we will restrict ourselves to the supercritical
case where there is a unique infinite cluster. In particular we will not consider the one dimensional case. And
we will also condition on the fact that the origin is in the infinite percolation cluster.

The geometry of the percolation cluster is similar to that of Z¢ on a large scale. For instance the distances
are the same up to a multiplicative constant, and balls have similar volumes. However on small scales, every
pattern can appear on the percolation cluster. This means that on a small scale the percolation cluster and
Z¢ can be extremely different. For instance the percolation cluster on Z¢ can locally look like Z. This means
that over large amount of time the walk on Z% and on the percolation cluster should be similar but they can
be extremely different at the beginning. This is illustrated by the following result:

Theorem 9 (Theorem 1 of [3]). Let u be the probability measure defined by u({1}) =p =1— u({0}) such that
p s larger than the critical parameter for the percolation. There exist constants c;, Cy, c,, C, such that for P,
almost every environment w there exists a constant S,, such that Vt > S,,, Vo € Z¢:

¢ . c 22 - , .
ﬁe_cld(o’*)z <P (Xi=12)< TT/Ze_CTd(O’*)Z if 0 and x are in the percolation cluster and d(0,z) < t,
n n

where d(-,-) is the graph distance on the percolation cluster.

In this case the walk is slightly different than the one we defined previously. Here the time is continuous
instead of discrete. The time between the consecutive jumps is not 1 any more but iid exponential random
variables, independent of everything else. The proof can be extended to the discrete time case.

As can be expected from the previous result, a quenched CLT, similar to that of the previous section, also holds
for the random walk on the percolation cluster as was proved simultaneously in [I0] and [57].

With only an upper bound

Now what happens if we only impose an upper bound on the conductances ? We still allow the value 0, so we
impose that the probability that an edge has a positive conductance is larger than the critical threshold for
percolation. We call ¢’ (w) the infinite cluster for the environment w (an edge is closed if its conductance is 0),
which is almost surely well-defined. The main difference with the previous cases is that now the walk can get
trapped in a finite area. This happens if the walk enters an area with conductances of order 1 surrounded by
small conductances. It is hard for the walk to enter or exit such an area. This means that it is unlikely for
the walk to enter such a place but once it enters it, it can stay in it for a really long time. Because of this the
gaussian bounds may not hold any more. For instance if we look at the probability of going back to 0 after time
n, the walk can wander a bit, enter a trap surrounded by conductances of order 1/n (which has a probability
of happening of order 1/n) then exit it (still a probability of order 1/n to happen at a specific time) and then
go back to 0. If the trap is close enough to the origin then finding the trap and going back to the origin at time
n is greater than something of order 1/n? instead of n~%2 for gaussian bounds. More precisely, it was shown
in [I1] that for almost every environments w (such that 0 is in the infinite cluster) there exists a constant C'(w)
such that for every n > 1:
n~42  d=23,
PY (X, =0) <C(w){n2log(n) d=4,
n=2 d>5.

Conversely, it was also shown in [I1] that you can get arbitrarily close to this bound in dimension 5 and more.
In [16] it was shown that it is possible to get arbitrarily close to the bound in dimension 4. This means that in
dimension 4 and above we can observe an anomaly for the quenched probability of coming back to the origin
at time n. If we instead look at the annealed probability to come back to the origin, the anomaly can exist in
all dimensions (because of the environments where the origin is in a trap).

We could imagine that this implies that the CLT fails in this case but this is not what happens. Indeed it was
shown in [27] that the walk satisfies an annealed CLT. This result is actually more general because it does not
require the conductances to be independent, only weaker assumptions. This was later improved in [56] where
it was proved that the walk satisfies a quenched CLT where the variance is deterministic. That it to say that
there exists ¢ > 0 such that for [P, almost every environment the processes t — ﬁXnt converge to a brownian
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motion of covariance matrix o21,.

To understand why the CLT holds we introduce an important tool for random walks among conductances: the
point of view of the particle. Instead of looking at a trajectory (X,)nen within an environment w, we
look at a sequence of environments (wy,)nen. Let 8, be the shift of vector u for environments (6, (w)(z,y) :=
w(z +u,y +u)). The trajectory from the point of view of the particle (wy,)nen is defined by wy, 1= 0_x, (w).
Instead of following the particle within the environment we shift the environment so that the particle remains
at the origin. This has an important consequence: the sequence (wp)neN is @ Markov chain while the sequence
(Xn)nen is not (for it to be one we need to know the environment). Furthermore it is a reversible Markov
chain. This means that we know an invariant measure for it, the measure:

@u(dw) = (ZW({va})> 106%(w)Pu(dw)'

z~0

The quantity (Z w({0, m})) loe#(w) is bounded so the measure Q, has a finite mass and by multiplying it

x~0
by a constant we can obtain a probability measure Qt. Let If"“ be the measure P, conditioned on the origin
being part of the infinite cluster. Clearly, the measures Q}L and ]f”# are absolutely continuous with respect to
one another. This means that events that are almost sure for one are also almost sure for the other. Moreover
we can apply ergodic theorems to Q}L. For instance let A be a measurable event, we have Pu almost surely:

1 n
i=1

This invariant measure was used in [50] to show a quenched CLT (invariant measures had already been used
previously in [52] to show an annealed CLT for bounded conductances). The idea of the proof is to set a
threshold €, consider the percolation cluster ¥¢(w) where an edge is closed if its conductance is lower than e,
and look at the walk X only at time when it is on the percolation cluster €“(w). This gives a new walk X¢. For
this new walk it is possible to apply the same methods as for the percolation cluster which gives a quenched
CLT. Then we use the invariant measure to bound the proportion of the time the walk spends outside € (w).
This is used to show that the processes X¢ and X are always “close”. Then by taking € to 0 it is possible to
show that the original walk X also satisfies a quenched CLT.

The reason why the CLT holds but the gaussian bounds do not can be seen in the invariant measure. The
failure of the gaussian bounds comes from traps, that is to say areas surrounded by small conductances. The
walk is unlikely to enter them but it can be sufficient for the gaussian bounds to fail around the origin. However,
the invariant measure and the ergodic principle tells us that the walk cannot spend too much time in traps
which means that the traps cannot have too important an impact on the global trajectory.

General measure

The general case is more complicated. When the walk stumbles upon an edge with large conductance, it is likely
to cross it many time before visiting other parts of the graph. If the conductances have no expectation then
we can expect that the walk will spend most of its time trapped on edges with larger and larger conductances.
This is reflected by the fact that the invariant probability introduced earlier does not exist any more when the
conductances do not have finite expectation. Therefore we cannot expect to have a CLT under this condition.
For instance, if p has a heavy enough polynomial tail, it has been shown in [4] that the process does not
converge to a brownian motion but to a fractional-kinetics process.

Definition 8. The fractional-kinetics process Zg o is defined as follows: let B be a brownian motion in dimen-
ston d with covariance I, and let S, be a completely asymmetric (positive) a-stable Levy process, then for all
seR:

Za.a(s) == B(S;'(s)).

However, when the conductances have finite expectation then it was proved in [I] that the walk converges
to a Brownian motion.
It is important to note that the reason why the CLT fails is because the walk can be trapped locally. This does
not mean that on a global scale the behaviour is much different from a slowed down Brownian motion (i.e with
a time change). To investigate this, we can introduce a time changed version of our process, the variable speed
random walk (VSRW). Instead of waiting a time 1 or a random exponential time of expectation 1 between each

jump, when it is on a vertex z, the VSRW wait a random exponential time of expectation > w({z,y}). The
Yy~x

idea is that if the VSRW encounters an edge with a large conductance W, it will cross it a number of time of

order W before visiting other edges but will only wait a time of order 1/W between each crossing. This means
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that it will only spend a time of order 1 on this edge before visiting an other one. Therefore the VSRW should
not be trapped on edges with large conductances. A clue in that direction is that for the VSRW, the invariant
probability measure exists. It was actually shown in [I] that as long as there is an infinite percolation cluster
with probability one, the VSRW conditioned on the origin being part of the percolation cluster converges to a
non-degenerate Brownian motion.

1.2.2 Random walks in iid environments

We will only consider nearest neighbours walks on Z? and call E4 the set of oriented vertices (the vertices are
between nearest neighbours). We set a dimension d, let Sy be the set defined by Sy := {z € (0,00)%, > x; = 1}
and €2 the set of environments on Z? defined by:

Q= {w € (0,00)P, vz € 79, Zw(m,y) = 1}.

Yy~

For any law p on Sg, the law [P, on the set of environments is the law such that the transition probabilities at
each vertex are i.i.d of law p.

The case of the dimension d = 1 and d > 2 are quite different. The reason for this is that random walks in
random environments are still reversible in dimension d = 1 (and more generally on trees) but not in dimension
d > 2. This means that all tools used for the random walk among random conductances can also be used in
dimension 1 while new tools need to be developed for dimension 2 and above. For this reason dimension 1 is
better understood than higher dimensions.

Dimension 1

The one dimensional case has been studied since the 70’s. It was first studied by Solomon [80] who in 1975
identified 3 different regimes through explicit calculations:

Theorem 10. Let py := ;(’(()(_Jﬂ) = 1ffdo(’8)1),

If E,(log(po)) = 0 then the random walk X is recurrent.
If E,(log(po)) > 0 (respectively E,(log(po)) < 0) then X,, — 400 (respectively —oo) almost surely.
In the case E,(log(po)) > 0, if E,(1/po) < 1 then

X,  1-E,(1/p0)
w1+ Eu(1/p0)

almost surely,

and if E, (1/po) > 1 then

X
—= — 0 almost surely.
n

Remark 4. There is still a characterization of recurrence/transience (and of the direction of transience) if
E,.(log(po)) is ill-defined.

The original proof is based on explicit calculations but to better understand what happens it easier to adopt
the point of view of the random potential introduced by Sinai in [78]. In this case, we view the walk as a random

walk among random conductances. For any N € Z, let p, := % We define the potential U : Z — R, for
all x € Z by:

xT

> —log(p;) ifax>1,
i=1

U(z) := 0 ifz=0,
0
> log(p;) ifx<-—1.

i=x

In the formalism of the previous section, the conductance for the edge {x,z + 1} would be given by exp V@),

Now that the conductances are defined we first need to understand the behaviour of the conductances before
we can look at the walk within those conductances. The potential that we have defined is a sum of independent
random variables. If E, (log(po)) is well defined then we have that:

EIE U(n) = —oc0 and Erzl U(n) = +oo it E, (log(po)) >0
liminf U(n) = liminf U(n) = —oco and limsup U(n) =limsupU(n) = +oco if E,(log(po)) =0
n—r+oo n——00 n—+o0o n——00
ngrilm U(n) = +o0 and nll)rzloo U(n) = —o0 if E,(log(po)) <0
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Now, in the first and third cases, the potential is biased which means that the conductances go to 0 in one
direction and +oo in the other. The walk tends to favour higher conductances and therefore the walk will
be transient in the direction where the conductances go to infinity (the direction where the potential goes to
—o00). This is where the transient case comes from. If E,(log(p(0))) = 0 the potential is not biased and as
a consequence the walk will not favour any direction and will be recurrent. This explains why the value of
E,(log(p(0))) determines the recurrent or transient case.

In the transient case, the walk can have positive speed (ballistic) or zero-speed (sub-ballistic). This last regime
does not exists for the simple random walk. The zero speed is due to a trapping phenomenon that is slightly
different than the one that appears for random walks among random conductances in the unbounded case. In
both cases the slowing-down is due to finite regions of the graph where the walk stays trapped a long time.
However the exact nature of the traps differs between the two models.

Figure 1.1: Potential with a trap between a and b

In the figure above, we see that the potential goes to —oo which means that the walk tends to go to the right.
However, when it reaches a, it needs to climb the potential to reach b. This is complicated and it is not to hard
to show that it will at least take a time of order exp(U(b) — U(a)). This means that the walk is trapped in the
valley around a for a time of order exp(U(b) — U(a)). The difference between the zero-speed and the positive
speed regime depends on those valleys. If there are too many valleys where the walk is trapped for too long
then it will have zero-speed. If it is not the case then it will have positive speed.

Now that we know what the three regimes are, we can study more precisely the behaviour of the walk in each
of these regimes. First, if the walk is recurrent, it was shown by Sinai in [78] that in time n the walk only
travels a distance of order log(n)2. Then, Golosov [45] and Kesten [50] determined independently the limit of
the rescaled random walk. This gives the following theorem:

Theorem 11. Assume that E, (log(po)) = 0, there exists € > 0 such that p(e,1 —€) = 1, and 0 < 02 :=
E, ((log(po))z) < 00. We have under Pk :

0'2 .
WXn — Z in la/w,

0'2 —
W Oglkf:i%(n Xk- — Z in law,

where Z is symmetric, Z is positive and their laws are characterized by the Laplace transform:

_cosh(v2X) — 1
B Acosh(v2X)

E (exp(—\Z)) :ta“h(\/%ﬁ).

To understand why the walk only goes at a distance of order log(n)? in time n instead of y/n for the simple
random walk, we must once again understand what traps look like in this case.
If we look at the figure above, we see that there is a valley in the potential between b and ¢ where the minimum
is attained in a. When the walk is in such a valley, with high probability it goes to the bottom of the valley
(a in our example). Then, the time the walk spends in the valley is of order exp(Upmaz — Upmin) where Uiy, is
the potential at the bottom of the valley (U(a) in our example) and Up,q, the minimum of the two potentials
at the top of the valley (U(c) in our example). If, before time n, the walks encounters a valley where the
minimum and the maximum of the potential differ by log(n) then the walk will spend a time of order n in it
and should therefore still be in it at time n. The question now becomes, where can we find such a valley? The

E (exp(=A|Z]))
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Figure 1.2: Potential with a trap between b and ¢ with a minimum in a

increments of the potential are i.i.d, with zero expectation and finite variance. This means that we can expect
the potential to behave like a Brownian motion. We therefore should see a valley of depth log(n) at a distance
of order log(n)?. More precisely, the valley should be of length log(n)? and contain the origin. This is where
the log(n)? rescaling comes from. For a fixed environment, at time n the walk is with high probability at the
bottom of this valley of size log(n). Then if we average on the environment the position of this minimum we
find the law of the previous theorem.

Now for the transient case, the limiting behaviour was first studied in 1975 in [5I]. It was found that under
some assumptions on the law of the environment, the position of the walk at time n could be described by
stable laws. More precisely:

Theorem 12. Assume that E,(log(po)) = E(=U(1)) > 0, there exists k > 0 such that

E, ((1> ) — 1 and E, <(1) log (1) 1> <o,
Po Po Po -

and the law of log(po) is non-arithmetic. Then, depending on k we have different limit theorems.
If 0 < Kk < 1, there exists a positive random variable Z with a k-stable law such that under PY :

1 K
n "X, — (Z) n law.

If kK = 1, there exists a function ¢ : [0,00) — R, a constant ¢ > 0 and a random variable Z with a 1-stable law

such that under P :

t log?(t

o(t) ~c and =8 ®)
log(¢) t

If 1 < k < 2, there exists a constant C > 0 and a random variable Z with a k-stable law and zero mean such

that under Pf :

(X, —d(n)) = Z in law.

nw (Xn — Cn) = Z in law.
If k = 2, there exists a constant C > 0 and a centered gaussian Z such that under Py :

1

— (X, — Cn) = Z in law.
nlog(n)

If k > 2, there exists a constant C > 0 and a centered gaussian Z such that under Py :

1
— (X, — Cn) = Z in law.

For the case where k < 1, the precise k-stable law was identified in [39]. In the particular case where the
transition probabilities have a Beta law (which is the same as the Dirichlet law of the next chapter in dimension
1) of parameters (a, ) with k = a— 8 € (0,1) the expression is quite simple. Let S* a positive random variable
with Laplace transform E(e~*%") = e=*"| the stable random variable of the previous theorem is given by:

S ()

SN
When x > 1, which implies ]Eu(p%) < 1, we see that the walk has a positive speed whose expression was already
found in [80].

Higher dimensions

In higher dimensions, the walk is no longer reversible. This means that we loose the notion of potential. For this
reason random walks in iid environments in dimension 2 and higher are not as well understood as in dimension
1 even though progress has been made. We will first start by stating some general results and presenting some
useful tools.

First we need to define ellipticity which is a common assumption in random walks in iid random environments.
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Definition 9. An environment w on a graph (V, E) is elliptic if for every edge {z,y} € E, w(x,y) > 0.
It is uniformly elliptic if there exists an € > 0 such that for every edge {x,y} € E, w(x,y) > €.

If we think of the random conductance model, ellipticity would be that there are no edges with conductance
zero and uniform ellipticity that the conductance are bounded. We will always assume that the environments
are almost surely elliptic and sometimes we will also assume that they are uniformly elliptic. One of the first
things we would want to prove is that under only an assumption of ellipticity, the walk satisfies a law of large
number i.e almost surely % — v where v is deterministic. This is actually quite hard to prove with no extra
assumptions. The first result in that direction was a zero-one law regarding directional transience by Kalikow
in [47]. This was then improved by Merkl and Zerner in [61] by only assuming that the environments are elliptic

instead of uniformly elliptic.

Theorem 13. Assume that almost surely the environment is elliptic. For any | € R4\{0} let A; be the event
{X,,.l = o}. For anyl € R\{0}:
]P’g(Al UA_)) e {O, 1}.

Furthermore, still in [61], it was shown in dimension 2 (and conjectured to be true in all dimensions) that
there was actually a more satisfying 0 — 1 law.

Theorem 14. Assume that almost surely the environment is elliptic and set the dimension d = 2. For any
1 € R®\{0} let A; be the event {X,,.l — oo}. For anyl € R*\{0}:

Pg(Al) S {O, 1}.

The idea is to start two walks in Z?2, one starting from the origin and going in the direction ! and one starting
far from the origin, in the direction [ and going in the direction —I. By carefully choosing the starting point
of the second walk it is possible to make them both intersect. Making the two walks intersect heavily relies on
the graph being Z?. Now make a third walk start at the intersection point, by Kalikow’s 0 — 1 law, this walk
will either go in the direction [ or in the direction —I. Since the first walk has already gone a long way in the
direction [ it will continue in his direction with high probability and therefore the third walk is strongly drifted
in the direction [. Similarly by comparing with the second walk it is also strongly drifted in the direction —I.
This leads to a contradiction which means that we cannot have both P (A;) > 0 and P5(A_;) > 0.

To understand the behaviour of the walk when it is transient in a direction, Sznitman and Zerner introduced
a useful tool in [86]. We will only state a simpler but equivalent definition in a specific case.

Definition 10. Set a dimension d € N*. Let (e1,...,eq) be the canonical basis of Z¢ and for any i € [1,d],
set e;rq == —e;. For any direction j € [1,2d], the sequence of renewal times (;?);en+ are defined by:
Tlej =inf{n € N, Vm > n, X,,.¢; > X,.¢;F and Vm < n, X,,.l < X,.l} and
Tl,:j_l =inf{n > 7, Ym > n, X,,.l > X,,.e; and Ym < n, X,,,.1 < X,,.l}.
These are times after which the walk does not backtrack. This can be generalized to any direction I € R\ {0}
but for technical reasons the definition is more complicated in this case. For instance we need to impose that
for some constant a > 0, (XT;Jrl — XT;H) .I > a. The idea is that since before and after those times the walk

is in different part of the graph and the environment is iid, the behaviour of the walk before and after those
time should be independent.

Proposition 1.2.2.1. For all k € N*, let 9, be the o-field defined by:
G =o(r{,...,Th, (Xn)ocn<rt, (wiz, '))z,z<XTI,,€,l)'
We have, for all k > 1:
Py ((Xf,g+n)n20 € (W(Xp +2,9))aaz0 € '\%) =P§ ((Xn)nz0 € - (W(@,))aiz0 € -|7{ =0).

This means that the trajectories and the transition probabilities inside slabs between two consecutive renewal
times (after the first one) are i.i.d random variables. Now that we have i.i.d random variables we can expect
to get a law of large numbers. There is still a small issue: it is not completely obvious that such renewal times
exists even if the walk is transient in the direction I. It was actually proved, still in [61] that if the walk is
transient in a dimension [ then all the random variables 7/ are finite almost surely and furthermore:

EY (XT;+1.Z - XT;.I) < 4oo.

This is because every time the walk reaches a new level, it has a probability p of never coming back to this
level independently of what happened before. Therefore when X.l = n, there should already have been around
np renewal times on average. Then using that the renewal slabs are iid it is possible to conclude. This leads to
a law of large number.
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Theorem 15 ([86]). If Ef (4|7} = 0) < +oo then conditioned on X,,.l — co, we have almost surely:

X, B (Xl =0)
T TRE (A
n Ef (tilrl = 0)

If EL (4|7 = 0) = 400 then conditioned on X,.l — oo, we have almost surely:

X,,.l
n

— 0.

If the renewal times are not well defined, it is still possible to get a partial law of large number.

Theorem 16 ([91]). Set I € RN\{0}. If PH(A, U A_;) = 1, there exists v; ,v;" € [0,00) such that Py almost

surely:
Xl

— —v; 1la_, —i—’UlJrlAl.

IfPE(A,UA_) =0, Pf almost surely:
Xp.l

n

— 0.

Only the second part comes from [91], the first part is a simple consequence of Ef (XTé.lH = 0) < +o0.

In dimension 2, making use of the full 0 — 1 law, by taking e; = (1,0) and e3 = (0,1), there exists constants
v1,v2 € R such that % — vy and % — vo which means that Pg almost surely:

X
5 Viep + vaeqg =: v.
n

This means that we have a law of large number in dimension 2. In dimension 3 and higher it is not hard to
see that there can be at most two different value of the limit speed and that they are in opposite directions.
In dimension 5 and above, it was shown in [9] that if there are two possible limit speeds then one of them is
zero. The picture is thus as follows: under ellipticity, almost surely % converges to a (random) limit speed.
In dimensions 1 and 2 this speed is unique, in dimensions 3 and 4 there are at most two limit speeds and they
are in opposite directions and in dimension 5 and above there is at most one non-zero limit speed.

1.2.3 A priori conditions

In order to go further, Sznitman introduced some a priori conditions under which ballisticity or quenched CLTs
could be proved. Other a piori conditions have been introduced since but all have been proven to be equivalent
under uniform ellipticity. Let us start with those introduced by Sznitman in [83] and [81].

Definition 11. Set v € (0,1) and | € RN\{0}. Let T! and T} be the stopping times defined by:
T! :=inf{n, X,,.l > L} and T} := inf{n, X,,.1 < —L}.
The condition (T) in direction | is verified if for every l' in a neighbourhood of 1:
lim sup L log (4 (T{ > 7t )) <o.
L—s+o00

The condition (T') in direction 1 is said to be verified if the condition (T')y in direction | is verified.
The condition (T") in direction | is said to be verified if the condition (T') in direction | is verified for all
7€ (0,1).

We also need the condition (P)ys introduced in [13].
Definition 12. Set | € Rq such that ||l]|; = 1. Let R be a rotation of R such that R((1,0,...,0)) = I. For
any L,L ¢ RT, let B, 1 i be the box defined by:
B,i=R ((fL, L) x (—L, E)‘H) Nz,

Let TBL,L,i be the first time at which the walk exits Bl,L,E' A random walk in iid uniformly elliptic environment

is said to satisfy condition (P)pr is direction | if there exists L < 70L3 and L > ¢ (co only depends on the
dimension and the uniform ellipticity constant) such that:



All these conditions are of similar spirit, they all mean that the walk is much more likely to go in direction
[ over long distances than it is to go in direction —[. It was actually shown that under some assumptions these
conditions are equivalent.

Theorem 17 ([35],[13,[46]). Under uniform ellipticity, in dimension d > 2, conditions T, T', T, for any
€ (0,1) and (P)p for M > 15d + 5 are all equivalent.

Now we can look at what those conditions entail. In cite [81] it is shown that under uniform ellipticity those
conditions imply ballisticity and an annealed CLT.

Theorem 18. Assume that any of the above conditions hold in the direction | and that the environment is
uniformly elliptic in dimension d > 2. Then there exists v € R¥\{0} such that v.I > 0 and

X
= — v, P almost surely.
n

Furthermore, under PY, the law of the processes t — %

converges in D(R.y,R%) to the law of a non-
degenerate Brownian motion.

This was then improved to a quenched CLT under moment conditions on the renewal times which are
implied by those conditions in [I4] (in dimension 4 and higher by using the non-intersection of random walks
in the same environment in those dimensions) and [66] (in all dimensions but under much higher moment
conditions).

An other important result assuming the conditions (T'), (T”) or (P)y was proved in [12].

Theorem 19. In dimensions 4 and higher, under uniform ellipticity and any of the conditions (T),(T") or
(P)wm, there is an invariant measure for the point of view of the particle Q, absolutely continuous with respect

to P, and such that for any k € N,
aQ \*
E —_— .
! ((dpu) > e

The assumption uniform ellipticity is not necessary to prove ballisticity under the various conditions
(T),(T), (P)p- This assumption has been weakened in [22],[19],[41].
1.3 Random walks in Dirichlet environment

1.3.1 The model

The random walk in Dirichlet environment is the special case of random walk in iid environment where the law
w is a Dirichlet law.

Definition 13. Given a family of positive weights (a1, . .., ), the Dirichlet law of parameter o := (o, . .., )

has density:
g ) (H 330‘1_1) dz...dz,_1
]:[ (o) \i=1

H M:

on the simplex
{(x1,. . mn) € (0,1, @y =1},
i=1

This is a generalization of the S-law for higher dimensions. An other way of seeing it is as a renormalization
of independent gamma random variables.

Proposition 1.3.1.1. Let (a1,...,q,) be a family of positive weights and (Y1,...,Y,) be independent gamma

random variables of respective parameter (a,...,ay,). Let Y := >Y;, the vector (%, ey };,) 18 distributed
according to a Dirichlet law of parameter (aq,...,ay,). Furthermore, the random variable Z and the random
vector (%, ey %) are independent.

This property has a couple of consequences.

Proposition 1.3.1.2. Let (aq, ..., Qntm) be a family of positive weights and (Z1, . . ., Zytm) be a random vector

following a Dirichlet law of parameter (o, . .., Qnym). The vectors . and Intr | _Lngm
Z Z; Z Z‘n+z '21 Znti

are independent and their distribution are Dirichlet of respective pammeters (al, coyan) and (a1, - -y Qpem) -
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This essentially means that the transition probabilities are as independent as they can be. The only
information you can get from a subset of the transition probabilities is that their sum plus the sum of the
others are equal to 1. An other interesting property is that the moments can be easily computed which will be
useful later on.

Proposition 1.3.1.3. Let (ai,...,ay) be a family of positive weights and (Z1,...,Z,) be a random vector

following a Dirichlet law of parameter (aq,...,,). Let (B1,...,8,) € [0,00)™ be non-negative reals. We have:
L . “ T (o —|—B
E ZBL _ Z az 7 7
(2) - s

From this we can deduce another representation of the random walk in Dirichlet environment by computing
the probability of paths.

Proposition 1.3.1.4. Let & = (V, E) be a finite directed graph. Let (a.)ecr be a family of positive weights
and xo € V a starting point. Let (X,,)nen be the reinforced random walk given by Xo = xo almost surely and:

X % % Nz, (1)
P(Xn+1 :y|X077Xn) = Z ( > y])V( )( )7
X,z

2€V,(Xn,2)EE

n—1
where Ne(n) == e+ > Lig, %, e
=0 U

The random walk (Xn)neN is called the directed edge linearly reinforced random walk on ¢ with initial weights
(ae)ecr and has the same law as the annealed law of a random walk in random environment where the transition
probabilities are independent at each site and given by Dirichlet random variables of parameter ().

We will use slightly different notations in this part for the law of the environment and the annealed law. If
(@te)eck is a family of weights we will write P(®) for the law on the set of environments such that the transition
probabilities at each site are independent and given by « (this corresponds to P, in the previous chapters).
Notice that if the o are not the same at each site then the environment is not iid. Then the corresponding
annealed law will be ]P’ga) (instead of P4). When we work on Z? with iid transition probabilities we will only
write (o, ..., asq) instead of the « on all the edges.

For any i € [1,d] let e; € R be the vector with all coefficients equal the 0 except the i*" which has value 1

and let e;;4 be defined by e; 4 := —e;. For any set of positive weights o = (a1, ..., a2q) let do 1= Y ae;.

1.3.2 The fundamental property

The fundamental property of the random walk in Dirichlet environment is its statistical invariance by time
reversal. Before we can explain what this precisely means, we first need to introduce a few notions. We start
with the notion of null-divergence.

Definition 14. Let 4 = (V, E) be a finite directed graph. Let (a.)ecr be a family of positive weights. We say
that the weights have null divergence if for every x € V:

Z Xa,y) = Z Qly,z)-

yeV,(z,y)eE yeV,(y,z)EE

Notice that on a torus or on Z¢ if the weights are the same at each site, then the weights have null divergence.
We now define what we mean by time reversal.

Definition 15. For any finite graph ¢ = (V, E), its reversed graph (g = V,E) s obtained by keeping all the
vertices and flipping all the edges ie: V =V and E = {(z,y), (y,z) € E)}.

Let w be an environment on 9 = (V, E). The reversed environment & on the reversed graph (V,E) is defined
by w(x,y) = w(y,x):—: where T is the stationary distribution (i.e for any vertex x, 7y = Y w(y, x)my).

A way of seeing the time-reversed environment is the following. If the law of the starting point of the
walk (X,,)nen in the environment is distributed as the invariant probability then the reversed trajectory
(Xn, Xn-1,...,X0) behaves like a Markov chain in the reversed environment. The reversed environment is in a
way the environment for the walk if we look backward in time instead of forward. Notice that if an environment
is reversible (i.e given by conductances) then it is its own reversed environment. The fundamental property of
the Dirichlet environment is the following;:
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Theorem 20 ([69]). Let 4 = (V,E) be a finite directed graph. Let (ce)ecer be a family of positive weights on
the edges of 4. Let (Ge),.cfp be the family of positive weights on the edges of the reversed graph & such that:

V(x,y) S E, d(y@) = Qg y)-

If o is of null divergence then the law of the reversed environment under P(®) s the same as the law of the
environment under P(®)

The idea of the proof is to notice that the probabilities of a cycle in an environment and the reversed cycle
in the reversed environment are the same. Then we see that the probabilities of the reversed cycles under P(®)
are the same as the cycles under P(®). From this it is possible to extend the result to any path which yields
the desired result.

This property of the Dirichlet environment of statistical stability by time reversal allows for some explicit
computations which yields a surprising number of results. For instance, we have the following information on
the asymptotic direction of the walk:

Theorem 21 ([74],[88]). In any dimension d > 1, for any direction | € RAN\{0} such that ||l||z = 1 and
l.dy > 0:

P (X0 = +00) > 0

Notice that because of the 0 — 1 law on Z? this means that the probability in the theorem is equal to 1
in dimension 2. From this it is possible to show that the asymptotic direction in Z2 is equal to the expectation
of the first step if this expectation is non-zero. For general random walks in Z2, we do not know the asymptotic
direction, we do not even have a general criterion to know when there is an asymptotic direction.

The idea to prove this result is to look at a finite approximation of Z¢ and use the statistical invariance by time
reversal on it. For instance if we assume that a; > a3 in Z? (d,.e; > 0), we can look at the following graph.

]

Figure 1.3: Finite approximation of Z?2

The weights within the grid are the same as on Z? but the weights going to § are equal to a; — a3 and those
going out of § are also equal to a; — a3. These weights have null divergence. The probability to go from a
point on the left to a point on the right without going back to the left is larger or equal to the probability to
go from § to § and only visit the points on the left once. If we look at the reversed environment, this is the
same as starting in ¢ waiting to reach a point on the left and immediately crossing to § once a point on the
left is reached. This has a positive probability that does not depend on the size of the graph chosen. Then
by making the size of the graph go to infinity we conclude that the walk has a positive probability of going to
infinity to the left. This can be done in any dimension and with vectors in Q% instead of just e;.

In dimension 3 and above, the previous result plus theorem [13|implies that the walk is transient if the weights
are not symmetric. If the weight are symmetric however, the previous result does not give any insight on the
behaviour of the walk. It was found in [69] that in this case, the walk is transient (in dimension d > 3). This
implies the following result.

Theorem 22 ([69]). On Z? with d > 3, random walks in Dirichlet environment are transient.

Unfortunately, in dimension d = 2, it is not known whether the walk is recurrent if the weights are symmetric.
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1.3.3 Point of view of the particle and traps

An important tool in the random conductance model was the point of view of the particle. For general random
walk in random environment in dimension d > 2 it is not known under which conditions an absolutely continuous
invariant measure for the point of view of the particle exists. We know it exists in dimension d > 4, under
uniform ellipticity and any of the conditions (T), (1) or (P)s but we do not know whether those assumptions
are necessary or if weaker ones suffice. The problem is better understood in the Dirichlet case and can be
reduced to a simple quantity x that we will now define.

Definition 16. Set positive weights (o, ..., aaq). The constant k is defined by:

K —QZ%— max (o + ®itq)-
1€[1,d]

The simplest way to understand & is to look at the time you can stay trapped on an edge. If you are in 0,

the probability to go through the edge (0, e;) and then through the edge (e;,0) is equal to w(0, e;)w(e;, 0) this
w(0,e;)w(e;,0)

means that the number of time you cross this edge is a geometric random variable of expectation Tow(0,e)0(ei,0)"

It is simple to show that
aitaita—2 % a;
i=1 .

pl@) ( w(0, €;)w(ei, 0) > t) ~ ct
1 —w(0,e;)w(e;,0)

So the probability of never being at a distance more than 1 of the origin before time ¢ has a polynomial tail
of exponent k. This means that if x < 1 the annealed average time spent on edges before leaving them has
infinite expectation. On the other hand if x > 1 the annealed average time spent on edges before leaving them
has finite expectation.
Intuitively, if k < 1 there is no typical environment for the point of view of the particle. As time passes, the
particle gets stuck on edges where the time needed to escape grows larger and larger. That is to say at time n
the walk is most likely stuck on an edge where you need a time of order n to escape. Therefore there can be
no invariant measure for the point of view of the particle absolutely continuous with respect to P(®). On the
other hand, if K > 1 the walks waits a time of order n* before being stuck a time n in an edge so it should not
slow down the walk too much. This is indeed what was observed in [70]

Theorem 23. Ifd > 3 and k > 1 then there exists a probability measure Q') invariant for the walk from the
point of view of the particle and absolutely continuous with respect to P(Y) . Furthermore, for every s < k:

dQ@\*®
]E]p(a) ((d]P’(Oé) < +OO
On the other hand, if d > 3 and k < 1 there is no invariant probability measure for the walk from the point of
view of the particle, absolutely continuous with respect to P(®)

The reason why there is no invariant probability measure when x < 1 is that the walk stays trapped for
too long in traps of finite size (edges when & is close to 1 and larger subset of the graph when k goes to 0).
To circumvent this issue we look at an accelerated walk where the time spent on a vertex depends on the
environment around this edge. For instance if the problematic traps are at most of size m then we accelerate
the walk so that the time spent in boxes of size m before leaving them is of order 1 or less. This way we might
expect that this accelerated walk has no problematic traps. This was done in [I§]. Before stating the precise
result, we need a definition that will be useful afterwards.

Definition 17. For any environment w, any integer m > 1 and any vertex x € Z%, let 4% (x) be the probability
that starting from x the walk reaches the border of the box of size m centered on x (x+[—m,m|?) before visiting
a vertex twice.

The accelerated walk (Y{™)ie(0,00) 15 the continuous time random walk that has the same trajectory as (X, )neN
but waits a random exponential time of parameter 1/v% () before jumping when it is in x instead of waiting a
time 1.

Theorem 24. Let d > 3 be the dimension and let o = (a,...,Q2q) be a family of positive weights. If m is
large enough then the random walk from the point of view of the particle associated with Y™ has a stationary
distribution Q™ absolutely continuous with respect to P*. For any B > 1, there exists an m such that d%P,a
is in L.

The existence of these invariant measures has an important consequence: in dimension d > 3 the walk either
has a deterministic asymptotic direction or it is not transient in any direction. Furthermore if £ > 1 the walk
has an asymptotic speed (which is 0 iff the walk is not directionally transient). This coupled to theorem and
the result in dimension 2 gives us the following result.
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Theorem 25 ([I8],[88]). In all dimensions d > 1, if d, # 0 then

X, . da
1 Xnllz [ldall2

almost surely.

However if do, = 0 then for any | € R*\{0},
—o0 = liminf X,,.I < limsup X,,.l = +o0.

Furthermore, in dimension d > 3 if K > 1 and d, # 0 then there exists ¢ > 0 such that

X
2 > cdy almost surely.
n

In dimension d > 3 if Kk <1 ordy, =0 then :

X
2 0 almost surely.
n

This gives a complete picture for directional transience for the Dirichlet environment. In dimension 1 and
in dimension d > 3 we have an explicit criterion for ballisticity. We even have a quenched CLT under some
assumptions on the weights

d
Theorem 26 ([20]). In any dimension d > 1, if k > 2 and > |a; — ajyq| > 1 then for some ¢ > 0, for
X’Litlj—cntda

P almost every environment, the sequence of processes t — converges in distribution to a non-

degenerate brownian motion.

When d, # 0, we know that the walk is transient in direction d,. When £ > 1 in dimension d > 3, the walk
has positive speed so we know how fast the walk goes in the asymptotic direction, but what happens when
k£ < 1?7 In this case the walk is slowed down because of finite subsets of Z¢ where it stays trapped for a long
time. The main cause of this slowing down are edges where the walk can stay trapped a long time (other traps
are less likely). The time the walk spends trapped on edges is governed by the coefficient x. Thus it was shown
in [18] that X,, was of order n®. More precisely:

log(X,.dy)
loa(n)

This kind of slowing down appears in multiple models for instance in dimension 1 for generic random walk in
random environment ([51],[39]), for random walks among unbounded conductances ([4]), for random walks on
Galton-Watson trees ([8]), for random walks among biased conductances on a percolation cluster ([40]) and for
random walks among unbounded biased conductances ([43]). In three of those cases (dimension 1, random walks
among unbounded conductances and random walks among unbounded biased conductances) the behaviour of
the walk is described by a stable subordinator. In the first one, the hitting times of the levels converge after
rescaling to a stable subordinator and for the last two, the trajectory of the walk converges (after rescaling)
to a brownian motion with a time change given by a stable subordinator (the fractional kinetics introduced in
section . In the remaining two cases (Galton-Watson trees and biased percolation cluster) the slow-down
does not come from the randomness of the conductances but the randomness of the geometry of the underlying
graph. For technical reasons, this implies that there can be no convergence to a stable subordinator (this is for
the same reasons that in theorem the support of the measure has to be non-arithmetic).

()

— k in probability for Py’.

1.3.4 Our results regarding random walks in Dirichlet environment

In the case of random walks in Dirichlet environment, the randomness comes from the transition probabilities,
not the geometry of the graph. Therefore, we can expect that in the sub-ballistic case, the walk can be described
by a stable subordinator. This is indeed what we will show in chapter 2] Before we can properly state our
result, we will first define precisely what the stable subordinator is.
Definition 18. For any € (0,1) let /" be the Lévy process where the increments are completely asymmetric
K-stable random variables. The increment have the following characterizations:

TR

VA€ R, Vs € R E(exp (A7) = exp (—sA" (1= isgn(3) tan (5 ) ))

and for any s € RY, 7% and 5%5”1“ have the same law.

S ~
Since this process is non-decreasing and cadlag we can define the cadlag inverse /" by:

S = inf{s, S5 > t}.
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We can now state our theorems:

Theorem. Setd >3 and o € (0,00)%?. Let (75 )nen be the sequence defined in . Let X™(t) be defined by:
X"(t) =n""X |t
If k <1 and dy # 0, there exists positive constants c1,ca, c3 such that for the Ji topology and for ]P’(()a) :
(t — n*%TEtJ) = ",

for the My topology and for ]P’éa) :
(x — inf{t > 0,X"(t).e; > x}) = 2"

and for the Ji topology and for IP’(ga):
X" — ¢3S "d,.

Remark 5. We will give a quick explanation on what the My and Jy topologies are, for a precise definition
see [79],[89]. They were both introduced as a generalization of the infinite norm for cadlag functions. In the Jy
topology, a sequence of cadlag functions f, converges to f if there exists a sequence of increasing homomorphisms
An 1 [0,1] = [0,1] such that

sup |>\n(t) - t| - 07

te[0,1]

and

sup |u(n(8)) = F(0)] = 0.

te[0,1]
It is essentially the same as the infinite norm except that you can “wiggle” the function time-wise. The M;
topology is a topology on the graphs of the functions where we add vertical segments every time there is a
gump. The main difference between the My and Jy topology is that there is almost no difference between one
jump and small consecutive jumps in the My topology while the difference is significant in the Jy topology.
The reason why we only have a convergence in My for the hitting times n™» inf{t > 0,Y(t).e; > nx} is
because there are consecutive jumps. Indeed, if there is a large jump between inf{t > 0,X(t).e; > n} and
inf{t > 0,Y(t).e; > n+ 1} it is likely that there is a trap with high strength close-by which means that it is
likely that there also is a large jump between inf{t > 0,Y (t).e; > n+ 1} and inf{t > 0, X (t).e; > n + 2}.
Theorem. Setd >3 and a € (0,00)%. Let (751 )nen be the sequence defined in . If dazo and k =1, there
exists positive constants c1,ca, cs such that we have the following convergences in probability (for the annealed
law):

————Tp — 9
nlog(n)T “

m inf{l’,Xi.el Z n} — Cg,

log(n)

(Xn) — c3dg-

Remark 6. We cannot replace the convergence in probability by an almost sure convergence. This is because if
we look at a sum of #id random wvariables Z; with a heavy tail P(Z; > t) ~ ct™1 then we do not have an almost
sure convergence. In fact, there are infinitely many i such that:

Z; = tlog(i) log(log(i)).

These two results rely on the existence of an invariant measure from the point of view of the particle which
in turn depends on the statistical invariance by time reversal. This property actually characterizes the Dirichlet
environment. Indeed we will see in chapter [3| that the following theorem holds true.

Theorem 27 (chapter. Let (V, E) be a finite directed graph and w transition probabilities on this graph that
satisfy the following properties:

e the graph has no multiple edges,

e the graph and the reversed graph are 2-connected,
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e the transition probabilities are of positive expectation,
e the transition probabilities are independent at each site.

If the transition probabilities of the reversed environment are also independent, then the transition probabilities
are independent Dirichlet random variables with null divergence or are deterministic.

In the proof, we use that the transition probabilities of the environment and the reversed environment are
both independent at each site to get informations on the probability of some carefully chosen cycles. Then we
use these probabilities to get equalities regarding the moments of transition probabilities on different vertices
in both the environment and the reversed environment. Then by induction we show that the moments we get
are those of some Dirichlet environment with null divergence.

1.4 Linearly edge reinforced random walk and Vertex reinforced jump process

We will look at three different models that are closely linked to each other. The first one, the linearly edge-
reinforced random walk (ERRW) is a discrete-time reinforced random walk that was first introduced by Cop-
persmith and Diaconis in 1986 [24]. The second one, the vertex reinforced jump process is a continuous-time
reinforced random walk introduced by Davis and Volkov in [26]. The last one, the H?? model (see section
for a brief introduction) is a spin-model introduced in the context of random band matrices by Zirnbauer,
Disertori and Spencer (in [092],[34]). The link between the three models was found in 2015 by Sabot and Tarres
in [72).

1.4.1 Linearly edge-reinforced random walk and partial exchangeability

First we begin by defining the first model, the linearly edge-reinforced random walk. It is defined on any
weighted graph with locally finite degree and positive weights.

Definition 19. Let ¢ = (V, E) be a locally finite, non-directed graph. To every edge e € E we associate a
positive weight a.. Let xg € V be a vertex of 4. The ERRW (Y;,)nen starting from xzq is the random process
which takes its values in 'V defined by:

Yo =9 a.s, and

agy, v} + Zn({Yn,y})
2}; a{Y,L,z} + ZWL({Yna Z}) ’
zZ~Ynp

P (Y1 =ylYo,...,Yn) = 1yoy,
where the random variables (Z,)nen are defined by:

n—1
Ve € E, Zn(e) = Z 1{Yi7Yz‘+1}:€'
i=0

As we can see from the definition, this random walk prefers going back to edges it has already visited.

Furthermore, the smaller the initial weights are, the stronger this attraction is. On the other hand, when the
initial weights are large, the walk does not feel the reinforcement in the beginning and the walk looks like a
walk in an electrical network (at least in the beginning).
On general graphs, the link with random walks in random environment is not clear from this definition. There
is however one type of graphs on which the link is more obvious: trees. On trees when the walk is on a vertex
x, and it leaves through the edge {z,y}, it will necessarily come back through the edge {z,y} (if it comes
back). This means that for the vertex x, the behaviour of the walk is the same as choosing an adjacent vertex
y proportionally to its weight ay, .}, increasing the weight a, ,3 by two and then starting over. This is the
same behaviour as a Pélya urn which is well understood.

Theorem 28. Set n € N\{0,1}. Let (a1,...,a,) € (0,00)" be positive weights. Let (X;)ien be random
variables defined as follows:

m—1
ai +2 > 1x,=
¥m e N, Vi€ [Ln], P(Xy =i[Xo,..., Xmo1) = —— 0

2m+ > a;
k=1

There exists a random vector (p1,...,pn) € [0,1]" such that > p; = 1 and almost surely:

=

m

L e
Vi e [1,n], — Ix;=i = pi-
mo=
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a

The distribution of the vector (p1,...,pn) is a Dirichlet of parameter (“71, ceey 7") and knowing (p1,...,Dn),
the random variables (X;);en are #d and:

P(X; = jlp1,-..,pn) = pj-

This means that if we only look at the behaviour of the ERRW around a vertex, it is the same as a random
walk in Dirichlet environment. Furthermore, the behaviour on each vertex is independent from what happens on
the other vertices (if the walk leaves by the edge {x, y}, it will come back through the edge {x,y} independently
of what goes on for the other vertices). This means that on a tree, the ERRW has the same law as a random
walk in Dirichlet environment.

Now we look at the parameters of the Dirichlet environment: for any vertex x that is not the starting point,
let = be its parent vertex (the only neighbour of x that is closer to the origin than x). The parameters of the

z,a—}

Dirichlet at z are L for the parent and 2% for the other neighbours y. There is a +1 for the parent
vertex because the first time the walk reaches z, it has to come from 2~ which means that {, 2~} has been
visited exactly once and all the other neighbouring edges {z, y} have never been visited before. Therefore, there
is a small bias towards the root of the tree. If the initial weights are small enough then on average the walk is
drifted towards the root, if they are not small enough (and vertices have more than one child) then the walk is
drifted towards infinity. This was shown more rigorously by Pemantle in [62] where he showed that there was
a phase transition. For a d-ary tree (d > 2) there exists a constant ag > 0 such that if all the initial weights
are the same and smaller than ay then almost surely the environment is positive recurrent, and if all the initial
weights are the same and larger than ay then almost surely the environment is positive recurrent.

On general graphs, things are more complicated. The arguments used for trees do not work any more but we
can use that the ERRW is partially exchangeable.

Definition 20. A random walk (X;)ien on a non-directed graph ¢ = (V, E) starting at xo € V is partially
exchangeable if the probability of a path xg,...,xz, only depends on the number of crossing of edges.

It was shown in [30] that a partially exchangeable random walk on a finite graph is a random walk among
random conductances (the conductances are not necessarily independent or identically distributed). By ap-
proximating an infinite graph by an increasing sequence of finite graph and showing that the resulting law on
environments were tight, Merkl and Rolles where able to prove in [59] that this result can be extended to locally
finite graph.

Theorem 29. Let ¥ = (V,E) be a locally finite non-directed graph. Let (a.)ecp be positive weights on the
edges and xo € V the starting point. There exists a measure Q% on (0,+00)? such that the ERRW with
initial weights W and started at xq has the same law has a random walk in random conductances started at xq
where the law of the conductances are given by Q**°.

On finite graphs this measure actually has an explicit expression that was found by Coppersmith and
Diaconis in [24] and proved by Keane and Rolles in [48] (the article [24] was never published and for that reason
the proof was written in [48]).

Theorem 30. Let ¥ = (V, E) be a finite non-directed graph. Let (a.)ccr be positive weights on the edges and
xo € V the starting point. Set eq an arbitrary edge that contains xo. The measure QW0 on (0,+00)F has
density:

A{z,y}
c H < Wy} (w)> Hﬂ-x(w)*lﬂ Detmin (H(w)) H Ci:u:,

{z,y}eFE zeV ecE\{eo}
where T.(w) = Y Wiy}, Detmin(H(w)) is the determinant of any minor of H(w) and H(w) is the matriz

y~T
defined by:
H(aj,y) = = W{z,y} fo 7é Yy

H(z,z) = Zw(m,y).

Yy~

This expression is explicit but not easy to analyse. For instance, there is no longer independence between
the conductances and there is no simple way of extending the measure for infinite graphs. It was however used
in [58] to show recurrence on Z x {0,1} for large enough initial weights and then in [67] to show recurrence on
Z x 7 where  is a finite tree for large enough initial weights. The measure was also used in [60] to show that
the ERRW on a modification of Z? is positive recurrent for small enough initial weights. The modification of
Z? is simply Z? where every edge is replaced by at least 130 edges in series. The reason why this modification
is necessary is quite simple, the method used shows that the conductances decay at least polynomially from
the origin, to show positive recurrence the decay needs to be high enough and to increase this decay, they need
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to decrease the initial weights and replace the edges by a series of edges.
This was later improved simultaneously and independently by Sabot, Tarres [(2] and Angel, Crawford, Kozma

2.

Theorem 31 ([72],[2]). For any d > 1, there exists aq > 0 such that the edge-reinforced random walk on Z?
with initial weights all equal to a < aq is positive recurrent.

They actually show that the conductances decrease exponentially from the origin. Sabot and Tarres used
the link between ERRW, VRRJP and the supersymmetric hyperbolic sigma (SUSY) model to adapt results
already known for the SUSY model. Angel, Crawford and Kozma used techniques similar to those used for
the SUSY model, directly for the ERRW. The proof uses that the ERRW is a random walk among random
conductances but surprisingly does not use the associated measure found in [24] and [48]. The idea is as follows:
when the initial weights are small enough, whenever the walk visits a vertex for the first time the edge it just
came through has a weight larger than 1 while the weights of the other edges are small. This means that with
high probability the walk will go back through the edge it just came through. This means that for this vertex,
with high probability, the conductances of the edge the walk came from is much larger than the others. Then,
when you look at the path the walk used to go from the origin to a point z, the conductances get smaller and
smaller the further along the path you go. From this you can get an exponential decay of the conductances.

1.4.2  Vertex reinforced jump process

The second model we will look at is the vertex reinforced jump process.

Definition 21. The VRJP on a locally finite graph 4 = (V, E) with weights (W.)cer is the continuous-time
process (Yi)icr+ that starts at some vertex xo and that, conditionally on the past at time t, if Y; = x, jumps to
a neighbour y of x at rate

I/V{gc’y}lzﬂ(?f)7

where

This was how the VRJP was first introduced in [26]. However, by a simple time change we can find equivalent
definitions, one of which will be extremely useful.

Proposition 1.4.2.1. Let 4 = (V, E) be a locally finite graph, (W,)ecr positive weights on that graph and
a vertex of that graph. Let (Y;)ier+ be the continuous jump process that starts at some vertexr xo and that,
conditionally on the past at time t, if Y; = x, jumps to a neighbour y of x at rate

W{z y} egz (t)'i‘ey (t) ,

where
t

0n(t) = / ly. _ods.

0
Let A:RT — RT be the increasing continuous random process defined by:

Aty =D e -1

zeV

The time-changed process (YAfl(t)) has the same law has the VRJP on 4 with weights (We)ecp and

starting point xg.

teRt

As we can see in both definitions of the VRJP, it has some similarities with the ERRW. First, both are
reinforced processes, which are biased towards the parts of the graph they have already visited (edges for the
ERRW and vertices for VRRW). Furthermore, the higher the initial weights, the less time the process spends
between each jump and the less it feels the reinforcement. The behaviour should then be similar to the ERRW,
for small initial weights the walk spends most of its times close to the origin and for large initial weights its
trajectories are similar to a random walk in an electrical network (at least in the beginning).

These similarities come from a deep link between the EERW and the VRJP. To highlight this link, we must
first introduce a time modification of the ERRW. This modification was introduced in [25] and [77]. On each
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edge we define a time process independent from the other edges. Let (£})( r)cpx~ be independent random
variables of parameter 1 and for every edge e define:

e . 1 e
1% '_Zaeﬂ't’"

=0

For every vertex x € V let £,(t) be the local time on z at time t. For every edge {x,y} € E whenever the
process is on z or y and there exist n such that V,¢ = £,(t) + £, (t) the process crosses the edge {z, y}.

Put in another way, you put a clock on every edge that waits a random exponential time of parameter a. + n
(where n is the number of times the edge has been crossed). This clock only runs when the walk is on either end
of the edge. Whenever the clock rings the walk crosses the edge. Because of the memoryless properties of the
exponential, whenever the walks is on a vertex z, the time before a neighbouring clock rings is an exponential
and it is easy to see that the probability that the walk crosses a specific edge is the same as for the ERRW.
Therefore, both processes have the same trajectories.

Just like the VRJP this process jumps faster and faster as time goes on. The precise link between the two
comes from a property of the clock ringing times.

Theorem 32 ([49]). Set a > 0. Let (tx)ken be independent random variables of parameter 1 and define the
counting process N : RT — N by:

n—1
1
N(t) :zsup{néN, E .tf<t}~
i—o e T

There exists a random variable X such that almost surely:

N(t)e " — X.

The variable X is a Gamma random variable of parameter a and knowing X, N has the law of the counting
process of a Poisson point process of intensity du(t) = Xe'dA(t) (where X\ is the Lebesgue measure on RY).

This implies the following result proved in [72].

Theorem 33. Let (X,),cr+ be a continuous time ERRW with initial weights (ae)ecr and starting point xo.
There exists independent random variables (We)ecr where W, is a Gamma random variable of parameter a.
such that conditioned on (We)ecr, the continuous-time ERRW is a VRJP with initial weights W..

In particular, the ERRW (X,)nen is equal in law to the discrete time process associated with a VRJP with
random independent Gamma initial weights (We)eck of respective parameter (ae)eck -

This means that if we get results on the VRJP we should get similar results for the ERRW. The first result
we get is that the VRJP is partially exchangeable (for a time-changed version of it that does not speed up over
time) which implies, just like for the ERRW that the Trajectories of the VRJP have the same law as a mixture
of random walks among random conductances. Unlike for the ERRW, not all environments are possible. More
precisely, we have the following result from [72]

Theorem 34. For any n € N*, let 7 = {u € R",uy + -+ u, =0}. Let 4 = (V, E) be a finite graph with
m vertices, xg € V a starting point and (We)ecr a family of positive weights. There exists a random vector U
living in J4) such that the trajectories of the VRJP on ¥, starting at xq with weights W have the same law as
a mizture of random walk among random conductances where the conductances w. are given by:

V{x, y} ek, W{zy} = W{%y}eU””eUy.

As we can see, the environment is given by a random potential which limits the possible environments (note
that on a tree all environments can be obtained with such a potential). The law of this random potential is
actually known and is somewhat simpler than that of the ERRW. Surprisingly, this measure first appeared in
the supersymmetric hyperbolic sigma (also called H??) model in the context of random band matrices (the
model was introduced in [92] and the measure first appeared in[34]).

Theorem 35. The distribution of the random vector (Uy,...,U,) of theoremfor the VRJP on a finite graph
& with n vertices, with weights W and starting point iq is given by the following measure (which is a probability
measure):

7T, - <_Z_ W{i,j}<e“r“j+eu.f*“i—2)> :
eoe i~ DetMin(Hy,,)duy . .. dup—1,
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where Detmin (Hy,,,) is the determinant of any minor of Hw,,, and Hy,, is the matriz defined by:

HW,u(x7 y) - w{x7y}euw+uy if © 7é Y
Hy.(z,x) = Z W, yets T,

y~z

The fact that this is indeed a probability measure is not at all obvious. It is even used to deduce various
non-trivial equalities for this measure. For instance changing the starting point from ¢ to j is the same as
multiplying the density by "~ so

EIL:/}/,i (er_Ui) =E w; (1) =1.

Hn

Similarly if we multiply all the weights by (1 + A\) > 0, we multiply the square root of the determinant by
1+ )\)%1 and the term in the exponential by (1 + A) so we get:

E W,i e i~ =E A2 Wi _
' Hn ( (

n—1"*

1+ \)"

n n—1

1+XM)=

This means that under p)*, 3 <E Wiy (et fetaimt — 2)) is a gamma random variable of parameter
inj

"7*1. It is also possible to get other identities by differentiating the densities with respect to the parameters

(We)eeE .

This link between the VRJP and the supersymmetric hyperbolic sigma model made it possible to use results

from the latter model (or adapt them) to deduce results on the former. The results for the H2> model were

obtained for weights all equal to one another while we have to consider random weights when looking at the

ERRW. For instance, we have the following result for the VRJP with equal weights:

Theorem 36 (Theorem 2 of [33]). Set d € N. There exists wl > 0 such that for any 0 < w < w?, the VRJP
on any finite subset A of Z% started at 0 with weights (W.)ecr all equal to w satisfies the following inequality:

d Yz Yo ||
3C > 0,0 € (0,1),Vz € Z%, E,wo (e 2 >§Ca 3

IA]
The constants C, « do not depend on the choice of A.

From this it is easy to see through Borel Cantelli that almost surely the conductances decay exponentially
in the distance to the origin. From this it is then possible to show that the walk is positive recurrent. Indeed,
by using [I.I] we see that the probability that the walk gets to a distance n of the origin before coming back to
the origin decays exponentially fast in n. This leads to a simple corollary.

Corollary 1. Setd € N. There exists w? > 0 such that for any 0 < w < w?, the VRJP on Z% started at 0 with
weights (We)eer all equal to w is a mizture of positive recurrent random walk among random conductances.

There are also results regarding transience. For instance, it was shown in [34] that there is no decay of the
conductances in dimension 3 and above for large enough initial weights:

Theorem 37. Set d > 3. There exists wi > 0 such that for any w > w¢, the VRJP on any finite subset A of
Z% started at 0 with weights (W.)eer all equal to w satisfies the following inequality:

¥Ym < ws,Vr € Z4, E,wo (cosh(Uy — Up)™) < 2.
A

From this it is possible to prove that the VRJP is transient when the initial weights are larger than w.

Corollary 2 ([72]). Set d € N. There exists wl > 0 such that for any w > w¢, the VRJP on Z? started at 0
with weights (We)ecr all equal to w is transient with probability 1.

Similarly this can be adapted to show that the ERRW is transient when the initial weights are larger enough.

Corollary 3 ([32]). Set d € N. There exists al > 0 such that for any a > w{, the ERRW on Z% started at 0
with weights (ae)ecr all equal to a is transient with probability 1.

Based on these results we see that in dimension 3 or more there is a phase transition between positive
recurrent and transient. However, we need additional tools to study the VRJP with initial weights that are
neither very small nor very large.
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1.4.3 The beta-field

To simplify the study of the VRJP, another representation of its random environment was introduced in [73]
and [55] (it was introduced in [73] with the second parameter n equal to 0 and then generalized to any 7 in
[5a]).

Proposition 1.4.3.1. Let n be an integer, (1;)1<i<n @ family of non-negative parameters and W € M, (R) a
symmetric matriz with non-negative coefficients. Let 1, € R™ be the vector (1,...,1). The measure v}V on
(0,00)™ is defined by the following density:

<1VLHL'3 1, + nH_ltn -2 > 7]> 1

W (dBy ... dB,) = e i)
(ABi ... dBn) T

1H3>0dﬁ1 . dﬂ’rﬁ

where Vi, j € [1,n],

Hp(i,i) =28, — W(i,1),

Hg(i,j) = —W(i,j) if i # j
and Hg > 0 means that Hg is positive definite. Then, v)¥"" is a probability measure.
We call VW” the distribution of Hg when (8;)1<i<n is distributed according to I/W”

Once again, it is not obvious that this family of measures is actually a family of probability measures. It
was proved in [73] for n = 0 and in [55] for general 7.
Unlike the measure pu, the family of measure v does not depend on any specific starting point. The link with
the VRJP is the following:

Theorem 38 (Theorem 3 of [(3]). Let 4 = (V, E) be a finite graph with n vertices, (W.)ecr positive weights
and ig € V a starting point.

Let (Uy)zev be distributed according to pu?¥* and v a gamma random variable of parameter (1/2,1/2) inde-
pendent of U. We define the random vector (By)zcv by:

1 _
B = '7]-1321'0 + 5 Z W{x,y}eUy Ue,

Yy~

The random vector (B.)zev is distributed according to vV-0 (there is a slight abuse of notations, to make it
rigorous, to every vertex of V. we must associate a unique mteger in [1,n]).
Conversely, let Hg be distributed according to 7Y% and let Gg be its inverse. The random vector (Uy)zev

defined by: Gl Galioy)
U, i=log | 222020 ) lo ( o,y >
’ & <G@(20,’L0 Z G/j Z(),Zo)

UEV

is distributed according to pVV-*o. The random variable m is a gamma random variable of parameter
(1/2,1/2) independent of U.

This g-field gives another description of the environment of the VRJP. Surprisingly, the starting point does
not appear in the measure which gives a coupling of the VRJP for all possible starting points.
Even though this representation might seem more complicated than the previous one it has some nice properties
that make it easier to use in some circonstances. First, it is possible to get the Laplace transform of the g-field
(I731,[55)):

E wo (e—z,\lﬁw> . = W{z,y}(m\/l—o—)\y—l)67 S (/TE1) H
i m

This Laplace transform tells us two important properties of the S-field. First the field is 1-dependent (the fields
inside two subsets of V' at distance two or more of each other are independent). Also the law of the 8-field in a
subset U of V' only depends on the weights of the edges which have at least one endpoint in V. This was used
in [76] to extend the S-field to infinite graphs. However on infinite graphs there is a small subtlety: there might
be more than one representation as a random walk among random conductances. If the VRJP is almost surely
recurrent then the representation is unique up to multiplicative constants (because of the law of large number,
the number of times the walk crosses an edge {x,y} divided by the number of times it is in x converges to
2w(x,y)/my). If the VRIP is transient, there can be multiple representations. This is the case on trees where
it was shown that there are multiple representations in [23]. On Z¢ it was shown in [44] that for large enough
initial weights there is only one representation for the VRJP.

The family of laws v as a final interesting property: it is stable under marginals and conditioning.
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Theorem 39 ([55],[70]). Let ni,ng be two integers, and n :=ny +na. Let W € M, (R) be a symmetric matriz
with non-negative coefficients and (1;)ic[1,n,+no] @ family of non-negative coefficients. Let (B;)ic[1,n,4ns] €
random variables with a v}V distribution and Hg € M,(R) the matriz defined by:

i) if i = j,

o <Dl ) = 5

We make the following bloc decomposition:

Wll W12 Hll H12 ,'71
W:( 21 22>7HB:< gl gz andn=1{ ",
w w Hi Hj n
where Wll,Hézl € M,,(R), W12,Hé2 € My, n,(R), W21,H§1 € Mp, n,(R), W22,H§2 € M,,(R), nt € R™
and n? € R"2. Then the family (B;)1<i<n, is distributed according to 1/}{‘1/11”7 where

no
7€ R™ and Vi € [1,n1], % :==n; + Zle(i,k).
k=1

Conditionally on (B;)1<i<n,, the family (Bi)n,+1<i<n,4n, 1S distributed according to Vz’ﬁ where
i 22 21 11\~ 1 15712
W=W=+W (HB ) W+,

and
i€ R™ and i) =n* + W (Hél)f1 nt.

Finally there is one important tool that needs to be discussed: the v-field. It should be understood as
something similar to the effective conductance to infinity for electrical networks. Set an infinite, connected,
locally finite graph ¥ = (V, E) and initial weights (W.).cr we define the sequence of graphs ¢4, = (V,,, E,,)
obtained by keeping a finite subset of ¢ and collapsing all other vertices into one vertex d,.

7

Figure 1.4: Finite approximation of a graph ¢

We define ¢, (z) := % where G, is the inverse of Hg on 9,.

Theorem 40 ([70]). For some choice of coupling of the B-fields on a sequence of graphs %, that is increasing,
for any x € V' and for n large enough:

E (¢n41(2)|¢hn (7)) = Pn(2).

It was later shown in [31] that other quantities possessed the martingale property when going from a graph
to a larger graph. However, 1 is of special interest. First, since ¢, (x) > 0, there exists a random variable
Yoo () such that a.s

UV () = Yoo ().

The quantity 1) (0) has the following interpretation in terms of recurrence/transience.
Theorem 41 ([76]). If ¥,(0) = 0 the VRJP starting at 0 is recurrent, otherwise it is transient.

This is important for the transience and recurrence of the VRJP and the ERRW. First, if the law of the
weights are invariant by translation and the weights are ergodic then (voc(%)),czq is ergodic and its law is
invariant by translation. This means we have a 0—1 law for recurrence/transience of the VRJP and the ERRW.

Theorem 42. For any d > 1, the VRJP with all initial weights equal to w > 0 is recurrent with probability 0
or 1.
Similarly, the ERRW with all initial weights equal to a > 0 is recurrent with probability 0 or 1.
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Furthermore, instead of having to show that the conductances decay exponentially fast or faster than some
polynomial to prove recurrence, we now only need any kind of decay for the martingale (4,,(0)),en. This
means that the polynomial decay in dimension 2 for the ERRW found in [60] is now enough to prove that
the ERRW on Z?2 is recurrent if all the initial weights are equal. A similar decay was found simultaneously
and independently in [7T1] and [53] for the VRJP on Z2. It was previously found in [6] that the VRJP was
recurrent in Z2 in a weaker sense: the expected time the process spends at the origin is infinite. This leads to
the following picture:

Theorem 43. In dimension 1 and 2, the ERRW and the VRJP with weights all equal to a > 0 are both
recurrent.

In dimension d > 3 there exists weights 0 < al < ad < +o00 and 0 < w? < w < +oo such that the ERRW with
weights all equal to a > 0 is recurrent if a < a? and transient if a > af and the VRJP with weights all equal to
w > 0 is recurrent if w < w and transient if w > w¢.

1.4.4 Our results regarding ERRW and VRJP

In Chapter 4] we show that the VRJP and the ERRW exhibit some monotonicity in the initial weights. This
means that a? = af and w? = w{. We then get the following picture:

Theorem 44 (Chapter . In dimension 1 and 2, the ERRW and the VRJP with weights all equal to a > 0
are both recurrent.

In dimension d > 3 there exists weights 0 < a? < +o0 and 0 < wl < +oo such that the ERRW with weights all
equal to a > 0 is recurrent if a < a? and transient if a > a? and the VRJP with weights all equal to w > 0 is
recurrent if w < wé and transient if w > wg.

This is done by showing that the martingale property of the w-field is actually much more general, by
an appropriate coupling of the S-fields. There are other quantities that are martingales and this martingale
property appears just by lowering any weights, it is not necessary to increase the size of a graph (collapsing two
points into one is the same as increasing the weight between them to infinity similarly splitting d,, into multiple
point is the same as decreasing the weight between those point from infinity to something finite). This plus the
0 — 1 law [42] allows us to conclude.

What we show is that all the quantities Ge ((w )) have a martingale property when we decrease the weights of the
VRJP.

Theorem 45 (Chapter . Let n > 2 be an integer, let W=, W+ € M,(R) be two symmetric matrices with

null diagonal coefficients and non-negative off-diagonal coefficients such that for any i,j € [1,n], W (i,5) <

~W™.,0

W(i,4) and i and j are W™ -connected. Let H~ and H™ be two matrices distributed according to v} and

ﬂxv+’0 respectively, and let their inverse be G— and G respectively. For any convex function f, any integer
i € [1,n] and any deterministic vector X € [0,00)™:

> X,67(.J) > X6 (.J)
Jj= Jj=
o S RO | el R

This may not look like a martingale property but by Theorem 4.1 of [37] we know that this is the same as
saying that there is a coupling between G+ and G~ such that

B Sxide | -G

7

This is similar in a way to the Rayleigh monotonicity for electrical networks (theorem ; here the increase
of E(f(G(i,5)/G(i,4))) plays the role of the decrease effective conductance between ¢ and j when the weights
decrease. This result can be applied to ¢, (0) to show the following property.

Theorem 46. Let ¥ = (V, E) be an infinite, non-directed, connected graph without loops or multiple edges and
0 € V a vertez in this graph. Let (W; )ecr and (W )eecr be two families of positive weights such that for any

e€ E,0< W, <WS. The probability that the VRJP with initial weights W~ is recurrent is greater or equal
than the probability that the VRJP with initial weights W is recurrent.

To prove this, we increase the weights one by one and show that the result is true if we increase only one
weight. The f-field on V'\{4, j} does not depend on W; ; by the restriction property This means that when
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we increase a weight Wy; ;3, we can fix the value of the (-field outside {7, j} and through careful use of the
restriction property we can reduce the problem to the study of the model on the graph {i,j}. Then we only
have to show through a coupling on all the laws I/;V 0 that decreasing the weight gives rise to a martingale
property. This gives the more technical result below.

Theorem 47. Set an integer n € N. Let W € M, (R) be a symmetric matriz with non-negative off diagonal
coefficients and null diagonal coefficients. Let W', W? € M,, 1(R) be two matrices with non-negative coefficients
and let W3 € M, 1(R) be the matriz defined by W3 := W'+ W?2. Let w™,w* € [0,00) be two positive real with
w™ < wT. We define the matrices W=, W and W by:

W Wt w2 W Wt w2
Wo=|W 0 w |, Wh=W 0 w"| and W™ ::(

w Ws)
W2 w- 0 W2 wt 0

Wi

If n =0, we just have:

(0 w~ + (0 wt o
W '_(w 0>,W .—(er 0) and W .—(0).

For any vector X € R"*2 we define the vector X € R"*! by:

Vi e [1,n], X; :=X; and
y'rH»l = Xn+1 + Xn+2'

For any vector X' € [0,00)"*? there exists random matrices H—, H" and H*® (with inverse G—,GT and G*

, - o
respectively) that are distributed according to 17%_2’0, DZZ_Z’O and ’;}x—l 0 respectively such that

X1~ Xt = X1GT X! = XIG™®XT almost surely,
for alli € [1,n], H (i,i) = H*(i,i) = H*(i,i) and for any vector X2 € [0,00)"*2 we have:

E(X'GTX?|H>®) = X1G*X?2, and
E(X'G"X?*H') ="X'"G"X? ifn+1 and n+ 2 are H™ -connected.

In this theorem, X can be seen as the vertex i from the previous theorems (if X; = 1 and all the other
coordinates are zero, we find the previous theorem). The matrix H> corresponds to the case where the weight
Wi ; we change is made to go to infinity which is the same as fusing together the vertices ¢ and j.

This result has other applications. First, we can use it to show that both the VRJP and the ERRW satisfy a
0 — 1 law for recurrence/transience for any positive initial weights, improving theorem [42| by Sabot and Zeng
[76].

Theorem 48. For any locally finite graph 4 = (V,E) and any vertex xo € V, the VRJP on 4 = (V,E)
starting at 0 and with independent positive random weights (We)ecp is recurrent with probability 0 or 1. In
particular, the ERRW on 9, starting at o and with initial deterministic positive weights (ae)eep 8 recurrent
with probability 0 or 1.

The idea is for any n to use the graph %, which is the graph ¢ where all the vertices at distance n are fused
into one. For this graph it is possible to show that ¢ (0)/¢,(0) is independent of ¢,,(0). Then we can use our
graph to compare ¢, (0) on the two graphs (there is one direction that is given directly by the theorem, the
other one is more subtle but essentially our result allows us to identify a worst case scenario that is easier to
study than the general case). From this it is possible to show that on our original graph P(¢.(0) = 0|¢,,(0))
does not depend on ¢,,(0). From this it is then possible to show a 0 — 1 law.

We also provide an alternative proof of this decay in chapter [4] that works for all recurrent graphs:

Theorem 49 (Chapter [). Let 4 = (V,E) be an infinite, locally finite graph and zo € V a verter. Let
(We)eck be a family of positive weights. If the random walk on & starting at xo with deterministic conductances
(ce)eer = (We)eer is recurrent then so are the ERRW and the VRJP starting at xo and with initial weights
(We)eEE-

It is possible to use our theorem [59| to compare the VRJP to a VRJP with “infinite” weights which corre-
sponds to the simple random walk. However, in chapter [d] we will prove this result using a simpler method
than does not use our result, only the representation of the VRJP with the -field. The idea is to use that the
[B-field behaves nicely under conditioning. The behaviour is similar to that of electrical networks. If you take a
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random walk on an electrical network (V, E, ¢) but only look at it when it is in a subset V' of V' it behaves like
a random walk on an electrical network (V', E’,¢) where the conductances ¢’ are equal to the conductances ¢
plus a term that corresponds to paths in V\V’. Similarly if you take a S-field on (V, E, W) conditioned on its
value on a subset V\V’ of V it has the same law as a S-field on (V/, E', W’) where the weights W’ are equal
to the weights W plus a term that corresponds to paths in V\(V'. It is possible to show by induction that
when V' consists of only two points, the weight W’ is smaller or equal in expectation to the conductance ¢
(if ¢ = W). If the graph is recurrent this means that the effective weight between 0 and §,, goes to 0 which in
turns means that ,,(0) goes to 0.

Even though it is not stated this way, we believe that the proof in [71] also works for recurrent graphs (with
maybe an additional assumption that the weights must be bounded from below by a positive constant).
Finally in chapter [5| we study a biased version of the ERRW for which we show that if ¢ is a finite graph then
this biased ERRW is recurrent on ¢4 x Z if the bias is small enough.

1.45 The supersymmetric hyperbolic sigma model

In this section we will briefly introduce the supersymmetric hyperbolic sigma model (also called H?? for short).
It was introduced by Zirnbauer in [92] as a toy model for some model with supersymmetries and that describes
quantum transport and localization. The model is a spin model on a graph where the spins have 2 commuting
components (reals), two anticommuting components (Grassmann variables which live in a more complicated
space) and a fifth component such that the norm of the spin is equal to —1. The space in which the Grassmann
variables leave is a real algebra with a dimension that depends on the number of vertices of the graph. To avoid
going into too much details, think of Grassmann variables as formal variables with the following properties: for
any real s, and any Grassmann variables 11,12 we have:

st = 115 and P1Pe = —arfy.

In particular this means that if ¢ is a Grassmann variable then ¢? = 0. Now, to each vertex i of a (finite) graph
we give a spin o; := (24, 24, Yi, &, 1;) where x;,y; are reals, &;,n; are Grassmann variables and z; is defined by:

1
zi =1+ 2} +yf + ———=Ein;-
1+z+y

This is the first order expansion of /1 + 22 + y2 + 2&7; and we can easily show that 22 = 1 + 22 + y2 + 2&n;
because (fim)z = 0. This means that we can see z; as \/1 + xf + yf + 2¢;m;. We define the scalar products
< 05.05 > on spins by:

< 0;.05 >i= —2;%; + TiTj + YilYj -+ 5177] — 7715]
We have:

2
/ 1
< 0;.0; >= — 1+!)322 —i—yf + ﬁﬁmi +$ZQ +y3 +2§i77i
V1+zi+y;

=— (1+a7 +y]) —26m — 5 Simi&ini + x? + Yl 4 26m;

1
14224y
=-1 because &n;i&ini = —&i(nini)& = 0.

The spins o; := (2, 4, Yi, &, 7)) live in a space that we call H?2 because there are 2 commuting components, 2
anticommuting components and the norm of the elements is —1 (which make it a hyperbolic space). Now we
need to define a notion of integration over the Grassmann variables to be able to define measures on the spins.
We look at functions F' of the form:

F(vavyaévn) = Z fIhIQ(:C’y) H 6731 H i - (12)

I,IoCV 1€l ig€l>

The order of the product is important because it can change the sign of the product depending on the order
of the product. We must therefore set the order once and for all. This set of functions might seem limited
but because of the properties of the Grassmann variables it is includes most usual functions. For instance the
function /1 + &; can be written as 1 + %51 (we do have (1 + %51)2 = 1+¢&;). Similarly the function ef1 272
can be written as 1 + &1 + &am2 + 1821m2.

Now for each of the monomials of such functions we define:

0 ifjgh
/fh,fz(xvy) H &y H i, d&; = {8(11,[27i)f11,12(37»y) IT & II m,dg; ifjel,

1€l i€l i1€li\{j} iz€l>
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where (11, I, j) depends on the position of the variable {; in the product: if it is at an odd position (first,third...
starting from the left) then it is equal to 1, otherwise it is equal to —1. We can define something similar when
integrating with respect to n. This is similar to a derivation. This means that if we integrate over n and £ we
are left with only the term fyv(z,y). Then we can define the full integral by:

/ F= / fov(@,y) [] dzidys.

z,y,6,m z,y€(R2)V ev
We then have the following proposition regarding supersymmetry:
Theorem 50 (lemma 16 of [34]). If a function F is of the form we say that it is supersymmetric if:
%

If a function is supersymmetric, smooth and has sufficient decay then:

| F=en" 0.0

z,Y,§,m

It is possible to show that the function (z,y,&,n) — 2; and (x,y,&, 1) =< 0;.0; > are supersymmetric. If
we look at the functions F"W" defined by:
- > W;jj(—<oi.0;>—1)+h _Z (z:—1) 1
i€V

e {iJYeE il

2
iev 7

it is also possible to show that there are supersymmetric for any choice of W, h. This means that:

[ 50~ e

Then it is also possible to make a change of variables and integrate over the Grassmann variables which leads
to:

- > Wi,j(cosh(ti—t_j)—1+%(si—s_7)2eti+tj)+h > (COSh(ti)—l-‘r%S?Cti)
/FW,h: / e tiiven e Det(Dy,) [ eldtids.,

(R2)V eV
where
. —W; jetitti if i # j
Dwn(i,J) = { heti + S W petitte  ifi=j
k~i

Then by integrating over s (it is just a gaussian) you are left with:

1 vi/2 _— » Z Wi, j(cosh(t;—t;)—1)+h E (cosh(t;)—1)
/ <) e {idter iEV Det(th) H Gtidti =1
2w 7

RV i€V

This is essentially the same measure as the one we use for the VRJP and it is possible to prove that the VRJP
measure is a probability measure from this equality.

It is easy to construct similar H™'™ model for different number of commuting and anti-commuting variables.
Surprisingly, some of these models seem to be connected to other probabilistic models. For instance it was
shown in [5] that the H°? and H?* are linked to Bernoulli bond percolation conditioned on not containing
open loops.
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Chapter 2

Limit theorem for sub-ballistic Random Walks in
Dirichlet Environment in dimension d > 3

Up to minor modifcations, this chapter is a reproduction of the article [63] available on Arxiv.
Abstract

We look at random walks in Dirichlet environment. It was known that in dimension d > 3, if the
walk is sub-ballistic, the displacement of the walk is polynomial of order x for some explicit k. We
show that the walk, after renormalization, actually converges to a x-stable completely asymmetric
Levy Process.

2.1 Introduction and results

2.1.1 Introduction

Random walks in random environments (RWRE) have been studied for several decades and are now rather
well understood in the one dimensional case (see Solomon [80],Kesten, Kozlov, Spitzer [51] and Sinai [78]).
Important progress has been made in higher dimension, mainly in 3 directions: under a ballisticity condition,
for small perturbation of the simple random walk ([21], [85], [I7], [68], [54]) and in Dirichlet environment.

The most studied ballisticity conditions come from the conditions (7') and (7”) introduced by Sznitman in
[83], [81]. They have been shown to be equivalent in [46] and also to be equivalent to an effective polynomial
condition [13], [22]. By assuming any of these, in the ballistic regime, directional transience, ballisticity, and a
CLT have been proved. Quenched CLTs have also been proved in various cases, either by assuming an annealed
CLT, uniform ellipticity and a condition introduced by Kalikow [82], or by assuming the existence of high
enough moments for the renewal times (see [86] for a definition of the renewal times) and uniform ellipticity of
the environment [66] and [14] in dimension d > 4.

All these results show limit theorems in the ballistic case, that is to say that the walk has a positive speed. In
dimension 2 and higher no complete limit theorems are known for the RWRE in the sub-ballistic case. However
in dimension 1 we know that a sub-ballistic regime exists, where the walk can behave like the inverse of a stable
subordinator [51] [39]. This sub-ballistic regime is caused by the existence of traps where the walk spends most
of its time. This trapping phenomenon appears in other models closely related to the RWRE for instance the
Bouchaud Trap Model (see [7] for a precise definition and an overview of the results). The model of random
walks in random conductances also exhibits a similar trapping phenomenon. Indeed an annealed limit theorem
(the limit is the inverse of a stable subordinator) and an equivalent to the CLT [43] have been proved for the
biased random walk in random conductances. Similar results have been obtained for the biased walk in the
percolation cluster and in Galton-Watson trees, but in both cases there is no convergence to a limit law [8], [40].
In the special case of iid RWRE a trapping phenomenon that leads to sub-ballistic behaviour has been identified
in [I8], [19] and [41] but no limit theorem has been proved.

The random walk in Dirichlet environment (RWDE) is a model where the transition probabilities are iid
Dirichlet random variables (see [75] for an overview). It was first introduced because of its link to the linearly
directed-edge reinforced random walk ([62],[38]). It also has a property of invariance by time reversal that allows
explicit calculations (see [69]). In particular, it gives a simple criterion for existence of absolutely continuous
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invariant distribution from the point of view of the particle, directional transience and ballisticity in dimension
d >3 (|87, [18], [88], [70]). In the non-ballistic case the walk is directionally transient but the limit law was still
log(|X+ 1)
log(n)
In this paper we give the annealed limit law for the sub-ballistic regime (k < 1) in dimension d > 3. In the case

k = 1 we have the limit law of #g(n)Yn (where Y is the random walk) while for x < 1 we have the limit law
of the process. To the best of our knowledge, this is the first stable limit theorem for non reversible RWRE in

iid environment, in dimension d > 2.

unknown ([I8]), it was only known that for some explicit x € (0, 1], — K.

2.1.2 Definitions and statement of the results

In all the paper we set d > 3. Let (ej,...,eq) be the canonical base of Z¢ and for any j € [d + 1,2d],
d

set ej = —ej_q. For any z € Z% let ||z|| := > |z| be the Li-norm of 2. For any z,y € Z? we will
i=1

write 2 ~ y if |[y — z|| = 1. Let E = {(z,y) € (Z%)?,x ~ y} be the set of directed edges of Z¢ and let
E = {{x,y}, (x,y) € (Z4)?,2 ~ y} be the set of non-directed edges. Let Q be the set of environments on Z%:

2d
Q = {w = (W(z,9))z~y € (0,1]F such that Vx € Zd,Zw(ﬂc,x +e) =1}

=1

For each w € Q, let (Y,,)nen be the Markov chain on Z¢ defined by Yy = 0 almost surely and the following
transition probabilities:

Vy € Zd7Vi € [[]-an]]v P‘[’;(YnnLl =Y+ 61|Yn = y) = w(yvy + el)'

Let Epw be the expectation with respect to Pg.
Given a family of positive weights (a1, ..., a2q), we consider the case where the transition probabilities at each
site are iid Dirichlet random variables of parameter « := (aq, ..., aa4), that is with density:

2d
r (Z ai) (211
=1 a; —1
€Z;

2d ) dxl ...dl‘gd_l
1 T(@)

i=1

on the simplex
2d
{(z1,...,22q) € (0, 1]2d,zg;i =1}
i=1

Let P(® be the law obtained on  this way. Let Epw) be the expectation with respect to P(®) and let

]P’(()a) [.] :== Ep@ [P§(.)] be the annealed law of the process starting at 0. Let (7;),.n« be the renewal times, in
the direction ey, introduced in [86]:

Definition 22. We define (7;)ien~, the renewal times in the direction ey, by:
7 =inf{n € N,Vi < n,Y;.e; <Y,.eq and Vi > n,Y;.e; > Y,.e1}

and for all i > 1:
Tit1 = inf{n > 7, Vi <n,Y;.e; <Y,.e1 and Vi > n,Y;.e; > Y,.e1}.

The renewal times are used to create independence thanks to the following theorem (Theorem 1.4 of [86]).
Proposition 2.1.2.1. For all k € N*, let 9, be the o-field defined by:
G =0(11, - Ty (Yo )o<n<rs (W(T, 7))z <y er)-
We have, for all k > 1:
PEY (Yrirn)nz0 € - (@(Yr, +,))a.er0 € 1) = B6Y (Ya)nzo € - (@(@,))a.er0 € |71 = 0).

This means that the trajectories and the transition probabilities inside slabs between two consecutive renewal
times (after the first one) are i.i.d random variables.

Definition 23. We define the drift d,, by:
da = Z Q€5

If do, # 0, we will assume, without loss of generality, that oy > 144.
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Definition 24. We define the two parameters k and k' by:

2d
k=2 (Z al—> - rrllaxd(al- + itq)

i=1
and
2d
=3 i —2 ity
K (;a ) maxd(a + Qitd) -

For any direction j € [1,d] we also define the parameter k; by:

Kj =2 <Z O‘Z) (aj + @jta)

In [70], it was proved that, for d > 3, when & > 1, there exists an invariant probability measure Q(®) for
the environment from the point of view of the particle, absolutely continuous with respect to P(®). From that
it is possible to show that directional transience and ballisticity are equivalent when x > 1. Furthermore, we
know for which parameter the walk is directionally transient.

Theorem 1 (Corollary 1 of [88]). If d > 3 and d, # 0, then for P(®) almost every environment, the walk is
directionally transient with asymptotic direction d,,, that is to say:
}/TL da

— ———, P¥ almost surely.
1Yall " [ldall” ~°

However, when x < 1, such an invariant probability does not exist because of traps. But, in [18], it was
proved that, by accelerating the walk, we can get an invariant probability for this accelerated walk, absolutely
continuous with respect to P().

This lead to the following limit theorem in [18]:

Proposition 2.1.2.2. Ifxk <1,d >3 and d, #0. Letl € {e1,...,eaq} be such that d,.l > 0. Then we have
the following convergence in probability (for the annealed law):

1 .
log(Yn 1) — K.
log(n)
We will now give a precise definition of the accelerated walk. We call directed path a sequence of vertices
n—1
o = (xo,...,%,) such that (x;,z;41) € E for all i. To simplify notations, we will write w, := [[ w(zi,xit1).
i=0

For any positive integer m, we define the accelerating function 47 (x) by:

mx — 1
v () - Sy

where the sum is on all finite simple (each vertex is visited at most once) paths o in = + [—m,m]¢, starting
from z, going to the border of x+ [—m, m]¢ and stopped the first time they reach this border. We will call X"
the continuous-time Markov chain whose jump rate from x to y is Y7 (x)w(x,y), with XJ* = 0. This means

that Y, = X7 m and X" = ZYklt;jgtdg;l» for t7' = Z &C, where the &; are iid exponential random
k k=1

m(Yk
variables of parameter 1. The walk X/ can be viewed as an accelerated version of the walk Y,.

Now, we need to introduce an other object: the walk seen from the point of view of the particle. First, let
(02)peza be the shift on the environment defined by: 0,w(y, z) = w(x + y,x + z). We call process seen from
the point of view of the particle the process defined by wj” = fxmw. Unlike the walk Y, under ]P’éa), W™ is a
Markov process on €). Its generator R is given by:

Z"Yw 0 €; f(aeiw)7

for all bounded measurable functions f on .

Theorem 2. (Theorem 2.1 of [1§])

In dimension d > 3, if m is large enough then the process (W) has a stationary distribution Q™. For

teRt

any B > 1 there exists an m such that %;a is in LP.
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We will write Q" (+) for Q"™ (P{'(+)) To simplify the notations, we will drop the («) from P(a),P((Ja), Qe
and Q("“ when there is no ambiguity. We will also write X;, Q and Qo instead of X;*, Q™ and Qf* when there
is no ambiguity on m.

We need a last definition to be able to state the limit theorems.

Definition 25. For any k € (0,1) let /" be the Lévy process where the increments are completely asymmetric
k-stable random variables. The increment have the following characterizations:

VA € R,Vs € RT,E (exp (i\.7V)) = exp (*5|)‘|'i (1 — isgn(}) tan (%ﬁ)))

and for any s € RY, 7% and 8%5”1” have the same law.

S ~
Since this process is non-decreasing and cadlag we can define the cadlag inverse /% by:

S = inf{s, S5 >t}

The following two theorems, which are the main results of this paper, give a full annealed limit theorem:

Theorem. Setd >3 and o € (0,00)%. Let Y"(t) be defined by:
Y™(t) =n""Y|n-
If k <1 and dy # 0, there exists positive constants c1,ca, cs such that for the Ji topology and for IP’(()O‘) :
(t — n*%TLntJ) -,
for the My topology and for ]P’éa) :
(t —n~ % inf{t >0,Y(t).e; > n:v}) — .S

and for the Jy topology and for P(()a):
Y™ = 3. "d,,.

Remark 7. We will give a quick explanation on what the My and Jy topologies are, for a precise definition
see [79],[89]. They were both introduced as a generalization of the infinite norm for cadlag functions. In the Jy
topology, a sequence of cadlag functions f, converges to f if there exists a sequence of increasing homomorphisms
An 1 [0,1] = [0,1] such that

sup_ [An(t) — t] -0,

te[0,1]

and

sup | fn(An(t)) — f(t)] = 0.

te[0,1]
It is essentially the same as the infinite norm except that you can “wiggle” the function time-wise. The My
topology is a topology on the graphs of the functions where we add vertical segments every time there is a
jump. The main difference between the My and Jy topology is that there is almost no difference between one
jump and small consecutive jumps in the My topology while the difference is significant in the Jy topology.
The reason why we only have a convergence in My for the hitting times n™» inf{t > 0,Y(t).e; > nx} is
because there are consecutive jumps. Indeed, if there is a large jump between inf{t > 0,Y(t).e; > n} and
inf{t > 0,Y(t).e; > n+ 1} it is likely that there is a trap with high strength close-by which means that it is
likely that there also is a large jump between inf{t > 0,Y (t).e; > n+ 1} and inf{t > 0,Y(t).e; > n+ 2}.

Theorem. If d > 3 and k = 1, there exists positive constants c1,ca,c3 such that we have the following
convergences in probability (for the annealed law):

— T, =
nlog(n) Tn 7L




Remark 8. We cannot replace the convergence in probability by an almost sure convergence. This is because if
we look at a sum of iid random variables Z; with a heavy tail P(Z; > t) ~ ct~! then we do not have an almost
sure convergence. In fact, there are infinitely many i such that:

Z; = ilog(i)log(log(i)).
A tool that will be central in the proof is the study of traps. We now give a precise definition of traps.

Definition 26. A trap is any undirected edge {z,y} such that w(z,y) + w(y,z) > 3.

The strength of a trap is the quantity = U))Jlr(liw(y Ik

Remark 9. % has been chosen because it ensures that w(z,y),w(y,z) > % which in turn means that for every
point x, there is at most one point y such that (x,y) is a trap.

2.1.3 Sketch of the proof

The proofs for k < 1 and k = 1 are mostly the same and therefore we will explain both at the same time.

Only the renewal times matter

We first show that the number of points visited between two renewal times has a finite expectation (lemma
2.2.1.2]). This means that the walk does not ”wander far” between two renewal times. So we only have to know
the renewal times and the position of the walk at the renewal times to prove both theorems (lemma )
By proposition the random variables (7,11 — 7;) are iid which simplifies the study of the process i — 7;

The time between renewal times only depends on the strength of the traps

Then we use the stationary law of the accelerated walk to get two results: firstly, the time spent outside of
traps is negligible (lemma ); secondly, the number of time N the walk enters a trap has a finite moment
of order k + ¢ for some € > 0 if K < 1. If kK = 1, then N has a finite expectation (lemma ). This means
the time spent in a trap mostly depends on its strength.

Now we want to show that the number of times the walk enters a trap and the time it stays in the trap each
time are approximately independent.

We get two different results in this direction:

The strength of the traps are essentially independent

The first result (1emma is that in a way the time spent in traps are independent random variables. These
random variables have a tail in Ct™" where the constant C' depends on where the walk enters and exits the
trap and how many times it does. More precisely, we first set an environment and a path in this environment.
Then we forget all the transition probabilities in the traps, this means that if {z,y} is a trap, then we only
remember the ”renormalized” transition probabilities:

w(z, z w(y, z
(02 a2y
L= w(2,0) ) o oty 1= w(2) ) sy ot
Then every time the path visits a trap we only remember where it enters the trap and where it exits the trap,

we forget the number of back and forths inside the trap. Then, only knowing these information, the strength
of the traps are independent.

The number of times a trap is visited and its strength are essentially independent

The second result (lemma|2.2.3.4]) allows us to bound the probability that both the number of times the walk
enters a trap and the strength of the trap are high. We use the fact that for an edge (z,y) if we know all the

transition probabilities outside of z,y and we know the (%) and the (%) then the number
- 2T ’ zry

of times the walk enters the trap is essentially independent of the strength of the trap (it depends mostly on
1:27% and hardly on the strength of the trap). This means that it is unlikely that the traps with a high
strength are visited many times.
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Conclusion

Thanks to these results we get that if we set an integer A and we only look at traps that are entered less than
A times then we have a good approximation of the total time spent in traps (lemma ). The higher A is,
the better the approximation gets. Now if we only look at the traps the walk enters less than A times, we get a
finite sum of sums of iid random variables by lemma This means that, after renormalization, the time
spent in traps entered less than A times converges to a stable distribution if x < 1. It converges to a constant
if Kk =1 (lemma ). Then the only thing left is to make A go to infinity and we get the first two results
of both theorems.

Finally to prove the last part of both theorems we just use basic inversion arguments.

2.2 The proof

2.2.1 Number of points visited between renewal times

In this section we show that the expectation of the number of point visited between two renewal times is finite.
This means that only knowing the values of the renewal times will be enough to prove theorem 1 and 2.

Lemma 2.2.1.1. For m such that Q™ exists, let (T]");en~ be the renewal times for the walk X™ i.e T{" =t
or to put it another way X7 = Y,. There exists a constant Cp, such that for alli € N*, Ep) (T}, =T7") = Cp,
i 0

(3

and IP((JQ) almost surely:

1

=T — Cpy.

n
Proof. Let D be the random distance defined by D =Y,, — Y,,. First we will show that Ep (D) < cc.
Let (7;);en+ be the different renewal times along the direction e;. Now let (d;);en+ be the sequence defined by:

Vi € N*,d1 = YTi.el.
Let L7 (i) be the number of renewal times before the walks travels a distance i in the direction e; ie:
Vi € N*, L7 (i) = inf{n,d,, > i}.

The sequence of random variables (d; 11 — d;)ien+ is iid by lemma [2.1.2.1} Therefore, if the expectation of

D = dy — d; is infinite then %" — 00, Py almost surely. Now, for every ¢ € N*, we have d i@ =0 and therefore

%(i) < L(l) If Py almost surely 7= — 0 we would have %(1) L;r(lz)
L7 () B . n

would get that Ep, (Lf(l)> — 0. However, there is a constant C' > 0 such that every time the walk reaches

— 0 Py almost surely. Since <1 we

a new height along eq, it is a renewal time with probability C' (independent of the walk up to that time) so
Ep, (@) > C. Therefore we get that the expectation of the distance the walk travels in the direction e;
between two renewal times is finite.

Now we can look at the accelerated walk X™. We would like the sequence (77}, — T7")ien+ to be a se-
quence of iid random variables. Unfortunately, the definition of the accelerated random walk uses vertices in
a box of size m around the vertex on which the walk currently is, so we need to wait at least 2m + 3 renewal

times to be sure to be at a distance at least 2m + 1 of all the vertices visited before time 77}, — 1. So we only

have that for any j € N, the sequence (T$m+3)i+j+l —Tms

Furthermore the sequence (T77; — T/")i>m+2 is identically distributed.

K2 2

Tm )i+j) is a sequence of iid random variables.
iEN*

X{n.el
t
the time the accelerated walk spends between two renewal times is infinite then Tz — 00, Py almost surely

We know that there exists a constant ¢ > 0 such that Py almost surely — ¢ > 0. If the expectation of

X;’—‘L’m €1 Tm
. . m _ 7m sy i i
since the random variables (T(zm +3)it1 T<2m +3)i>ieN* are iid. Therefore we would have T 0
Y. .e . . Y. .e . . .
SO % — oo which is absurd because: — = = % and % satisfies a law of large number. Therefore the

expectation of time the accelerated walk spends between two renewal times is finite and there exists a constant
C > 0 such that:
Vi>m+2, Ep, (T}, —T;") = C.

7

And by the law of large number, Py almost surely:

1
=T = C.
7
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Lemma 2.2.1.2. The number of different points the walk visits between two renewal times has a finite expec-
tation (Note that the number of different points visited between two renewal times is the same for the walk Y

and the accelerated walks X™ ).
Proof. We choose m large enough such that % is in L7 for some v > 1. In the following we will write
T, instead of T;™ to simplify the notations. Let 8 be such that % + % = 1. Let ¢y be the constant such

that Py almost surely: %Ti — Coo, it exists by lemma Let (R;);en+ be the sequence defined by:
Vi e N*, R, = #{z,3j < 7;,Y; = }. The random variables (R;+1 — R;);>1 are iid by proposition Thus
if the number of different points the walk visits between two renewal times has an infinite expectation (for Py)
then % — 00, P almost surely and therefore Q" almost surely. However we have for any C > 0:

QU (R, > Cn) <QF Ty, > 2¢oon) + Q(R, > Cn and T;, < 2¢oon)
=0(1) + Q7' (R, > Cn and T,, < 2¢coon)

<o(l)+Qy Z #{x,Iteli,i+1), Xy =2} >Cn

0<i<2¢coon

So(l)—l—lnEQom( > #{w 3t elii+ 1), X, =}

¢ 0<i<2¢coom
deoo
<o(l)+ %EQ(; (#{z,3t € [0,1), X; = z}) for n large enough.
Now we just have to prove that Eqm (#{z,3t € [0,1), X; = x}) is finite. We use the fact that % isin L7 and
therefore dd%g is also in L7.
dQg’
Eop (#{z,3t € [0,1), X = 2}) = Bp, (#{z,3t € [0,1), X, = o}
0

s (g (49N
< Ep, (#{z,3t €[0,1),X; = 2})" <EP0 (dP) ) -
0

So we just need to prove that Ep (#{x, Jtel0,1), X, = m}/’)) is finite. This is an immediate consequence of
lemma 4 of [I8]. Therefore, for C' large enough, we get:

Qp'(Rn = Cn) < o(1) + %

Therefore, the number of different points the walk visits between two renewal times has a finite expectation. [
Now, we show that the trajectory of the walk cannot deviate too much from a straight line.
Lemma 2.2.1.3. Let L™(n) = min{i,; > n}. There exists D € R? such that Py almost surely:

Ya,

7 (n) — D.

Proof. By proposition (Yr,., — Yr,)i>1 is a sequence of iid random variables (for Py). Let R; :=
# {x €74 35 <, Y; = x| be the number of different points visited before time 7;. By lemma [2.2.1.2] ,
R; — R;_; has a finite expectation and since Y, , — Y7 |1 < Rip1 — Ry, we get that |Y,, , — Y7 |1 also has a
finite expectation. So there exists D € Z? such that Py almost surely:
Y.,
n

— D.

I
Now we want to show that % — 0, Py almost surely. We clearly have:

Yo = Yewe@ply _ Brre = Berny—
L7(n) B L7(n)

Ri—Ri_1
7

but since Ep,(R; — R;_1) is finite, — 0, Py almost surely, so:

Yo = Yoimnp),
L7(n)

— 0, Py almost surely .

So we get that Py almost surely: Lf—("n) — D. O
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2.2.2  Number of visits of traps

This section is devoted to refining some results of [I8] to get an upper bound on the number of visits of traps.
First we must get some results on finite graphs and then we will extend these results on Z¢.

Definition 27. Let G = (V, E) be a finite, directed graph. A vertex 6 € V is a cemetery vertex if
e no edge exits §, ie Vo € V,(d,z) inFE,
e for every vertex x € V there exists a directed path from x to §.

In this section we will only consider graphs with no multiple edges, no elementary loops (one edge starting
and ending at the same point), and such that for every z,y € V\{d}, (z,y) € E if and only if (y,x € E).
We will first extend the definition of 47 (x) for those graphs. Let G = (V U {d}, E) be a finite directed graph,
(a(e))eer be a family of real numbers, and P be the corresponding Dirichlet distribution (independent at each
site).

Definition 28. For z € G and A C V U {6}, we define the following generalization of v[':

where we sum on simple paths from x to the border of A (i.e {y € A,3z & A, {z,y} € V'}) that stay in A.

Remark 10. We notice that, in Z%, for any m € N*:
d m $+|I—m7m]]d
Vo € Z%, v (z) = Yz (z).
We will also use the following acceleration function.

Definition 29. For any graph G and any environment w on G we define the partial acceleration function ¢
by:
w

76(x) = max <1 —w(z,y) Jlr 1 —w(y,w)> '

When there is no ambiguity we will write v (z) instead of v&(z)

Remark 11. Let z be a vertex in Z%. If it is in a trap then v*(z) is equal to the strength of the trap. Otherwise
7 (z) < 2.

We have the following result, in the case of finite graphs:

Lemma 2.2.2.1. (Proposition A.2 of [18])

Let n € N*. Let G = (VU{d}, E) be a finite directed graph possessing at most n edges and such that every
vertez is connected to § by a directed path. We furthermore suppose that G has no multiple edges, no elementary
loop, and that if (z,y) € E andy # 6, then (y,x) € E. Let (a(e))ecr be positive real numbers. Then, for every
vertex x € V, there exist real numbers C,r > 0 such that, for small € > 0,

1
P(@ (vgi(x) > 5) < CeP(—1Ine)"

where the value of 8 is explicit and given in [18 but to simplify the notations we will only use the fact that it
is bigger than or equal to k' in the case we will look at.

Lemma 2.2.2.2. (Lemma 8 of [87])

Let (pgl))lgigm yeees (pgr))lgignr be independent Dirichlet random variables with respective parameters (agl))lgigm, .

ro My . T My .
Let mq,...,m;, be integers such that ¥i < r,1 <m; < n;, and let X = > > pl(»]) and = > > agj). There
j=1i=1 j=1i=1
exists positive constants C,C’ such that, for any positive measurable function f : R X R ™ s R,

o o bl Sl (0 )
—_, ... L e, < D R ) Py Pl
]E f E 9 9 E 9 9 E 9 9 E = CE [f (p]_ 9 7pm17 7p1 9 7pmr)i| 9
where, under the probability P, (1551), . ,p‘ﬁ,ﬂ, e ,p‘g’“), e ,p‘E,ZZ) 1s sampled from a Dirichlet distribution of
parameter (dgl), ce d%i,. . ,dgT), . ,&(mr)r).
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The following lemma shows that the value of the acceleration function v (z) depends mostly on the strength
of the trap that contains x (if there is one). This means that the number of visits to a vertex depends mostly
on the strength of the trap containing this vertex.

Lemma 2.2.2.3. Set a € (0,00)%¢. In Z%, for any 3 € {n, wgm’)7 for any m > 2:

e (6 ) <

Proof. Let m > 2 be an integer. We will use the results we have on finite graphs for this lemma. First we

7+ (0)
that we can look at this quantity on a finite graph and have the same law. The finite graph G™ = (V™ E™)
we want is obtained by contracting all the points = € Z? such that ||z||; > m in a single point & (the cemetery
vertex) and deleting all the edges going from this vertex to the rest of the environment. For any environment
w on Z% we have an equivalent environment w™ on G™: if (z,y) € E and (z,y) € E™ then w(z,y) = &(z,y)

and for any x € V™\{d}, @(x,0) = > w(x,y). Now we have:
y€Z||yll1=m

m B
notice that the value of (V“ (O)) only depends on a finite amount of edges and vertices around 0. This means

m 5
72(0) = &) L (0)

and
Yza(0) = 7¢m (0).

5 B

. i o (0)

Pe) o < 00.
Yém (0)

So we just have to show that

For any point y ~ 0 and any environment w we define ¥ by:

¥, =2-w(0,y) —w(y,0).
For any point € G™ such that z ~ 0, we define GI' = (V,7*, E*) by contracting the vertices 0 and z into a
single vertex 0 and deleting the edges (0, ) and (x,0). The edges (0,y) and (y,0) stay the same for any y ~ 0
such that x # y. However, the edges (z,y) and (y,z) become (0,y) and (y,0) respectively, for any y ~ x such
that 0 # y. We can also define w]* by:

V(y,2) € E™,y {0, 2}, wi'(y, 2) == w™(y, 2)

W(y.2) € By € (0,2}, (.)€ B, i, 2) = )

zy

Let © ~ 0 be a vertex of G™. If we think of ﬁ as a sum on simple paths, we have:

Gm ,m

1 m 1
— >3 Ww(0,z)—F—

5 = Sz ’ 5
o O

Indeed, if we look at —z—— as a sum on simple paths o from 0 to § (o9 = 0), either the first vertex oy visited
Gt

by the path is such that (0,01) € E™ or (x,01) € E™. We define & by: if (0,01) € E™ then & := ¢ and we

have:

W™(6) = B¢ Wi (0) 2 T W™ (0, 2)wy (o),

and if (z,01) € E™ then ¢; := 0;_1 for i > 2 and 6o := 0 and &1 := = and we get:
Ww™(5) = ¢ W™ (0, z)w (o).

For any environment w, let z(w™) be the point that maximises (y — w™(0,y)). We have @(0,y) > 55 and
therefore:

1 > 1 Ew?’n 1
5 = 94 @(w™) {5
'Vé"];,wm 2d ’Yé‘ }

Ty @)
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So we get, for any € > 0:

{6}
P fYGm""’m(O) >1 < Pl 2de >yt 1
VEm(0) ) ")~ em (0) = T 1)

GT(w7n) 7ww(w"’)

y~0

<SR -

y~0

wm {5}
P)/Gm, fme 7w;n

2de m 1
_ () _ w
ZIP (y xz(w™) and ij ) >3y N
Y

by definition of &, (0):
Yy ~0, 7" (0)gnEs" > 1.
Therefore:
{o}
m w771 0 ].
Pl VGTL() > - <Z[p>(a 2de > ——
FYG"” (O) € y~0 ’me,wm

Now we can apply lemma [2.2.2.2] which gives, for any y ~ 0:

1 ~ 1
P [ 2de > < CP | 2de > ,
Sy oy
,YGTIL w"l ’YGvn wm

where under P, w," are independent Dirichlet random variables (on the graph G} and the parameters of the
Dirichlet are the same as in Zd). Now, according to lemma, [2.2.2.1]| there exists two constants C’, r such that:

~ 1 ,
Ve small enough P | 2de > —— | < C’e" (—log(e))".
’YGm wm
This means that by changing the constant C’, we get:
~ 1 / ﬁ+h
Ve > 0,P | 2de > < (e
ey
’}/GmMm

So there exists a constant D that does not depend on ¢ such that:

{0} 0 ]
Pl 7G27:’7'L( ) > 1 < DENEK
YEm (0) €

We have the result we want. O

Unfortunately this statement cannot be efficiently used with the invariant distribution Q™ because we can
visit multiple points between times 0 and 1 since the time is continuous. So we need a version of the previous
lemma that takes this continuity into account.

Lemma 2.2.2.4. Set a € (0,00)2?. For every 3 < “E“l , there exists an integer m such that:

1 B
EQm Z / o (I) 1xm_,dt < 00.
0 ,.ywd (.’L’) t
T€eZ =0 Z

Proof. Let p € (1,00) be a constant such that 3p? < %"/ and let v be such that % + % = 1. Now let m be an

(fi%f/ is also in L. We will only work in Z¢ so we will write

integer such that % is in LY. This means that
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v instead of v5,.

1 1
m 1. d m\ Y7\ &
SuSiE" ) (1)

1, d
This means we just need to show that > Ep, (( 7{1 ((;3)) 1 X{rz_zdt> ) is finite. Let D7* be the random
r€Z9 t=0

variable defined by:

d
D" = max | X" .e;].
te[o 1]
We have:
1 pB\ ¥ o .
75 (@) )
Z ]EIP’() / ,Yw(’r) 1X{":zdt S Z E]P’g (( ) .I)) 13256[071]’)(;71_1)
z€Z? 2o wczd
1
m B P
v (@) )"
< 2 (EPO (( P ) 1D;"'z||wm>>
oczd V()
(z p°B P2 N
<2 (@) ) " (Eey (Lopziiei))?
z€Z4
(z) p B p% N
Ep @) (Ez, (Lpp>jlell)) *
and
Now since the environment for P is iid, Ep ( Y/”((i) > does not depend on = and we get:
1 B P 25 i
75 (2) A (0) v .
Z E]P’o / U:J lXZﬂ:»Ldt < <E]P’ (( (:) Z (EPO (IDTZHQJHW))’Y .
weZd =0 7 (x) " (0) z€Z4

And since there exists a constant C such that for every i > 1 there are at most Ci?~! points x such that

||z]]oo = i, we get: 1

> (e, (1o, 5)ja))) ™ <1+CD i1 (e, (Lp,2:))*

z€Z4 i>1

which is finite by lemma 4 of [I8]. And by lemma [2.2.2.3| we get:

e ((Z0)7) <

So we get the result we want. O

2.2.3 Independence of the traps

This section will be devoted to the precise study of traps. The notion of trap was defined in the introduction
in definition26] In the previous section we have essentially shown that the total amount of time spent on a
trap mostly depends on its strength. Now, we need a way to create independence between the times spent in
the different traps. We will do it in two steps. First we will show that the strength of the traps are essentially
independent and then we will show that the strength of a trap and the number of times it is visited are essentially
independent. However, we first need to introduce a few objects to characterize this independence precisely.
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Definition 30. Let .T“ be the set of traps {x,y} € E for the environment w.
T is the set of vertices x € Z¢ such that there exist y such that {z,y} € T%.
For any subset J of [1,d] we define T3, the traps with direction in J by:

Iy ={{z,yte 7, Jjedy=x+ej ory=x—e;}.
For any subset J of [1,d], jf is the set of vertices x € Z¢ such that there exist y such that {z,y} € T%.
In the following we will omit the w when there is no ambiguity.

Definition 31. We say that two environments wy and wy are trap-equivalent if:
- they have the same traps:

TN = T2
- at each vertex mot in a trap, the transition probabilities are the same for both environment:
Vo & T Yy ~x, wi(z,y) = wa(z,y),
- at each vertex x in a trap {x,y}, the transition probabilities conditioned on not crossing the trap are the same:

w1 (z, 2) _ wa(z,y)
17w1(:c,y) 1*w2($7y).

V(z,y) € B, {z,y} € T, Va~m,2#y,

We will denote by Q the set of all equivalence classes for the trap-equivalence relation.
Definition 32. Set @ € Q. Let 7 be its set of trap and o a path starting at 0 that only stays a finite amount
of time every time it enters a trap. We want to define a path, with the same trajectory as o outside the traps,
which does not keep information regarding the time spent in the traps. We essentially want to erase all the back
and forths inside traps. To that extent we define the sequences of integer times (t;), (s;) by:

tO = 07

s =inf{n > t;, (o, = 01, or {on,01,} € T) and (op41 # o, and {op+1,04,} & T)},

s;+1 if Os; = Ot
tiy1 = ‘
Si otherwise.

If o4, is in a trap then [t;, s;] is the interval of time spent in this trap before leaving it.
The partially forgotten path & associated with o in the environment @ is defined by:

0; = 0y,.

Similarly we can define the partially-forgotten walk (Yy)nen associated with (Yy,)pnen
Definition 33. For alli € N*, let I; be the set defined by:

I = [[Ld]] X {a’b7c7d€N7aZ 1aa+b+0+d=i}.

"= U I.

1<i<n

And I™ be defined by:

Let o be a path starting at 0 and € € E be an undirected edge. We define the sequences (ti) (the times when
the path enters €) and (t{"*) (the times when the path exits €) by:
n —inf{n,Y, € ¢},
oy =inf{n > tnY, €é and Y, ¢ &},

o =inf{n > ti")Y, € & and Y, 11 ¢ €} }.

Since the walk is almost surely transient by theorem |1}, we have that for i large enough ti* = t?“* = oo almost
surely.

Now let x := o, and y be such that {z,y} =&. Letj € [1,d] be such that either x = y+e; orx =y—e; (j is the
direction of the edge) and n be such that t;" < oo and ZKH = 00. Now we can define Ny—yz, Nusy, Ny—sa, Ny—sy

by:
Nyoso =#{i <n,t!" = 2 and 9" = 2},

Noosy =00 <, 6 = & and £ = ),
Ny%w Z#{’L S n,t?” =y and tiout — x}’
Ny—>y :#{Z < Tl,t;'" =y and tl{mt — y}

The configuration p of the edge €, for the path o, is the element of I, defined by:
Ployy = U Nowsas Noosys Ny—ay Ny—sy)-
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Remark 12. Set & € Q. Let 01,09 be two paths starting at 0 with the same partially forgotten path in . For
any undirected edge €, the configuration of € is the same for o1 and oo. Therefore we only need to know the
partially forgotten path to know the configuration of an edge.

Now we can say in what way the strength of the traps are independent.

Lemma 2.2.3.1. For any environment w € ), let & € Q be its equivalence class for the trap-equivalent

relation. Now let (Y;) be the partially forgotten walk We will write &@ := Y, «; and for any vertex z and
1<i<2d

integer i we will use the notation a(z,z + e;) := ;. Knowing & and (fﬁ), the strength of the various traps
are independent. Furthermore, let {z,y} be a trap and p = (j, Ny—u, No—sy, Ny—a, Ny—y) its configuration. To
simplify notations we will write Ny := Ny_y + Ny_yz, Ny 1= Ny + Ny_yy and N := Ny + N,. Let (r, k)
be defined by (1 —w(z,y),1 —w(y,z)) = (L + k)r,(1 — k)r). The density of law of (r, k) (with respect to the
Lebesgue measure) lmowmg O and Y is:

Cprnjfl(l + k)Nw+Efa(a:,y)*l(1 . k)Nerafa(yw)*lhp(T(l + k), 7"(1 — k))10§r§%1*1§k§13

where Cp, is a constant that only depends on p and «, and h, is a function that only depends on p and a and
that satisfies the following bound:

Vr < —, |log(hp(r(1+k),r(1 —Ek)))| < 5(N + 2a)r.

A~ =

And for the law of the strength s of the trap, there exists a constant D that only depends on the configuration
of the trap such that for any A > 2:

N +2a N +2a
DA " exp ,u <Py (s > Alw, ) < DA "iexp u .
A A
2d
Proof. In the following, we will write @ := > «; and if y = x + ¢; we will write a(x,y) := ;. First we need to
i=1

show that the strength of the traps is approximately independent of the trajectory of the walk. We will take
an environment w and let W be the set of all environments that are trap-equivalent to w. Now for any path o
starting at 0, let 5 be the set of all path that starts at 0 and that have the same partially-forgotten path as
o. We want to see how the law of the environment is changed knowing the partially-forgotten path and the
equivalence class of the environment. We get that the density of the environment (we look at an environment
of finite size, large enough to contain the path we look at) (for P(*)) knowing the equivalence class of the
environment is equal to:

O II @)D 1) e eI e 00T dede,, (1)
{z, y}Gﬂ

where ¢, = 1 —w(z,y) and ¢, = 1 — w(y,x). Now, knowing the environment, the probability of having the
given partially-forgotten walk is the same in parts of the environment where there is no trap. The only thing
that depends on the specific environment is the times when the walk crosses the traps. Let {z,y} be a trap,
and for any z1, z9 € {x,y} let p(z1, z2) be the probability to exit the path by zs, starting at z;, we get:

N B €z . _ Ey
p(I,I) - Egp + Ey _ E;EEy, p(y7y) 51 + Ey _ EIEy’
N ey(l—ez) . (1 —gy)
plzy) = —L—"—,  Ply.x) = — .
€z tEy — ExEy €z T €y — ExEy

So for any environment w, we get that the probability of a partially-forgotten path (for P(()a)), is equal to:
¢ I #a)¥=plw,y)N==vpy, z)N==p(y, y) Vo
{zyles

CR | = e ) el GOSN e i
- NosatNooy+Ny ot Ny sy

feyjer  (En ey —E08y)

Nyposot+Nysa Nosy+Ny sy Ny Nyo
—C H Ex Ey (1 — Sx) "_‘"(1 — €y) y—ow (2 2)
(ECE + E‘y)Nm—)z+Nx—)y+Ny—)m+Ny—>y Erey Nz%m+NzHy+Ny~>m+Ny~>y : :
{zy}teT T Tatey

49



We define hy, 3 by:

1 —eg) Ve (1 — g ) Voo
hiwyy €z €y) = ( m3\! +(N fz)v TN,
(1 _ £rEy ) T—T Ty y—x y—y

Extey

(1 —g,)2@W =11 — ¢, )2wm)—1,

Now we get that the density probability of having a given environment knowing the equivalence class of the
environment and the partially forgotten path is equal to the product of and up to a multiplicative
constant C' that depends on the partially-forgotten path:

Nz_,m+Ny_,x+Efo¢(m,y)71ENI_,erNy_)quEfa(y,x)fl
Y

Ex
¢ H (2 + £y)Noma T Nay TNyt Ny Moy (Ensey)le, 1o, < 1deadey,
{z,y}e7

This means that for ]P’(()a), knowing the equivalence class of the environment and the partially forgotten path,
the transition probabilities for each trap are independent, so we will look at each trap independently. Let’s fix a
trap {z,y} and to simplify notations, we will write Ny = Ny—yp + Ny—y5, Ny = Npoyyy + Nyoyy and N = N+ N,,.
We define r and k by r = 5% and k = % which gives e, = r(1 4+ k) and ¢, = r(1 — k) the law of the
transition probabilities becomes:

r (7"(1 + k))NerHfoz(x,y)fl(,r(l _ k))NquEfa(y,m)fl
05 )N, 72 Moy (r(1 + k), r(1 = k)1, 1drdk

=C'r* (1 + k) NetE-al@w) =11 k)Ny-lra—a(y,w)—lh{r_’y} (r(1+k),r(1— k))lr<%drdk.

Now we want to give bounds on hy, 1. Since for all r < £, |log(1 — r)| < 2r, we get:

[log(hfayy (r(1 + k), (1 = k)|
<I(N(z,y) + a(z,y) — 1) log(1 = r(1 + k)| + [(N(y, ) + a(y, x) — 1) log(1 — r(1 — k))]
v - TR,
<(N(z,y) + a(z,y))dr + (N(y, ) + a(y, z))4r + Nr
<5(Ng + Ny + ag + oy)r.

1
Let D= [ C'(1+k)Neta—alzy)=1(] _ f)Nyta—al2)=1 for any A > 2, we have:
k=—1

5(N + 2a)

A

DA % exp <— 1

) <P, (s > A|(IJ,}7> < DA™" exp (5(]\/'—&—201)) .

Now we want to show that there cannot be too many traps that are visited many times.

Lemma 2.2.3.2. Set a € (0,00)2%. For any 8 € {n, ””';”/) with B < 1 there exists a finite constant C' > 0
such that for every i € N\ {0,1}:

B [ 3 #€lrmn— 1LY € {o.y) and Vi & {o,0}} | = C.
{z,y}eT

Proof. We want to show that

Es, | Y, #{j€lrmin—11Y; € {z,y} and Yj11 & {w,y}}"
{z,y}eT

can be bounded away from infinity by using the inequality from lemma [2.2.2.4

B

1
EQ(T)n Z / o (iL’) 1Xt:9cdt < 00,

w
7\, 7 (2)
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which is true for any g € |k, “"5”/>, and for any integer m such that Q* exists.

To that end we need to introduce the intermediate quantity S)':

" T ? Tt ’
Z. 2 () 7))
=0 {z,y}eT m m

where (T7™) are the renewal times for the walk (X}"), with the convention that T3 := 0. By definition of X,
the time the walk X" spends in a vertex x is a sum of ¢, iid exponential random variables of expectation

v%(x)’ where /£, is the number of times the walk Y visits the point . Therefore the quantity

/ 2 () Lot
0

should be close to ¢,. Then, every time the walk Y enters the trap {x,y} is stays a time of order 4*(x). This

means that Wf—fw) should be almost equal to the number of times the trap is entered. Finally, we get that for

every trap the quantities

> #ielmmie — 1Y € {z,y} and Vi & {2, y}}’
{z,y}eT

and

T d T p

75 (@) / Yo' ()
S Lym_gdt | + 1xmydt
/ () S W) A

{zy}es \ rm

i

should be of the same order. Then we just need to bound the second quantity with lemma [2:2.:2.4] and a law of
large number.

For any k € [0,2m + 3] the random variables (St3ma3)itkt1 — Slom4a)ipr)iz1 are iid (the definition of ;7 (x)
depends on a box f size m around z and traps span over 2 vertices that’s why we cannot consider the se-
quence (S, — Si")i>1). This means that there is a positive constant Cy that can be infinite such that
Ep, (S35 — S5, 45) = Co and

1
—S7t — Cy Py a.s and therefore Qg a.s.
n

m

T!
il
e (=)

For any = € Z? there is at most one integer i such that ( 1 Xg"—xdf> is non-zero and therefore:

fim v+ ()
T g T ’
sm— Y / %’T‘(x)le_ al / %T(y)lxm_ q
" ye(z) T vy T
m,y}€.7 0 0

By lemma [2.2.1.1] there is a finite constant D™ such that %T m— D™ Py and Qg almost surely. We get:

1 Dmn m B D”YLn m IB

- 3 / 72((;“))1)@:%& T / Vgéy))lxgnzydt = Cy Qp as.
oty ¥ ) 7y

Therefore,
1 m m
liminf ~Eg, [ / Wy | / WWy ] | =
n . ve(z) 7+ (y)
l,y}ey 0



Since 8 < 1 we have:

) b 5 o 8
| Y| 7‘;((;3)) Lot | | [ % (@)) Ly ydt
e \ 5 7 TN
B ; B
D™ n| i+l it1
1 m m
<-— Eo, | Y / %; (z) Ixpogdt | + / %:) W) 1xm—ydt
" iso {eyteT \ 'y (@) y 74 (y)
1 B 1 B8
[D™n| +1 75 (@) 15 (y)
= n ]EQO Z 7‘*’(3:) 1xm_gdt + ’Y“‘)(y) 1xm:ydt
{z,y}eT \p 0

< 00 by lemma [2:2:2.4]

So (Y is finite.
Now we want to get a bound on Y from a bound on X™. For any trap {z,y} € 7 let Ny, ,; be the number
of times the trap {z,y} is entered. Let 7“™ be the subset of 7% defined by:

T = {{z,y} € T¥, Yr.ep <xeg <Yr.e1+nand YV, .e; <y.e <Y, .e1 +n}.

We chose a partially-forgotten path ¢ and we look at the law of the total time the walk X spends in a trap
{z,y} € 7% knowing Y;, and Y = o, where Y is the partially forgotten walk. We now have two sources of
randomness: the number of back and forth the walk does every time it visits a trap and the time the continuous
speed-walk X™ spends for every step. ‘

Knowing the partially-forgotten walk, Ny, .y is deterministic. Let tim’y} be the j*" time the walk Y enters

the trap {z,y} and t{x 4} be the §*™ time the walk Y exits the trap {z,y}. We define Hiw s by H {$ e

{{”’}QMJ, the number of back and forths in the trap {z,y} during the ;' visit to the trap. For any

integer n and for any trap {z,y} € J“™ we have that knowing the environment, Y, and the partially

forgotten walk, (H {oa }) is a sequence of independent geometric random variables of parameter
Y5/ jeN{z,yleT

(1 — w(z, y))(l — w(y,z)). Finally, for every x E 7, let #3 be the number of time x is visited between times
{I o} and ¢ (o} We define € by & := ¢ — {I e Knowing the partlally forgotten walk, &/ is deterministic

(it is equal to 0 iff the walk enters and leaves the trap by y during the j*® visit) and &7 € {0,1}. We have:

J J
Niowy et Hia 4y

o0

fymx . k7”7m($)
[E S = Y Y e
0 j=1 k=1

v

where the (&5 ) Jweza i, jen are independent exponential random variables of parameter ™ (x), they correspond
to the time the accelerated walk spends on each vertex. By technical lemma 4] (the proof of which is in
the annex) we get that there exists a constant C; > 0 such that for any integer n and any trap {z,y} € I“™

C1(Niy1)? < Epe LGOI /L(?’H moydt | |V, Y5 | 2.3
= / ety et | [ ey et ) I %)

Unfortunately, we cannot directly use this inequality to conclude because it does not behave nicely with the
renewal times. Indeed if you know that a trap spans over two renewal blocks, it means that you cannot do any
back and forth inside the trap and the previous inequality becomes false. Instead we will have to first consider
traps in 7“". First, by definition of the renewal times, no trap in .7“"™ can be visited before time 71 or after
time 7,49 since Y, ,,.e; > Y, .e; + n + 1. Therefore:

n+2
B B
3 /%’ ((j)) Lympdt |+ /7‘“ ((y)) L pnzydt
(eytezen \3 0t ) < (Y
T s . g Tl ’
< Z /% (x)lxgn:mdt n /% (y)lxy:ydt
_ . v () v (y)
{z,y}eT " T
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Therefore we get:

o0 o0
1 m m
——[Ep, E / o (1‘) 1X{"=xdt + / o (y) lxtm:ydt < Cy< oo
n+1 on \J 79(2) 7 (y)
{z,yteT«™ \p 0

This in turns gives:

1 8 C
B | > (W) | < o <o

Now let Cy := Ep, ( Yo #ieln, iy —1]Y; e {z,y} and Y1 & {x,y}}3> be the quantity we want to
{z,y}eT
bound. By the law of large number, we have that Py a.s and therefore Qg a.s:

1 :
n > > #ielnmn—11Y €{x,y} and Y & {z,y}}’ = C;
=1 {zy)es

Now, as a consequence of lemma [2.2.1.2] and the law of large number, there exists a finite constant D > 0 such
that Py a.s and therefore Qg a.s, %YTn.el — D. Furthermore, a trap spans over at most two renewal blocks so
for any trap {z,y}:

Y o#lielnmn —11.Y; € {z,y} and Vi & {z.y}}7 < 2(Npp ).

i>1

As a consequence, Py a.s:

.11 B &
lim inf e 1E]P’U Z (Naay)” | = DR
{z,y}eTw.Dn
Finally we get:
Co Co
22 «p=
2 -
so Cy is finite. -

The next lemma is just a variation of the previous one, with the difference that the sum has a deterministic
number of terms instead of a random one which makes it simpler to use.

Lemma 2.2.3.3. For any j € [1,d] let (z,y]) be the i trap in the direction j the walk encounters after 7.
Let N} be the number of times the walk enters this trap.
If k <1, for any B € [k, wts5') with B < 1 there is a constant C such that for any j € [1,d]:

2
Ep, (i(@)ﬁ) < Cn.

i=1

If k = 1 there exists a positive concave function ¢ defined on [0,00) such that ¢(t) goes to infinity when t goes

t
to infinity. And such that if ®(t) = [ ¢(x)dx then there exists a constant C such that for any n € N:
=0

n
Ep, (Z @(N{)) < Cn.
i=1
Those results are also true if (:Ef,yf) is the i trap in the direction j the walk encounters after T such that

Ti.e1,yi.er1 > Yr,.e1 .

Proof. Let p > 0 be the probability, for Py, that there is at least one trap in the direction j between times 1
and 73 — 1. Let .J; be the set of traps in the direction j. Now let the sequence (n;) be defined by:

no :15
niy1 =min{k > n;, Hz,y} € F;,3In € [1, 741 — 1], Vs € {z,y}}.
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Now, if K < 1,let Z/ = 52 #{m € [1n,,Tn,41 — 1], Ym € {2,y} and Y, 11 & {x,y}}?. The (Z7);>; are
{eyted;
clearly identically distributed and we have:

; 1
]E]PO (Zg) = ];]E]PU Z #{m € [[Ti77-i+1 - 1]]7)/771 € {l',y} and Ym+1 ¢ {Z, y}}ﬁ

{z.y}€T;

So let C; = IEPO(Zf) which is finite by lemma [2.2.3.2] We clearly have:

m

2m
D)<y
=1

=1

The sum has to go up to 2m because in the second sum some traps can appear twice if they are in between
two renewal slabs. Indeed, in this case they can be visited before and after the renewal time (if they are in the

direction e;). We now have:
Ep, <Z(Ng)6> < 2C;m.

i=1
Similar_ly7 if {Z;,7y,} is the it? trap in the direction j the walk encounters after 75 such that x;.e1,y;.e; > Y., .e1

and NZ the number of times the walk enters this trap then we have:

m ) 2m—+1
Z(Wf)ﬁ < Z Z;.
i=1 =1

If Kk =1, by lemma [2.2.3.2

E]P’o Z #{m S [[7-277-3 - 1]]aYm € {x,y} and Yerl ¢ {x7y}},8 < 0.
{z,y}eT;

Therefore, by forthcoming technical lemma [2.3.0.1| there exists a positive, concave function ¢ defined on [0, c0)

¢
such that ¢(t) goes to infinity when ¢ goes to infinity and such that, if ®(¢) := [ ¢(z)dz then:
=0

EIP’O o |2 Z #{m € [[7_2;7-3 - lﬂaym € {x,y} and Ym+1 g {$7y}}6 < 00,
{z,y}€7;

¢
where ®(t) := [ ¢(x)dz. We have that x — 2(2) i increasing and therefore, by writing g(z) =

T
x=0
non-negative sequence (a;)1<i<n:

¥7 for any

> ) =

1<i<n 1<i<n

Il IN |
1 = -
& < =X

S

Q :—/

// |AM
)
~
8

So we get:

EIP’O Z o (2#{m € |I7-2a 73 — 1]a Ym € {Z‘,y} and Ym+1 g {xay}}ﬁ)
{z,y}eT;

<Ep, | ® |2 Z #{m € [ra,m3 — 1],V € {x,y} and Y11 & {x,y}}ﬂ < 0.
{z,y}€T;
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Let Z) .= S @ (#{m € [0, Tnit1 — 1], Y € {2, y} and Vi 41 € {z,y}}?). The (Z]);>1 are clearly iden-
{eyted;
tically distributed and we have:

1
Ep,(Z;) = EEPO 2 Z ® (#{m € [r2,73 — 1], Yo, € {2, 9} and Vi1 & {2,9}}°) | < 0.
{z,y}€T;

So let Cj = Ep,(Z7), which is finite. We clearly have:

m 2m
S o) <> 7
=1 1=1

Once again, the sum has to go up to 2m because in the second sum some traps can appear twice if they are in
between two renewal slabs. Indeed, in this case they can be visited before and after the renewal time (if they
are in the direction ey). so:

Ep, (Z @(Nj)) < 2C;m.
i=1

Similar_ly7 if {Z;,7y,} is the i*® trap in the direction j the walk encounters after 7o such that z;.e;,y;.e1 > Y;,.e;

and N the number of times the walk enters this trap then we have:

m . 2m-+1 ‘
Sy S 7
i=1 i=1
and we get the result we want. O

The following lemma gives us some independence between the strength of a trap and the number of times
the walk enters this trap.

Lemma 2.2.3.4. Let j € [1,d] be an integer that represents the direction of the traps we will consider. Let

{a],yl} be the ith trap in the direction j (ie x] —y] € {ej,—e;}) to be visited after time T2 and such that

xl.e1 > Yy, .eq and y].eq > Yr,.e1. Now let s] be the strength of the trap. Let N be the number of times the
o 2d

trap {z,y!} is exited. Let kj =2 Y a; — aj — ajpq. For any vy € [0,1], there exists a constant C' that does not
i=1

3

depend on 1 such that:
C
< —

VA > 2, Ep, ((Nij )Wlszsz) = AR

Ez, (N})7).

t

We also have that for any positive concave function ¢ such that ¢(0) =1 with ®(t) = [ ¢(z)dx we get:
z=0

. C 4
VA2 2, Er, (O(N)L54) < o Br (R(ND).
i Ky
Proof. First if H is a geometric random variable of parameter p then for any v € [0,1] we have the following
three inequalities:

B(1+H) 2 1=p7 . (2.4)

1\ 1 i1
E((1+ H)") > P (z > p) g (2.5)
E((1 + H)') < E((1+ H))" =~ (2.6)

p’Y
Inequalities and [2.5[ give us that there is a constant C., such that E((1+ H)7) > Cﬂ,p%, inequality H gives

us the result for p > 3 and since (1 — p)ii1 converges to exp(—1) when p goes to 0, inequality gives us the
result for p < 1.
By lemma [2.3.0.2| we get that there is a constant Cy4 such that:

0 (3) smousmscie )
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Let t € N be an integer. In the following we will call renewal hyperplan the set of vertices {x,z.e; = Y;.e;}. We
look at the n'! time, after time ¢, that the walk encounters a vertex that touches a trap {z,y} in the direction
j that has never been visited before and such that x.ej,y.e; > Y;.e;. We want to show that the strength of the
trap is basically independent from the number of times the walk leaves the trap and from the random variable
17,=¢. Let z,y be the corresponding trap with x being the first vertex visited.

2d
Now we look at the trap {z, y}. Let i be such that y = z+e;, we will write a = a;, = ipqand @ := Y ay.

k=1
The density probability (for P(®)) for the transition probabilities w(z,y) and w(y, x), knowing all the transition

probabilities (w(z1, 22)), 24\ {z,y}, the renormalized transition probabilities (lffﬁ’;)y))ziy, (lfiy(;)m))z¢z and

that {z,y} is a trap is:

Cow(a,y)* 11 —w(z, )" oy, )™ (1 = w(y, 2) ™ My e >3-
Now we make the change of variables:
1—w(y,z) =r(l—k), 1 —w(x,y) =r(l+k),
which gives a density probability of:
2rCrri 2 (1= k)" (1 + k)T (L= (14 k)™~ (1 = r(1 = k) ', <1 drdk.

Let h(r, k) be defined by:
h(r,k) = (1= r(1+ k) (1= r(1— k)™

ForOSrS%and—lgkglwehave:
1
log 3 + oy, — 1]

Sof0r0§r§iand—lgkglwehave:

log(h(r,k)) < |az — 1|

log (;) ‘ < (02 + y + 2)1og(2).

27(am+ay+2) < ]’L(T, k‘) < 9oz tay+2
Now the density probability is:
2Ch(r, k)ri (1 — k)@ %11 + k)a—%—llrﬁdrdk.

Now we look at a specific environment w and an edge {2/, y’} in that environment. To simplify the notation we
will write e, = 1 —w(2’,y’) and e,y = 1 —w(y’, 2’). When the walk leaves the trap there are three possibilities:
-the walk goes to infinity before going back to the trap or the renewal hyperplan

-the walk goes to the renewal hyperplan before it goes back to the trap (this does not necessarily mean that
the walk will go back to the trap after going to the renewal hyperplan)

-the walk goes back to the trap before it goes to the renewal hyperplan (this does not necessarily mean that
the walk will eventually go to the renewal hyperplan).

If the walk is in 2’ let 83 be the probability, knowing that the next step isn’t crossing the trap, that the
walk goes to infinity without going to the renewal hyperplan or the trap. Similarly, let 62, be the probability,
knowing that the next step isn’t crossing the trap, that the walk goes to the renewal hyperplan before it goes
back to the trap (this does not mean that the walk necessarily goes back to the trap). We will also define 3,/
by B == B + B%. Similarly we will define ﬁy/,ﬁg,", 62,.

Now, if the walk is in z’, the probability that when the walk leaves the trap it either never comes back to
the trap or goes to the renewal hyperplan before it goes back to the trap is:

Ext + 531’(1 - Ex’) Jé; €ar Bur + 5?/(1 - 61/)69’
! ;= .
Egxt + Ey/ — Ew'Ey’ (S + Ey/ — Ea:/&‘y/ v (S + Ey/ — EIIEy/

Similarly, if the walk is in y’, this probability is:

o/ (1 — &y )Bar + €y By
Ext + Eyr — EgrEyr

Now we want to show that that both these quantities are almost equal to:

Ew'ﬁx’ + Ey’ﬁy’
Ep +Ey
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We will only show it for the first quantity, the proof is the same for the second one. We recall that ,/,e,, < %,
therefore:

1
0<epey < 5(5751 +ey)

and 1
0 S Ew’Ey’By’ S 5(61,/5:1:/ + Ey//By/),

So we get:

1593’6:10’ + Ey’ﬁy’ < Ew’ﬁa:’ + Ey’(l - Ew’)ﬁy’ < 25w’ﬂw’ + Ey’ﬁy’

2 ewtey T ewtey —ewey T Ex +Ey
Similarly, if the walk is in 2’, the probability that the walk goes to infinity knowing that the walk either goes
to infinity or the renewal hyperplan before coming to the trap is:

EoBy +ey(l—cu)B) ey teyw —ewey By tey(l—en)By
Eqpt + Ey/ — sm/gy/ €I/ﬂzl + Ey/(]_ — €x/)6y/ - 81/51’ + €y/(1 — Em/)/@y/ ’

And if it is in ¢ this probability is:
(1 —ey)B7 +ey By
€I,(1 — Ey’)ﬁz’ + Eylﬁy/ ’

exr B ey B
€yt Byt ey By
eo By ey (1 — Ew’)ﬁ;? < Py + Ey’ﬂg?
Eor Bor + 51/(1 - gac/)ﬁy/ g Ber + 5y’(1 - Ew/)ﬂy’
1 5$’/8;? + Ey’ﬁglo
o (1 - 595) €' Bar + 5y’ﬁy’
Ez’ﬁg? + Ey’ﬁ;?

Eq' Bar +5y’6y/ ’

We want to show that both these probabilities are almost equal to . We will only show it for the

first one:

And we also get, the same way:

e By + ey (1 —cor)By7 lex’ﬁg? +ey By
e B+ ey (L —eu)By — 2 ewBe + ey By

Now we get back to the trap {x,y}. Let N be the number of times the walks leaves the trap {z,y} before going
to the renewal hyperplan (so if the walk never goes to the renewal hyperplan, N is just the number of times the

walk leaves the trap {z,y}). We get that knowing ¢,,¢, and N, the probability (for P{) that the walk never

. 1B +ey B eaBy teyBy°
goes to the renewal hyperplan is between 3 coBaTe, B and 2 s BT, By
1 Ezcﬁm"rfyﬂy

We also have that there exists two geometric random variables N~ and N T respectively of parameter PR

and 2“22712’& such that P§ almost surely:

1+ N " <N<1+NT.

Therefore, by equations and there exists two positive constants C; and Cy (that depend on ~
and @) such that for f equal to either x — x7 or ®:

€z + €y €zt €y
ouf (2 ) < meg () < Cof (512, 28)
Now let f be either x — 27 or ®. We need to show that N is almost independent from 1,,—;. Let t,, be the
first time the walk is in = or y and let B be the event that “r5 can be equal to t” ie there exists t' < ¢ (¢’ plays
the role of 71) such that:

-Vi < t/, X;.e1 < Xy .eq,

-Vie [[t/,t — 1]], Xp.e1 < X.e1 < Xy.eq,

-Vie [[t, tacy]]7 X;.e1 > Xq.eq,

-Vie ﬂO,t’ — 1]] @] [[t/ +1,t— 1H, (E'] <1, X]‘.el > Xl-.el) or (E'] € |I’L +1,t— 1]]Xj.61 < Xi.el).

We have that if B isn’t true then 7, cannot be equal to t. If B is true the 75 =t iff the walk never crosses the
renewal hyperplan after time ¢;,. So, for any environment w:

1B +¢eyB:°
1eaf vy Py (B) <Py (12 = t|N) < 2

€aBz +eyBy°
2 ;3. + 6yﬁy 0

B+ 208, Py (B) (2.9)
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To simplify notations we will write

e REE (R
M) = R+ (L= R)By

We have (in the following, the constant C' will depend on the line):

IE]P’o (f(N)lem—l-syS%lTQ:t)
e85 +eyBy°
<2FE N)———= %1 by [2.9
>zlp, (f( ) gxﬂz +€y5y €w+5y<}§> y
Ex T € emﬁ;o +5yﬂoo> I
<CE —r ¥ |1 L ——=—— 7Y ) bhy[2.8
o Fo (f <5zﬁr + 5y5y> SoteySa €ZE5I + 5yﬁy Y

Now we use the fact that the various 8 only depend on the trajectory of the walk up to the time it encounters
the n*! trap in the direction j after time ¢, the transition probabilities (w(z1, 22)) 2, €24\ {a,y}» the renormalized

transition probabilities (15&52))#% (1w£}y(y )I))Z7§I and that {z,y} is a trap. But the law of (w(z,y),w(z,y))

is independent of this so we get:

r Kj—1 o ay az7 r
<CEp, ( / f (r(l YR k)6y> 2Ch(r, k)r" i1 (1 — k) (1 + k)= h(k)dkd

=0
24 1 .
<CTp, ( e dr / f <(1 STy T k),é’y) (1 — k) (1 + k) h(k)dk

=0 k=-1
1 1

B (DEP [ [ (s, 0 00 i

r=0 k=—1

1
C r . o o
SEEPO / ! (r(l +k)By +r(1— k)ﬁy) 2Ch(r, k)ri =1 (1 = k)* (1 + k)*= h(k)dkdr
e

1
extey <3 5x6z+5yﬁy

< Be (1

S%EPO (f(N)leﬁey 1= t)

Then, by summing on all ¢ we get the result. O

2.2.4 The time the walk spends in trap

Now that we have some independence, we can start to look at the precise behaviour of the time spent in the
traps. First we want to show that the number of times the walk enters a trap times the strength of said trap
is a good approximation of the total time spent in this trap.

Lemma 2.2.4.1. Let ] e 1, d]] be a direction. Now let {x“yz} be the it" trap in the direction j entered after
time o and such that x].eq1,y].e1 > Y, .e1. Let sj be the strength of this trap, NJ the number of times the walk

enters this trap and Ef #{n,Y, € {ml,yl +} the time spent in the trap. We have for any environment w, for
any A, B >0, for any integer m and for any C € R U {cc}:

5B
<Ze Lyismlico = Aand 3 N1y, 811, o < B) <=
=1

Proof. Let w be an environment, (Y;)ien be the partially forgotten walk on this environment. Let p{ =
w(a!, y)w(y!,x]). Now the number of back and forths inside the trap (z 2, y?) during its k'™ visit is equal to
Hl . Where H f , is a geometric random variable of parameter p]. Knowing the partially-forgotten walk and p],
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the H J . are independent and we get for any j:

n n
ZlNJ>m sJ<CZQ k‘Y :ZlN1>m sf<cz:2
i=1 i=1

k=1 7pz
§221Ng‘2mlsgchi T
=1 [

Now we use the fact that w(z?,y!) >

1 i 1.
5 to show that 1 —p zzgg-

L—pl =1- (1= (1 —wl,y))1 - (1 -wlyl,])
=(1 —w(z],y])) + (1 —wly], o)) — (1 - w(a, 4)) (1 - w(y],z]))

> (1~ (el ) + (1~ (ol 2) — 20— iyl o))
(= olel. )+ (1wl o))

_

24

So we get:
n N/
Epy ZlN7>m sJ<cZQH oV <4ZN 1N1>m52157<c
i=1 k=1 i=1

NJ
The actual value of EJ can be slightly larger than Z 2H J_ because this only counts the back-and-forths, so

we miss the correct amount by 1 every time the Walks crosses the trap an even number of times and by 2
every time the walks crosses the trap an odd number of times. So we get that the time ¢/ the walk spends

in the i*® trap is smaller than ZNf + El 2ka For any positive constants A, B > 0, let E™(B) be the event
:1 ’

> N 1yislicos! < B, we have:

i=1 i= =

Py (Z lyismlice = Aand Y N1y olyis,,sl < B)

i=1

_EPW (PUJ <Z€'L SJ<C N]>m > A|5}> 1E7L(B)>

E N]1N1>m sf<c(45 +2)

<Epy 1 Lgn(B)

n
> 5N Lot Ly <c |
<Epy =1 1 lgn(p) | since s} > 2

5B 5B
<Eps < 1 lE"(B)) < 0

O

Now we want to show that we can neglect the time spent in traps in directions such that x; # » and in
traps that are visited a lot of times. This will allow us to have traps that are rather similar so that the time
spent in those traps are almost identically distributed.

Lemma 2.2.4.2. Let j € |1,d] be an integer that represents the direction of the trap we will consider. Let
{x;,y;} be the i trap in the direction j wvisited by the walk after time 7o and such that x;.ey > Y,,.e; and
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yi.e1 > Yr,.e1. Let k; = 20 — aj — ajpq > K.
If k < 1 there are two cases: If k; = K, for any € > 0 there exists an integer m. such that for n large enough:

Py <Z£g1N32m5 > sni> <e.

i=1

If k; > K, for any € > 0 there exists an integer n. such that for n > n.:

Py <Zé{ > eni> <e.
=1

If k =1 there are two cases: If k; = K, for any € > 0 there exists an integer me such that for n large enough:

n
Py <Z ZglNmeE > 6nlog(n)> <e.
i=1

If k; > 1, for any € > 0 there exists an integer ne such that for n > ne:

Py (Z Kg > Enlog(n)> <e.

i=1

Proof. For all i > 0 let ¢; be the time at which the walk Y enters its i'" trap ({z;,y;}) in the direction j after
79 and such that x;.e; > Y,,.e; and y;.e; > Y,,.eq. We will write x; the vertex such that z; = Y;,. Let sg be
the strength of the trap {z],y]}. For any A, B > 0:

Il
_

i=1
1 Uik
= BKEPO Z(Nz) 1SJ>A
=1
< ¢ Ll zn:(zv.j)ﬂ by lemma 2.2.3.4]
— Br AR ° P v
1
< éAH_Cn by lemma [2:2.3.3 (2.10)

We will first look at the case k < 1.

Now, we want to show that we can neglect traps with a high Nij or a low s/. We get that for any positive

i
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integer M, any real A > 2 and any 8 € [k, 1] and > 0 such that 8+ n < min (’”‘” 1):

)

=1
(i ﬂl J<A1 M (an)§>

i=1

_8 . j
<(an)”~Ep, <Z<N3>B<8g)ﬂlsz<AlNij>M>

i=1

<(am)-E M-, (Z(Nf)5+"(53)ﬂlsg<;x>

|-

(ZNJSz si<A N?ZM > (an)

=1
A%
_B . - ;
<(an)”~= M~ "Ep, /Z(Nij)ﬁ+"l(sz)ﬁ2tdt
t=0 =1
AP
M "Z/ o (NP1 s, )t
= 1t70
_B _ . .
<(an) MY | 2Bp, ((N9)P7) + / B, (V)1 ) e

i=1 B

By lemma [2.2.3.4] there exists a constant ¢ such that Ep, ((Nij)ﬂJr"l 1 ) < Ep, ((Nij)ﬁ“’) ct™ 5, for t > 2°

sgztﬁ
<ZNJS Lo NJ>M>(an)i>

SO:

n AP
S(an)*%M*nZ 2Ep, (N?)P+7) + Eg, ((Nij)ﬂ*") /ct_%dt
i=1 (s
n A7 (2.11)
S(an)*%M*nZ 2+¢ / t=8dt | Ep, (N)P+)
i=1 108
AP
<dn(an) "M~ | 2+c / t~5dt | by lemma P-2.3.3
t=28

Now for r; = & if we take S € (k,1] such that 8 < "E”/, n=0and A = bnx we get:

i=1 a
<4 <2+ Be bg_nnﬁ,y) (2.12)
a B8—k
e TRV
a af—k

Now, we get by lemma [2.2.4.1] that for any positive constants A, B and any positive integer m:

0 (i:gglzvgzm z A>

i=1

n n n
<Py (Z lyisy, = Aand Y N1y sl < B) +P <Z Nilyio, sl > B) (2.13)

=1 i=1 1=1
5B n ) )
<I + Py (;Nilemesg > B> .
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So for any € > 0, for any a > 0, by taking B = e2n~ and A = en* in we have for any positive integer m:
n n
; 1 i i 1
Py (Zﬁglwzm > €n~> < 5e + Py <Z Nleg’stf > €2n~> )
i=1 i=1

And we have for any b > 0:

n
Jq j 2 L
P, (ZNi Lyismsi 2 €n )
=1

<P, <Z N/ Lyissil, 1> aQni> + P (3@' <n,N/ >m and s/ > bn%) .

i=1

We have by 2.10} ; .
PO(HiSn,Nmeandsgzbn%)S can__ ¢

(mb)rn (mb)~
And by taking b = =3

n
j ] 1 d _B C 2r41
Po <ZN1?1N5>mSg1 ) 2r41 % Z €2ni> SW (2%1 x4 ﬂ/B g B—r (8 H))
i=1 -

So for n large enough:

Y 2dpc

J1 . J 2 1

Py (ZlNl lNgzmSils{fgsZﬂﬁj;n% >en ) < 5 Ks
1=

i 2k+1

which means that for n large enough and me such that mee 5% > e~ we have:

LI 2d
Py <Z€§1N5>me > gni) < 5e + cde + 3 fia
i=1

And we have the result we want.
If k; > k there exists 8 € (k, ;) such that 8 <1 and g < % we get by taking M =1 and A = oo in m

Py (ZNfsf > (an)i) Sda—énl_g 94 /tf%dt
= t=2

—da~¥nl=% (2 + 75 21_?)
Ky —,B

_B q1_8
=Ca  =n~ = for some constant C.

And then lemma [2.2.4.1] gives us the result we want.
Now we can look at the case k = 1.
Let ¢ be a positive concave function such that ¢(¢) goes to infinity when ¢ goes to infinity. We define ® by

®(z) := [ ¢(t)dt. Let f be defined by f(0) := ¢(0) > 0 and Vz > 0, f(z) := ‘I’f), we clearly have that
=0

f(z) > f(0) and we have for any y > = > 0:

Yy
t=0
1y [ Yy
Sy (:vt>dt
t=0
1 x
> t)dt
= o (t)
t=0



We get that for any positive integer M and any real A > 2:

(ZN /1 sicalnisn > anlog(n ))
J
<an10g <ZN K 1 51< N]>M>

1

<— N/ f 11
~anlog(n) (Z )i J<A>

~an log(:z)f(M) ;t/o Ep, (‘P(Nz-])lngt) dt
n A
Sanlog(i)f(M) ; 9By, (B(NY)) +t_/2 e, ($(V)1,10,) i

Now, by lemma [2.2.3.4 we get:

n
Py (Z Nz‘jszlskAlezM > anlog(n))

=1

n A
S;Z g, (B(N7)) + Ep, (@(Ng')) /cfwdt

anlog(n) f(M) — t
1 - i
R 2 t=ridt | Ep, (®(N?
< o Tog ) +/ r(2(N))
J A
n
PO L — ! t=midt | by 1 2.2.3. 2.14
“anlog(n)f(M) +C/ y lemma [2.2.3.3 (2.14)
t=2

If k; = 1, we get, by taking A = n? (for n > 2) inm

n o d C
P N8I iy 1yisq, > anl < ——F——(2+2cl < :
0 (; i Si s]<ATNI>M = an Og(n)) = alog(n)f(M)( +2c Og(n)) = af(M)

And by taking A =n? and B = 1 in equation we have for some constant c:

. ; c
Py (Elzgmsf 2712) < =
n

So for any € > 0 we get, by taking m. such that f(m¢) > 6% and using lemma [2.2.4.1

Py (Z EleijZmE >en log(n)> <5e+ Py (Z NgsglNijZM > 52n10g(n)>
i=1

i=1

<be + © + Ce.
n

So there exists a constant C' such that for any € > 0 there exists m. such that:

Py <Z Eflzg’zmg > snlog(n)> < Ce.

i=1

If kj; > 1, we take M = 0 and A = oo in [2.14] we get for some constant C"

"o d T C
P N’s? > anl <—— |2 tTdt | =
’ (Z e "g(”)> < areoror 2/

, alog(n)’
i=1 t=2
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And therefore by lemma for any € > 0

Py <Z o> snlog(n)> <5e + Py (Z Nisl > 52nlog(n)>
i=1

i=1

< —_—.
5e + e?log(n)

So we have the result we want O

Now we have all the tools to get a first limit theorem on the time spent in traps.

2d .
Lemma 2.2.4.3. Set o € (0,00)%? and let @ := Y ;. Let J = {j € |1,d],20 — oj — vjyq = K} and F; be the
i=1
set of vertices x such that there exists j € J such that either (z,x +e;) € T or (xv,z —e;) € T. Let {z],y!}
be the it trap in the direction j encountered after time Ts.
For k < 1, for any m there exists a constant C,, such that:

L .
-1 g1 o Ko
nw ZZfileSmlﬂkém+1—1,Yke{x§,y{} — Cp S in law for Py.
jEJ i>0

For k =1, for any m there exists a constant Cy, > 0 such that:
1

log(n) ZZgi1N{§m13k§7n+1—1,Yke{x7,y{f} — Cyy, in probability for Pg.

k3
jEJ >0

Proof. For every configuration p € |JI,, let C,, be the expectation of the number of traps of configuration p
encountered between times 7 and 73 — 1 (it is also the expectation of the number of traps of configuration p
encountered between times 7; and 7,41 — 1 for any ¢ > 2). We clearly have:

Op < ]EIP’O Z 131‘6[7’2,7‘3—1],%:;5 < 0.
reZd

Once we know that a trap is in a direction j € J and has a configuration p for some partially forgotten
random walk, the exact number of back and forth the walk does in this trap is still random, because the exact
number of back and forths knowing the transition probabilities of the trap is random and because the transition
probabilities of the trap are still random, following the law (cf lemma :

55%?‘
(x +€,)P’ h(es, gy)lsm"'syfé’
z y

where ¢, :=1—w(z,y), €y == 1 —w(y,x) and the value of p,,p,,p° are explicit but irrelevant, except for the
fact that p, + p, —p® = k — 2. Let N be such that p € I (ie the walks exits the trap N times) we also have
that there exists a constant C, that only depends on « such that:

[log(h(ex,ey))| < CaN(ex +&y).

Now if we make the change of variable 2r = e, +¢y, k = Z:_T_zi , we get that the law of the transition probabilities
becomes: (1 4+ k)P (1 B ‘
_pe (L +E)P=(1 — k)Py
2 OpPetPy—p @7 h(r(1+k),r(1 —k))L,.<1drdk
=217 P O (1 + k)P (1 — K)Prh(r(1 + k), 7(1 — k)1, <1drdk.
The number of back and forths is the sum of N iid geometric random variable (Hy,..., Hy) of parameter

q=1—¢e; —ey+ezey =1—2r+7r%(1 —k?) . This gives us the following bound:

N
P (Z H; > alq) < NP (Hy = £ la)
i=1
< N1 - q) ¥

< Nexp (log(l —2r +72(1 - kﬂ)%)

< Nexp ((—27“ + 7‘2)%) .
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For r € [%ﬁg(‘”, %} we have —2r + 12 < —r and

N exp ((72r + 7"2)%) < Nexp <fr%)

_ 2xN log(a) a)

<N
< exp( - N
= Na~ 2",

N
Now let £~ be equal to twice the number of back-and-forths: ¢~ :=2 > H;. Now we look at P (6’ >qagandr < M),
=1

=
we want to show that it is equivalent to Ca™" for some constant C. First we want to have a good approximation

N . .
of P (2 S H; > a|q> for large q. Now let Hy, ..., H, be iid exponential random variables of parameter — log(q)
i=1

~ n ~
such that for every ¢, H; = | H;|. And we define {~ =2 " H;. Now it is easy to show by induction on n that:
i=1

Now we clearly have:

SO
Po (¢~ > alg) < Po (I~ > alg)

and R
Py (E* > a|q) > Py (E* >q— 2N|q) .

We want to show that P <l7_ > a|q) and P (5_ >aq— 2N|q> are more or less equal. We clearly have:

Po (7 > a—2Nlq) <P (I > alg)

and we also have:

1

Py (Z* > 2a — 2N|q) = i (_alj,%(pw <1 - JZ) exp(log(g)a) exp(—log(p)N)
j=0 '

a

N N—1 j
> expl-log(a)V) (15 ) 30 EHHO exptog(g)a).

Jj=0

First we want to show that we can replace log(q) by —2r. We clearly have log(q) < —2r + 2. We also
have log(q) > log(1 — 2r) and for r € [0, 1], there exists a constant C that does not depend on r such that
log(1 —2r) > —2r — Cr?. So we get:

o — 2 < — log(q) <2r+ Cr?.

So
exp(—2ar) exp(—Car?) < exp(alog(q)) < exp(—2ar) exp(ar?).
So we get: 4 4 4
Vg, (—al‘(ﬁ(q))] exp(log(q)a) < (Qj:y exp(—2ar) (1 + C;) exp(ar?)
and ) . )
(alj,%(q))] exp(log(q)a) > (237’) exp(—2ar) (1 - g)] exp(—Car?).

Now we will define g*(a,r) and g~ (a,r) by:

n cr\’ 9
g (a,r) = 1—}—7 exp(ar?) exp (2rC,N)

; N
g (a,r)= (1 - g) exp(—Car?®) exp (—2rCoN) exp((2r — r*) N) <1 - ) ,
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where C' is the same constant as in the previous inequality and C\, is the same as in And for every
r < 1,k € [-1,1] we have:

—al J 2ar)J
OB exptog(@ha)hir(1 = ),r(1+ ) < 2L exp(-2ar)g* a1)
and | , .
_ j 2ar)J
Mh(r(l —k),r(1+ k)) exp(log(g)a) > ( a:") exp(—2ar)g™ (a,r).
J: 7!
We clearly have that g™ (a, ) is increasing in r while g~ (a, ) is decreasing in r and g™ (a,0) = 1 and g~ (a,0) =
(-3)"

So, for any ¢ > 0, we have the following 2 inequalities:
Po({~ >2aand 1 — ¢ < c)
SIPO(Z_ >2aand 1—¢q<c)
S]POE_ZZaandrgc) sincel—q22r—r22r

c 1
= / / 2P Or T (1 4 k)P (1 — k)Prh(r(1 4 k), 7(1 — k))Po(£~ > 2alq)dkdr
r=0k=—1
c 1 = 4
§/ / 2P O (1 4 k)P (1 — k)P exp (—2ar)g* (a,r)dkdr
r=0k=—1 J=0
1 c N=1 5.
<g*(a,c) / (14+k)P=(1 — k)PvdE / 2P ol Z (2ar) exp(—2ar)dr,
k=—1 r=0 Jj=0

and
Po({~ >2aand 1 — g < ¢)

(
>Po(f~ >2a— 2N and 1 — ¢ < ¢)
>Po(f~ > 2a — 2N and 2r < ¢) since 1 — ¢ < 2r

=

<
2

= / / 2P (1 4 k)P (1 — k)Prh(r(1 + k), (1 — k))Po(f~ > 2a — 2N|q)dkdr

r=0k=—1
2 N— L ;
/ / 2P OrF T (1 4 k)P (1 — k)P eXp —2ar)g~ (a,r)dkdr
=0 k=—1 3=0
c ; : pl /
29 <a7 5) / (14 E)P=(1 — k)Pvdk / PR el Z exp —2ar)dr.
k=—1 r=0 J=0

If we take ¢ = a~1 we clearly get when a — oo, g~ (a,a” 4) — 1 and g*(a,a™ 4) — 1. Furthermore, for any

constant ¢’

Therefore we get:

1
Po(t~ > 2a and 1 — g < a%) ~ N / (14 k)P (1 — kyPodk | 207 C(2a) "
=1
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So there exist a constant C that only depends on « such that:
Po(f~ >2aand 1 — ¢ < af%) ~CNa™".
So we get for some constant C:
Po(4~ > a) ~C'Na™".

Now let £ be the total time spent in the trap. It is equal to /= plus the number of time the walk enters and
exits the trap by the same vertex plus twice the number of times the walk enters and exits the trap by different
vertices. This means there exists a constant d, that only depends on the configuration such that ¢ = £~ + §,,.
This, in turn, means that we have also the asymptotic equality:

Py(¢ > a) ~ C'Na™".

Now, let ¢ be the time spent in the i*! trap with configuration p.
First, if k < 1, by Theorem 3.7.2 of [36] we get that for some constant c,:

n
1 :
n”x g 2 — ¢, in law for Py.

i=1

Now we use the fact that the number of trap of configuration p between two renewal times has a finite expectation
Cp to show that we have the convergence we want. Let M, , be the number of traps of configuration p the
walk has entered before the n'" renewal time. For any € > 0 and any p we have:

Po(Mnp € [(Cp —€)n, (Cp +€)n]) — 1.

Therefore for any configuration p:

(Cp+e)n
nw Z I (25)% »S, in law for Py.
i=(Cp—e)n
And for any m € N:
(Cp+e)n "
now Z Z o — (2)% Z (¢p)" ] Sk in law for Py.
pEI™ i=(Cp—e)n pelm

We write I™(J) all the configuration of I™ that are in a direction j € J. Now, using the fact that the éé are
non negative, for any n € N and any € > 0 small enough, we have:

) My, p Cpn A
SED SIS E 3) oI
=1

pelm(J) =1 P
(Cp+e)n

2. ) #zw

pel™(J)i=(Cp—e)n

=

<Po(Fp € I"™(J),Npp € [(Cp —e)n, (Cp+e)n]) + P | n™

=o(1)+Py | 2)% [ > ()] A =m

peI™(J)

Since it is true for all €, we get that

M, Cpn
n-w Z Z o — Z ZE; — 0 in probability for Py.

pel™(J) i=1 pel™(J) i=1

And since
Cpn E
Z Z o — Z (cp)™ | & in probability for Py,
perm(J) i=1 )

we get:

Z Z o — Z ()™ | & inlaw for Py

pelm(J) i=1 pel™(J)
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Now if k = 1, we first want to show that we can neglect the values larger than nlog(n). Let p be a configuration,
7 the total time spent in the it" trap in the configuration p encountered, C)p the constant such that the number
of trap encountered before time 7,.1 — 1 is equivalent to Cpn, M, , the number of traps in the configuration
p encountered before the time 7,11 — 1 and ¢, the constant such that Po(¢f > t) ~ c,n~!. We get:

Po(3i < M, p, 7 > nlog(n)) <Po(Fi < 2C,n, £ > nlog(n)) + Po(M,, , > 2Cpn)
c
<2 - 1).
- Cpnnlog(n) +o(l)

=o(1)
Now we can compute the expectation and variance of £ A nlog(n):
nlog(n)
Esy (€2 A nlog(n)) ~ / &y
t=1
~cp, log(n).
Now for the variance we get:
Varp, (¢7 Anlog(n)) <Ep,((¢? A nlog(n))?)
nlog(n)
~ / 22 dt
t
t=1
~2¢pnlog(n).
So for n large enough:
Varp, (7 Anlog(n)) < 4cynlog(n).

First, for any constant ¢, for n big enough:

Py ( fo A nlog(n) — enc, log(n)
i=1
<Py ( Zﬂf Anlog(n) — enE (5 A nlog(n))
i=1
4Varp, (€7 A nlog(n))
(enlog(n))?
16¢,n log(n)
(enlog(n) 2
16c¢c),
= = 1
fogm) ~ 1V
This means that we have the following results:

>en log(n)>

1
> e log(n)> for n big enough, by [2.2.4

<cn

(Cp+e)n
Py Z 2 Anlog(n) — (Cp + €)ney log(n) > enlog(n) | — 0
i=1

and
(Cp—e)n

Py Z 2 Anlog(n) — (Cp + €)ney log(n) < —enlog(n) | — 0
i=1

Then, by definition of C), we get, for any ¢ > 0:
Po (|M(n,p) — Cpn| > en) — 0.
Then, using the fact that Y ¥ A a is increasing in n for any a, we get:
i=1

M(n,p)
Py Z 2> (Cp+¢)(cp + e)nlog(n)
i=1

(Cp+e)n
<Po(M(n,p) > (Cp+e)n) +Py | D > (Cp+e)(cy +e)nlog(n)

i=1

=o0(1).
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Similarly, we have:

M(n,p)
Po Z 07 < (Cp —€)(cp — )nlog(n)
i=1
(Cp—e)n
<Po(M(n,p) = (Cp —&)n) + Py Z > (Cp —¢)(cp — €)nlog(n)
i=1
=o(1).
Therefore,
1 M(n,p)
nlog(n) ; (2 — Cypcp in probability for Py.

Now we just have to sum on all configurations p € I'"™ that are in a direction j € J to get the result we want.

O

2.2.5 Only the time spent in traps matter

Now to properly show the result we want, we have to show that some quantities and some events are negligible,
this is what this section is devoted to.

Lemma 2.2.5.1. Let j be in [1,d]. Let {xz,yf} be the _ith trap visited by the walk in the direction j after time
To, S1 its strength, ¢4 the time spent in this trap and N} the number of times the walk enters the trap:

Eg = Z lYA-,E{xf,yf}’

k>0

i o
N =) Ly clonne} and visagled i}

k>0
2d
Let kj =2 a; — aj — &jrq > k. Let M(n,j) be the number of traps in the direction j encountered between
i=1

times 9 and 7, — 1.
If k <1 and k; = K, for any € > 0 there exists ¢’ > 0 such that for n large enough:

M(nj) 1
Py Z 1 1 >enx | <e.

tsi<e'n
i=1

Proof. Let v € (n, "””Jg"””/) be such that v < 1. Let 5 be a positive real. Let {Tf,yf} be the ' trap visited by
the walk in the direction j after time 75 such that {Eg.el,yg.el > Y, .e;. Let Eg be its strength ZZ the time

spent in this trap and NZ the number of times the trap is visited.

By lemma the number of traps encountered between 2 renewal times has a finite expectation and since
the (M (2i+1,5)— M (24, 7))ien~ are iid and so are the (M (2i+2,j) — M (2i+1, j))ien~, there exists a constant
C; such that Py almost surely:

1
ZM(n. i N
- (n,j) = C;

So for any £ > 0, for n large enough:

Po(M(n,j) Z QCJTL)

IA
plk.\ ™
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We have for n large enough:

M(n,j)
Po > #1, 1 >enn
i=1 =
Mng) L. MG3j) L.
7 Zenw J Zenw
S]P)O Zil*fga’n% > 26TL +P0 Z éllsigs’n% 2 2571
i=1 i=1
M("J)fj 1 . 1,
<Py ; 4 1;{9%% > ienn + Py (7'3 > 25nw)
M(n.j) 1 . .
<Py ; Ei lggga'n% > ienﬁ + 1 for n large enough
2Cjn
<P 71 >1€% —|—2£fr lar nough
<Pq izlingE’"%_Qn 4 for n large enough .
Then by lemma [2.2.4.1| we have:
QC]"n QCJ'TL 2
P 71 sl <Sop Y NE >
0| 2% sl<ems = 97 S TR0 i%itgicemt = 40"
i=1 i=1
And finally we have:
QC]"n 62 2C_‘in 62 2l
7 —j 1 FINA (=] 1
B [ SN, = ot | <B [ S W, (mn)
i=1 i=1
&2 - G
1 7\ =i
= (40W> Ery | 2L (N0 () g 5,0
i=1

2 —~ 2Cjn

- <Zon;> ; e ((Ng)v(gf)”ggwn%) '

Then by lemma[2:2.3:4 we get, for some constant ¢ that does not depend on j:
2\ o 2\ vn 7j v
(5m) > Ee (NG, ) < (5m) > Er, (@0)7) (%)
22\ 77 - 2C;n L
—c <40) ()7t By (WD)
i=1

And by lemma [2.2.3.3] there exists a constant ¢ that does not depend on 3 such that:

2\ L — N

/ —K — / —K
() @t m () <o) @
So by taking 8 small enough we get the result we wanted.

Lemma 2.2.5.2. Let J = {j € [1,d],k; > K}.
If Kk =1 there exists a constant C such that Py almost surely:

1 Tn—1

i=0
If k < 1 there exists a constant C > 0 and a constant v € (k, 1] such that Py almost surely:

Tp—1

. _1
limsupn™ > Z 1Yke% < C.
k=0
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2d

Proof. For any j € J we define k; =2 > a; — a; — j4q > k. Let {:Ef,yf} be the i*? trap in the direction j
i=1

the walk enters after time 75 and such that xg.el, yg.el >Y,,.e1. Let Nij be the number of times the walk exits

{x{, yf} and ﬁg the time the walk spends in this trap. Let M (4,j) be the number of traps in the direction j

entered before time 7;. The (M (2i42,j)— M (2i+1,j));en~ are iid and so are the (M (2i+1,5) — M (24, 5))ieNx,

they also all have the same law (the only issue is that since a trap span over two vertices, there might be a

slight overlap between traps of two different renewal slabs’). Now, since the number of different vertices the

walk encounters between two renewal times has a finite expectation, the (M (i + 1,5) — M (i, j)) have a finite

expectation and therefore there exists a constant C; such that Py almost surely:

M(n,j) — Cjn — —oo.

Now let Y be the partially forgotten walk associated with Y. We get that knowing the environment, the
partially forgotten walk and the renewal posmon Y,, the time spend in the {z,y]}, the k™ time the walk
enters this trap is equal to el ik T 2H! , Where e’ ksl if the walk enters the trap by the same vertex it leaves

it and 2 otherwise and H  is a geometric random variable that counts the number of back and forths. The

parameter of H7k is pl (335, yf)w(yf, 953)
T2it1—1 m2it2—1
First, lets look at the case k = 1. Since the > Ly are iid and so are the 2 v, )
J=T2i JEN* J=T2i41 1EN*

we just have to prove that their expectation is not infinite to have the result we want. If their expectation were
infinite, then we would have that Py almost surely:

M(n,j)

fz Z ¢ — .

jeJ =1

Therefore we would have Py almost surely:

Cin
%Zgw%w

jeJi=1

But
Cjn Cjn N

i

Ees (LSS A = ZZZMGN&M@

jeJ i=1 JEJz 1 k=1

Z%%( k27 jj>

]Glekl p;

NJ

i

Cin
<2- ZZ
ger T L
B T
njeJi:l

where s7 is the strength of the trap {z7,y/}. Now we get:

1 Cjin ‘ 1 nC; o
gZZ@ <~ Ep, CY N N/
jeJ i=1 jeJ i=1

o0

ot ~Eg, ZZNJ/ (51204t

jeJ i=1 =0

oo

nC,
1 4 :
SC;ZZEPO N/ 2+/1S§-tht

jeJ i=1 Lo

<C- ZZ (QIEPO (N7) +C/ EPO(NﬁSm)dt).

jGJz 1 t=2

71



Now by lemma we know that there exists a constant C' such that for any t > 2:
]EPO (Nijls-7f>t) < Ct_ﬁjEPU (sz)

So there exists a constant C” (the value of this constant will change depending on the line) such that:

Cin
D9 o) S w oty

jeJ =1 jEJ i=1
<c’ ZCJ by lemma [2.2.3.3
JjeJ
<C'.

.7 .
This means that we cannot have % Z Z 7 — oo Py almost surely. Therefore the random variables
e =1

T2ig1—1 Toi42—1
Z ly.c 5, have finite expectation and so have the random variables ' > ly.c 5, . So
J=T24 iEN* J=T2i41 iEN*

we have the result we want.

If k < 1, we will basically use the same method. First there exists v € (k, 1] such that v <
jed, v <kj.

We have that:

”"'” and for every

Tn—1 n—1Ti+1—
_1
limsupn™ > g ly,es, = = limsupn~ 5 E g 1Yke<%'
k=0 i=2 k=1,

And since:
n Tit1—1 v 1 n Tit1—1 v
_1
( K Z Z 1Yk€=7J> < nzz< Z 1Yk€=71>
=2 k=r; jerimt \ e

we also have:

1

n Ti+1—1 Tit1—1 T\

limsupn™~ Z Z ly e, < | limsup — Z Z ly e, .
=2 k=7; k=r;

T2i

k=T2; k=7'21,+1

5 ¥
T2i41—1
Now, since the random variables ( < > ly, e %> ) are iid and so are the random variables ( ( > ly, e j}) )
JEN* 1€EN*

we have that there exists a constant Co, € [0, 00] such that Py almost surely:
T;—1 v
I (Ees) o
=2 \k=7;
Now, by definition of the C; and since (@ +b)” < a” +b” we have that if Cs, = 0o then Py almost surely:
Cin
1 : N
YY)
n - ‘
jeJ i=1

However we have (using the same techniques and notations as in the case k = 1):

1 Cin A 1 Cjn Nij . . !
Epg | =D D (V1Y | == > By | | D_el+2H], | ¥
jeJi=1 jedi=1 k=1
Cjn N} K
<SS [ S omd, v
"ieri=1 k=1 7
Cin vy
1 d P 2
<= N} =
()
<0- ZZ(NJ J)
jGJZ 1
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Now by the same method as the one for k = 1, by using lemma and lemma [2.2.3.3| we get:

Cin
Ly e <
jEJt 1
This means that Cs, < 0o and therefore:
Th—1
1 1
limsupn™~ Z ly c5, < (Cx)7 < 0.
k=0

O

Lemma 2.2.5.3. Let A“ i2 (7)) be the event that the walk visits at least two trap of strength at least en~ between
times T; and T4, — 1 and that it enters these traps at most io times. We have that for any i, > 1:

Po | | A2 | —o.

2<i<n

Proof. Let @ := Z a;. Let M (i) be the number of traps visited before time 7;. We know by lemma [2.2.1.2

that the number M (z +i1) — M (i) of traps visited between times 7; and 7;4;, — 1 has a finite expectation (for
Py) and by proposition 1fthe ((M(2i+2) — M(2i+1));>1 are iid and so are the (M (2i + 1) — M (2%));>1.
This means that there is a positive constant C' such that Py almost surely:

1

—M(n) — C.

n

Now let M (i) be the number of traps visited at most io times before time 7;. We know that:
Po(M™2(n + i) > 2Cn) — 0.

Now, for any 1 > 0 we have:

Py (3i <n, M(i+i1) — M(i) > qn) <Y P (M(i+i1) — M(i) > nn)

=0o(1) 4+ (n — )Py (M (i +i1) — M (i) > nn)
=o0(1) since M (i + i1) — M (%) has a finite expectation.

Now let A; be the event "the i*® trap visited by the walk is of strength at least enr and that the walk enters
this trap at most i5 times”. We have:

Py (3 <2Cn,3j < nn, A; and A1 ;)

2C
<Py (EIZ' < 7,3]'1,]'2 € [inn, inn + 2nn], j1 # j2 and A;, and Aj2>

W
Q

n

< Py (Eljlva € [[inna iﬂn + 277”]]7j1 # Jo and Ajl and Ajz)

1\0 ilng

inn42nn inn+-2nn

Z Z PO J1 and Ajz) J1#j2-

Ji=inn ja=inn

Now let (f/n)neN be the partially forgotten walk, by lemma [2.2.3.1]if s; is the strength of the j*! trap visited
and N; is the number of times the walk enters the 41 trap, there exists a constant D; that only depends on
its configuration such that for any B > 2,

) N + 2@
Py (s = BIY,&) < D;B " exp (5(’+0‘)> .

B
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Let D% be the maximum value of D; exp (@) we can get for configuration of traps entered at most iy

times. We get that for any j: . 4
]P()(Sj Z B and Nj S ile,&J) S D"2?B™"F,

We also know that the strength of the traps are independent, knowing the partially forgotten walk and the
equivalence class of the environment for the trap-equivalent relation. Therefore we have, for any n > 0:

2C

ninn42nn inn42nn

Z Z Z Po (Aj, and Aj;) 15,45,

1=inn  jo=inn

2C .
T inn42nn inn+-2nn

SIS IS WCOCO

0 ji=inn ja=inn
2C 20 1yi2\2.—2k, —2
<2—(nn)=(D"?)e~*"n~ < for 1 small enough
n
:4CTI(D2'2)25—211.
Now, by taking a sequence (1, )nen= of positive reals such that 7, — 0 and such that:
Py (Fi < n, M(i+1i1) — M(i) > nun) — 0,
we get:
Po | |J AZ230) | <Po(M(n+iy) <2Cn) or (3i <n, M(i+iy) — M(i) > nan)
2<i<n
+ Py (Fi <2Cn,3j < nun, Aj +PoAigj) .
Therefore:

Po | |J A% | —0

2<i<n

Lemma 2.2.5.4. If k =1 there exists a constant C such that Py almost surely:

1 Tn—1

EZlyigg"—)C.

i=0
If Kk < 1, there exists a constant C' > 0 and a constant § < % such that Py almost surely, for n large enough:

Tn—1

DY lyimal,gs <C0P

z€Z? =0

Proof. Let m be such that Q™ is well defined. Let (¢I");en be the times at which X™ changes position,
with tg := 0. We have Xt?l =Y, for all i € N. Let (&;)ien be a sequence of random variables defined by
& =t — 7)o (Ys). By definition of X and Y, (&});en is a sequence of iid exponential random variables of
parameter 1, independent of the walk and the environment.

We will first look at the case k = 1.

T3—1 T2iy1—1 Toiq2—1
If >° 1y., 5 has afinite expectation for Py, since the > lygs are iid and so are the > lygs
1=To 1=To; ’ JEN* 1=Toj41 * iEN*
To—1
then we have the result we want. On the other hand, if }° 1, .5 has an infinite expectation then, since the
i=T71

Tit1—1 o1
random variables < > 1y, €g~> are non negative, n=1 Y Ly, g5 — 0 Py almost surely.
1=T; i>2 =T
By the law of large number, we get that Py almost surely:
Tn—1 1 —
erN,VnZhZOéZ;lYi 520
1= =
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For any point z, if z is not in a trap then, by definition of traps:

1 S 1
() ~ 2
This yields:
Tn—1 Tn—1 1
Sily g5 <2 Eily g5 —~-
; YigT ; Yi&g’)"”(Yz‘)

And by writing T;7" = t7" we have:

Tm
m

Tn—1 A
Yo (X{")
&ily ~§2/7m dt.
2 Ailves <2 | S0

We know by lemma [2.2.1.7] that there exists a constant d,, such that Py almost surely:

T — dpn — —o0.

We get:
" ¥ dmn
Ik € N,¥n > k, / WX 4y o / ) g
¥ (XT) v (X7T)
0 0
Finally, if Py almost surely:
1 &
Z 1y gg = 00
i=0
Then Py almost surely:
dmn
1 / X,
— L2 dt — oo.
n S (&)

dmn
1 mXr
— / ’yf)( fn dt — oo
n Y (X)
0
So we would have, since 1:”: (())((37:)) is positive:
t
dmn X
1 m m
“Egp /%( | 5 oo
n ; 7 (X{)

Which is false by lemma [2:2.2.] so we get the result we want.
Now for the case xk < 1.

B
, T3—1
Let g € (K’ "J;’”" ) be a real such that § < 1. If > ( > 1Yi—w> 1oz has an infinite expectation (for Py),
TE€ZI \i=T2
T2j+1—1 g
since the | > Y lvima | 15 are iid, we would have that Py almost surely:
zEZ? 1=To;
JEN*
Tn—1 B
n1 Z (Z 1Y7:—96> 1a:¢9~ — 0Q.
x€Zd \ i=0
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By lemma [2.3.0.5| we get that there exists a constant C' > 0 such that Py almost surely:

Tn+1—1

Tn+1—1 B B
=0

zEZ? =0 TzEZ?

We also have, by writing 1} = ¢7":

Tn+1—1 B Tnt1—1 1 B
1=0

VA =0 z€Zd
Tm B
m(ym
B i) (Xt )
<4 Z /Wlxzﬂ:xdt
zeZd 0 t

We know by lemma [2.2.1.1] that there exists a constant d,, such that Py almost surely:

T" — dmn — —o0.

We get:
" p dmmn B
m(xm m(xm
dm € N,V’I’L Z m, Z / %1XI’L:xdt S Z / %1Xf”:mdt
vezd \ ) ye (X)) vezd \ % (X))

Finally, if Py almost surely

then Py almost surely
B

dmn B
1 mxm
— / ’y‘: (an 1xm_,dt — 00
vezd \ ) 7 ( t )
So we would have:
dmn B
1 Yo (XF)
“Eop | D / (o Bxr=edt | = 00,
n vezd \ ) v (XT)
And therefore:
i+l B
1e2 )
- Egm / ﬁl xm—gpdt — 00.
n ; ’ mgz:d i v (Xt ) l
This would mean, since Qf is a stationary law that
1 B
Yo (X3)
Egm /71Xm:xdt =00
o | 2 (X

rcZd 0
which is false by lemma Therefore there exists a constant C' > 0 such that Py almost surely:

Tn—1 B
% > (Z 1Yi_z> lg5 —C.

xeZa 1=0
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So Py almost surely for n large enough:

1 Tn—1 ? 1 Tn—1 A
7 DR ST IEF D ol § SE U EWPERC
reZd =0 rcZa =0
And therefore:
Tn—1
1
S5 bl < O,
zeZd i=0

2.2.6  Proof of the theorems

Now we can finally prove both theorems.

Theorem 51. Setd >3 and o € (0,00)2L. Let Y™(t) be defined by:
Yn(t) = n_RYLmJ .

If k <1 and d, # 0, there exists positive constants ¢y, ce,c3 such that for the Ji topology and for IP’(()D‘) :

(t — TF%TLMJ) — 1L,

for the My topology and for Péa) :
(x = inf{t > 0,Y"(t).e; > x}) = 2"
and for the Ji topology and for Péa):
YY" — ngnda.

Proof. The proof will be divided in three parts, one for each result. The second part and the third one rely on
the first part. However, the second part and the third part are independent from one another.

First Part

First we will prove that there exists a constant ¢ such that for any ¢ € R™ and any increasing sequence
(2,) such that z, — oo, we have the following convergence in law, for Py:

_1 1
T " T|p,t) = Ctr ST

The result is obvious for ¢ = 0. For ¢ > 0, lemmas [2.2.5.4] and [2.2.5.2] tell us that we only have to consider the
time spent in traps in directions j such that x; = . Then lemma tells us that with probability larger
than 1 — e the time spent in such traps is not more than the time spent in trais where the walks come back at

1
most me times (for some m,) plus at most ex;. We also know by lemma [2.2.4.3| that for any m. there exists

a constant c. such that the time spent in traps where the walks come back at most m. times renormalized by
1

Zn © converges in law (for Py) to c.t* S so we get the result we want by having £ go to 0 since ¢, is increasing
and cannot go to infinity. Since the (7i41 — 7;)i>1 are iid (for Py) by proposition [2.1.2.1] we also get that for

any sequence (n;);en+ with n; > 1, (i_% (Tos it — Tn)> converges in law (for Py) to crt® BZ
i>1

1

Now we want to show that the family of process (t = Tn " Tgnt J> is tight. We will only look at the
neN

convergence and tightness for the processes on an interval [0, A]. We use the characterisation given in Theorem

15.3 of [15]:

(1) for each positive € there exists ¢ such that:
P ( sup [/(t)] > ) <
te[0,T]
(i) for each € > 0 and 7 > 0, there exist a §, 0 < § < T, and an integer ng such that:
Vn > ng, P(wy, (0) >n) <e
and
Vn > ng, P(vy,(0,6) >n) <eand P(vy, (T,9) > n) <e,
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where wy and vy are defined by:

wy(8) = sup{min (|F(£) = F(t)] (k) — FO b S < s < Tty — 11 < 0,
vr(t,8) = sup{ [ £(t2) — F(t2)] : t1,t2 € [0,T] N (¢ = &,¢ + 5)}.

For a sequence of non-decreasing processes (W,,) defined on [0, T}, this characterization is implied by the fol-
lowing;:

(7) for each positive € there exist C' such that
PW,(T) > C) <e, forn>1,

(i7) for each & > 0 there exist a § € (0,T), such that for n > 1

(a) Vx € [0, T — 0], P(Wy(x+06) —Wy(z) > e and W, (z) — W, (z —0) >¢)<e
and

(b) P(Wy(6) —Wn(0) 2¢) <e
and

(¢) P(Wo(T)—Wy(T —0)>¢) <e.

For the first property, since we know that the sequence (z; ;TLM A J> converges in law for Py, the family
neN

_1
(acn RTLI"AJ)neN is tight and therefore for any € > 0 there exists B, such that:

Vn € N, Py (x;%TLMAJ € [O,BE]) >1—c.

So:
Ve > 0,3B.,¥n € N, P, (W €10, A], n T4 € [O,BE]) >1 e

Now we will prove the two side conditions (ii.b and ii.c). For (ii.b), we first choose d such that Py (015% S > 5) <

5. This proves the result for n large enough and then, since the processes we consider are cadlag, we decrease
0 up to the point where we have the result for n small and we get the result we want.

For (ii.c), the proof will be essentially the same. Since the increments are iid (except for the first one of
1

1 1
which we do not know the law) the law of xp, * 7|5, 4] — Zn " T[4, (a—s)| cOnverges to c16%S,. So we get that for
some 9, for n large enough we have the result we want. For small n we only use the fact that the processes are
cadlag so we get the result we want by decreasing 6.

Now we can prove (ii.a). Let J = {j € [1,d],x; = k}. First we have, by lemmas [2.2.5.4] and [2.2.5.2]
that for n large enough, the time spent in vertices that are not part of a trap in a direction j € J before time
1

T|z,t| i smaller than %exﬁ with probability at least 1 — %5. Similarly by lemma [2.2.4.3[ there exists m. such

that for n large enough the time spent in traps in direction j € J such that the walk enters at least m. times
1

the trap is lower than ez with probability at least 1 — %8. And finally, there exists . such that for n large
enough, by lemma |2.2.5.1} with probability at least 1 — %s the time spent in traps in direction j € J such that
1 1

their strength is at most B.x/; is lower than %Exﬁ . Condition (4i.c) is not verified if either of the previous

three events are not verified which happens with probability at most 1 — . However if the previous events are

1
verified and there is no ¢ such that there are at least two traps of strength at least S.x); visited at most m.
times between times 7; and 74255, — 1 then the main condition is true.

So now we just have to prove that for 6 small enough, with high probability there is no i such that there
1

are at least two traps of strength at least S.zy; visited at most m. times between times 7; and 7;425., — 1. By
lemma [2.2.5.3| we have that for any m € N the probability that there exists i < x,, such that there are two
1

traps of strength at least 3.z;; between times 7; and 7;4,, — 1 goes to 0 when n goes to infinity. So let B; be the
1
event: ”there exists a trap of strength at least S.x/ visited at most m. times between times 7; and ;41 — 17.
We define the finite sequence (n;) by:
ni :Hlf{] > 1, Bj}7
Ni+1 Zlnf{j Z n; + m,Bj}.

We also define 7; by n; = sup{j,n; < x;}. First we want to prove that f; cannot be too large. We know
that there exists a constant C' such that if M(n) is the number of different traps in a direction j visited
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before time 7,, then for n large enough: Po(M(z,) > Cz,) < € and by lemma [2.2.3.4] we clearly have that
E(fnlar(zn)<can) < %—f Therefore if we take B > ECBC» we get that for n large enough, Py(72, > B) < 2e. Now
we want to show that for § > 0 small enough, Py(Fi < B,n;y1 —n; < 2dz,) < ¢ which would yields the desired

result. For any ¢, we have, by proposition [2.1.2.1

Po(ni+1 —n; S 26$n) S Po(’nl S 2(5$L’n)
And therefore:
We have that there is a constant C' such that for n large enough, Po(M (26x,) > 2Cdz,) < 5. And then by

lemma we have that the expectation of the number of traps of strength at least ﬁx% among the first
20x,, traps is lower than 26xnﬂh.%n and therefore for § small enough, Po(3i < 7y, nyp1 — 1y < 20x,) < e. So
we have that the sequence of processes is tight.

Now we want to show that its limit is ¢;.". Let m be an integer and (z;)o<i<n be reals such that 0 = yg <
y1 < -+ < Ym—1 < Ym = 1. We have, since the (7,41 — 7;);>1 are iid and independent from 74:

_ 1
(Tn " Tlzpys Jo<icm = (L (Yi))o<i<m-

So we have convergence in the J; topology for any increasing sequence x; that goes to infinity.
Second Part

Let L be defined by:

L(t) := inf{i, Y;.eqs > t}.
And let L,, be the renormalized L:

1
L,(t) := n~ = L(nt)
Notice that:
Ly (t) = inf{i, Y"(i).eq > t}.

We have, by definition of 7 and L:

Vn € N*, L(Y;, .e1) = Tn.
We first want to show that the sequence L, is tight in the M7 topology. We use the characterisation given in
Theorem 12.12.3 of [89]:

(i) for each positive € there exists ¢ such that:
IP’( sup |f(t)] > c) <e,
t€[0,T]
(#4) for each £ > 0 and n > 0, there exist a §, 0 < § < T, and an integer ng such that:
Vn > ng, P(wy, (6) >n) <e
and
Vn > ng, P(vy,(0,0) >n) <e and P(vy, (T,9) > n) <e.

Where wy and vy are defined by:

wy(d) = sup{ag[lofl] [f(t) = (af(tr) + (1 =) f(ta)), t1 <t <ta <T,ty —ty <0},
vy(t,8) = sup{|f(t1) — f(t2)| : t1,t2 € [0, T] N (t — 6, + )}

First we have:

Py ( sup |Ln(t)| > C) =Py (L(TLT) > cn%)

t€[0,7]
S]P)O (TnT > CTL%) )

which is smaller than ¢ for all n, for ¢ large enough.
Next, since H,, is non-decreasing, we have:

Po(wr,(6) = 0) =
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Then, we first use the fact that: .
(0 5) S TR, Tné

to get that for  small enough:
vn 2 nO’ PO(ULn (0’ 6) Z n) S E.

The bound for vy, (T, 9) is similar but slightly trickier. We know that for ¢ = (E(Y,, — YTI).el)_l7 Py almost

surely:

1
—(Y,
-

Ten(T—28)

.61,Y

Ten(T+6) *

e1) = (T —26,T +9).
Therefore, using the fact that L,, is increasing, with probability going to 1:
1

Ln(T) - Ln(T - 6) <now (Tcn(T+§) - Tcn(T—2t5))'

And we have the result we want for ¢ small enough and n large enough. So we have that the sequence (Ly,),en~
is tight. Now we just have to show that its limit is C.%* for some constant C. Set ¢ = (E(Y;, — Y;,).e1)” .
We will show that L, (z) is almost equal to 7,,(cx) which will yield the result. Set ¢ > 0 and z € [0,00). We
want to show that Po(| L, (x) — 7o (cx)| > €) — 0. We will use the following inequality:

Po(Ln(z) — Tn(cx) > €) < (%I;EIP’O(Ln(x) > Tp(cx +9)) + Po(mn(cx + ) — 1 (cx) > €).

We clearly have, for any § > 0
lim sup Py (L, (z) > 7 (cx 4+ 6)) =

n—oo

And for some constant C' that does not depend on z or ¢
Po (o (cx + 8) — Ta(ca) > €) — Po(C.7"(6) > ).
Therefore
Po(Ly () — Tp(cx) > €) — 0.

Similarly we get:
Po(Ln(z) — Tn(cx) < —e) — 0.

Therefore the limit of L™ is t — C.%%(ct) which is equal to C.#* for some constant C.
Third Part

We will look at a sequence of processes t — 7, () such that the law of 7, is the same as that of ¢ — UU;%TL%”
and such that almost surely 7,, — 7 in the J; topology with the law of 7 being that of .*. We want to show
that the law of the inverse of 7,, converges to that of the inverse of .. This is a direct consequence of lemmas
[2.3.0.6] and [2.3.0.7] Now if we define L7 (¢t) by L™ (¢t) = min{n € N, 7, > ¢}, we have that in J; topology:

B (k1) = 75)

In
for any increasing sequence x,, such that z,, — co. Therefore, for any increasing sequence z,, such that x,, — oc:

%LT(xnt) — SR(1).

Ty

Now by lemma [2.2.1.3| there exists v € R? such that Py almost surely:
Y,

Tlt)

t

— .

This means that in the J; topology, we have the following convergence (in law):

YTLT t
t— —2 ) = (> t).

Ln

And therefore, in the J; topology,

_1 Y.
(t — Ty “Tgt)t — T;"J) — (1"t — tv).
n
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Now we will look at (7, d,) where for any n the law of (7,,d,) is the same as the law of t — x;%qxnt] T —

Y,
—Lentl and such that almost surely:

Tn

(Tn,dn) — (15,1 — tv).

Let 7 be such that almost surely 7,, — 7. Let Ay 4) be the distance associated with the infinite norm on [0,A].
If we look at d_-1,) where 7, 1(t) = inf{x, 7, (z) >t} we get:

),

)v)

Ap,a) (dn (71 (8), 7 1)) < Apo,a) (dn (T 1 (), T (V) + Apoay (7 (E)v, 772 (¢
! Y1), 7))

= Njo,a) (dn (771 (1), 75 ()0) + | (Tn

So for any B,e > 0:

Bo(App,a (dn(75 (£)) 77 (B)0) = )
<Po(7;(4) > B) + Po (3t € [0, B, ||dn(t) — tol| = ) +Po (A4 (72 (8),771(0) = 5 )
=Po(7;(4) > B) + o(1)

=Py (Tn(B) < A) + o(1)

=Po(T(B) < A) + o(1).

We clearly have that when B goes to infinity, Po(7(B) < A) goes to 0 so we have that in the J; topology:
dn (71 (1) = 7 H(t)v.
Since we have that in law (in the following we will write 7(z) instead of 7, for the formulas to stay readable):
1 1
do (7 Ht) = —Y . =Y L
(7 () Ty T(Lwn(z;lLT((wn)ﬂ))J) T T(\_?((:v;JEt)J)
we get that in the J; topology for any increasing sequence x.,:

IiNYT(LLT(znt)J) — Cl_ﬂjﬁ(t)v.

n

Now we only have to show that Y. (|17 (s,¢)]) and Y; are almost equal. For every ¢ > 0 let R; be the number of
different points visited between times 7; and 7,11 —1 and let Ry be the number of different points visited before
time 7;, — 1 (0 if 7; = 0). The (R;)ien are independent and the (R;);en+ are iid with finite expectation by
lemma Let € > 0 be a constant and let B > 0 be such that for = large enough, Po(z~"L7(zA) > B) < §
(taking B such that Py(c;"."(A) > B) < < works). We get that for 2 large enough:

Po(3t < @A, a " ||Ye(1r(n)) — Yil| 2 ) <5 +Po(3i < Ba™, R > ex*)
<S 4 Po(Ro > e2™) + Po(3i € [1, Ba"], B; > ez*)
S -+ 0(1) + B.’Enpo(Rl Z EIEN)

+ o(1).

[\CERON OITRON )

So for any € > 0 we have that for « large enough:
Po(3t < zA, a7 "||[Yo(\1r(aty)) — Yl 2 €) <e

So we get that in the J; topology: ~
xiNYWJ — " (t)v.
Since v and d,, are collinear, we get the result we want. O

Theorem 52. If d > 3 and k = 1, there exists positive constants ci,cq,c3 such that we have the following
convergences in probability (for Py ):

— Ty —
nlog(n) Tn 7L

Tog(n) inf{i,Y;.e; > n} — ca,

log(n)

(Yn) — C3da.
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Proof. Let J ={j € [1,d],x; = k}.
By lemma we get that there exists a constant C' such that Py almost surely:

1 Tn
— 1, .5 — C.

So we only have to look at the time spent in the traps. By lemma [2.2.5.2] we get that for any ¢ > 0, for n large
enough:

1 Tn+1—1
Fo (nlog(n) Y Lyeslygs 2] <e

=1

Therefore we only have to look at the time spent in traps in a direction j € J. For any trap {z,y} let N, be
the number of times the walks exits the trap {z,y}, we have N,, = N, . Let ¢ > 0 be a positive constant. By
lemma [2.2.4.2] there exists a m. such that:

Tn4+1—1
(nlog ; ly,es,1 Ry, >me 2 > <e.

And by lemma [2.2.43] we get that there is a constant Cy,_ such that:

1 Tn+1— 1

Z Ly, e%lNY <m. —> Cm. in probability.

nlog(n) P

So for n large enough:

Tn+1—1
Py (nlog o1, m5—25,0m5+25]> >1— 2.

1=1
This means that there exists a constant C,, such that:

Tn+1—1

1
Z ly ¢ 7 = Coo in probability.
i=1

nlog(n)

And therefore:
1

nlog(n) " — C& in probability.

So we have proved the first part of the theorem.
Now, by lemma [2.2.1.3| we have for some C' > 0, Py almost surely:

YTn.el
n

— C.

So for any € > 0, by writing L(n) := min{i, Y;.e; > n} and C* = ﬁ:

Po[L(n) > Coo O (1 + €)nlog(n)]
<Py[L(n) > CouCT (1 +€)nlog(n) and 7o+, < CooCT (14 €)nlog(n)]

+ Po[ron > CooCT (1 + €)nlog(n)]
=Py[L(n) > CoxCT(1 + &)nlog(n) and 7g+, < CoCT (14 €)nlog(n)] + o(1)
<Po[L(n) > Tc+n,] + o(1)
=Po[Yr_, €1 <n]+o(1)
Py [T < 01— o] 4 0(1)
Ctn —

=o(1).
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The same way we get, by taking C~ c(1 "

Po(L(n) < CoC™ (1 — €)nlog(n))
<Py(L(n) < CxC™ (1 —e)nlog(n) and 7c-, > CsC™ (1 — €)nlog(n))
+ Po(rc-n < CoC™ (1 — €)nlog(n))
_]PO(L(n) < CyC™(1 —e)nlog(n) and 17—y, > CooC™ (1 — g)nlog(n)) + o(1)
<Po(L(n) < 7¢-n) + o(1)

_]P)O(YTC Le1=n)+o(l)
=Py (Té"ne >C(1+ 5)) +o(1)
=o(1).

So we get the second result. Now for the last result, we define L™ (n) = min{i,7; > n} so 7o+ (n)—1 <7 < Tpr(n)-
We get, for n big enough:

- _ n
Fo (L (n) 2 O (1 +2¢) log(n)) = Fo (TC§1(1+6)‘10£5) = n) '

And we have:

O 1+ o) g( 7 log (c;ol(us)bg’zm) = O (1 +)n(1 + o(1)).

And therefore, using the result of part one:

TCOO 1+e
%%c CH(1+e) = (1+e).

So we get that:

Po (Tomt 1oy s <10) 0.

Tog(n)

And therefore:

Py (LT(n) > C M1+ 2¢) 10;En)> — 0.

The proof of the lower bound is exactly the same:

Py (LT(n) < C;ol(l —e€) log(n)> <Py <TC;1(1—5) =2 > n) .

But we have:

-1
n 70;1(1_5)% = (1—e).

So

P, (LT(n) <0 1-¢) log”(n)) =0

And therefore: )
Og( )LT( ) C;ol
n

Now, by lemma [2.2.1.3 Y( 5 D, Py almost surely so we get:

og(n) - o-1p.
n

oo

2.3 Annex

Lemma 2.3.0.1. Let X be a non-negative random variable such that E(X) < co. There exists an increasing,
positive, concave function ¢ such that ¢(t) goes to infinity when t goes to infinity and:

E(®(X)) < oo,
where O(t) = f ¢(x)dx.
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Proof. First we show that there exists a non-decreasing, positive function f : R™ — R™ such that f(t) goes to
infinity when ¢ goes to infinity and:
E(Xf(X)) < oo.

To do that we first define the sequence (¢;) by:

to =0
tip1 =1 +inf {x > 1, E(X1xss) < 2-<i+1>E(X)} .

Now we define f by:
F@) =1+ loss,.

i>0

We clearly have that f is non-decreasing, positive (f(t) > 2) and that f(¢) goes to infinity when t goes to
infinity. As for the expectation we have:

E(Xf(X))=E | Y Xlxs, | +E(X)
i>0
=D E(Xlxz,) +E(X)
< S 27'E(X) + E(X)
<3E(X) <

Now we want to find an increasing concave function ¢ lower than f such that ¢(¢) goes to infinity when ¢ goes
to infinity. To that effect we will define the sequences (a;) and (b;) by:

ap Zl,
1
b T
0 =%
Vi € N, aj1 =a; + bi(tiy1 —t5),
N
Vi € N, min(b;.; =b;, (i+2)—a
tiv1 —t;

and we define ¢ by:
Vi€ N,Va € [ti, tiv1), d(2) = a; + bi(z — t;).
The function ¢ is continuous and its slope is decreasing so it is clearly concave.
We now have to prove that tlim ¢(t) = oo . First we want to show that for every i € N, a; < i+ 1. It is
—00

obvious for ¢ € {0,1} and for ¢ > 0 we have:

(Z + ].) — Qi—1

a; < a;—1+ ro—
i —tic1

(ti — ti—l) =14 1.

Now we want to show that there can be no i such that b; < 0. If there was, we could define j by j = min{i, b; <
0}, we would have j > 1 and:

i +1)—a;—
(J+1)—aj <0.
But since aj_; < j it is impossible so all the b; are positive and therefore ¢ is increasing. Now we will prove
that lim a; = co. First we notice that if ;41 < b; then b; 11 = (th% S0 a;4+1 = @ + 2. Therefore, either the
1—00 i i

b; are stationary and ¢ is larger than some affine function with positive slope which implies the result we want
or the sequence b; is not stationary and there are infinitely many 4 such that a;41 = i+ 2 and therefore we have
the result we want.

We still have to show that ¢ < f. We know that ¢ is increasing and we have:

Vi € N,Vx € [ti,ti+1),f(x) - ¢($) =142 — (b(l’) >14+2— (b(tiJrl) =i+2—a;4+1 > 0.
So we have the desired result. O
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xr
Lemma 2.3.0.2. Let ¢ be a non-decreasing, positive concave function and ®(z) := [ ¢(t)dt. There exists a
t=0
constant Cy such that if X is a geometric random variable with success probability p:

32 (5) =350 (;) sEO0r 0000 (5) 2000 (7).

Proof. ® is convex so if X is a geometric random variable with success probability p:

E(®(1 + X)) >®(E(1 + X))

()

1.

Now for the upper bound, we will first look at the case where p < 3:

E(‘I’(l +X / ¢ 11+X>tdt

(oo}

HOP(X >t — 1)dt
=0
< [o-pta

sz/ﬁﬂweXthal—p»dt

t=0

log (1- _/O:¢( Tog(1 — )> exp(—t)dt

t

t=1

Now we use the fact that ¢ is concave, this gives us, for ¢t > 1:

i) ()02 od=s)

Since ¢ is positive, we get:
t 1
log(1 —p) ¢ log(1 —p)
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So we get:

Since — <1 and ¢ is increasing, we get:

710g(11—p)¢ <log(11—p)> = %(ﬁ (11)> '

E(®(1+ X)) < z%qﬁ (;) .

Ifp> % we can couple X with a geometric random variable Y of parameter % such that almost surely Y > X
and since @ is increasing:

p
log(1—p)

And therefore, if p < %:

1¢(%)_ 6(2)1 (1 1 (1
E(B(1+ X)) < E(2(1+Y)) < 86(2) < 86(2) 10 =875 0 (p) <166 (p) .

We get the upper bound we wanted.
Now we just have to prove that for any x > 0, %xgzﬁ(x) < ®(z) < xz¢(x). For the upper bound we have:

o) = [ o0 < [ o) = wota).
0 0

And for the lower bound we have:

O
Lemma 2.3.0.3. Let X be a positive random variable, and let a = E(X) and X = X —a. If Var(X) < a?
then:
Var(X)

Yy € [0,1], Var(X") < 2a* (a?) .

Proof. For any x € [—1,00), let f, : [0,1] — R the function defined by
fo(y) =y = (L+2)7
This function is convex and f,(1) =1+ z and f.(1) = (1 + x) log(1 + ) so:
Vye0,1], fo() =14+ (-1 +a)log(l+z) >1+z—(1—7)(1+z)z>1+yz— (1 —7)z>

By Jensen inequality, we have:
E(X7) <a”.

o\
Since E(X7) = a"E ((1 + %) ), we also get:

E(X7) > a” (1 1 _W)VaZ(QX)> .

So if Var(X) < a2, then

_E(X7)? < —a® (1 . y)Var(X))Z < o (1 —2(1— ) Var(X)) .

a? - a?
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We also have:

E(X27) < E(X2)? = (a? + Var(X))” < a® (1 + vvar(X)> .
a
Finally we get:

Var(X) Var(X)
2 2
Var(X"’)gaW(l—f—'y 02 _1+2(1_’Y)T =a""(2—-7) 2

O

Lemma 2.3.0.4. Let p € (0,00) be a positive real, N > 1 an integer, h € (1,1) and ¢ € (0,00) with
1>q(1—h) > 3. Let (g;) be a sequence of integer in {0,1}. Let (H;),cn be a sequence of iid random variables
following a geometric law of parameter h (here h is the probability of success). Let (&J)ijeN be a sequence

of iid random variables , independent of (H;) and following an exponential law of parameter p. Now let Z be
defined by:
ei+H;

7= &

i=1 j=1

ES RS

There exists a constant C such that if N > 1:
Yy €[0,1], Var(Z?) < CN*~1 < CON".
We also have that there are two constant c1,co > 0 that do not depend on v such that:
aaNT<E(ZY) < caN".

Proof. First we look at the expectation of Z, we get:

N 61+Hi1p
EZ)=> Ef > ==
i=1 j=1 pq
_i1<8,+ )
~q 1—-h
1 N
= Ei].—h +h
Q(l—h); 4=

Now we will look at the variance but first we need a small result to simplify the notations, for this result, M
will be a non negative random variable and (X;);en a sequence of iid real random variables, independent of

M. We get: 2 i
(o ([£9)- ()

=E (ME(XT) + M(M — 1)E(X,)*) — E(M)*E(X1)*
= E(M)Var(X;) + Var(M)E(X;)?.

Now we can compute the variance of Z. First we have:

N ei+H; 2 ei+H;
Var (Z) = ZVar Z (g’ug = ij ZVar Z &ij
i=1 j=1 i=1 j=1

Then we have:
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So we get, by summing these two equalities:
1 N

i=1

Var (Z) =

We have assumed that A > i and % < ¢q(1 — h) <1 therefore we have:
1
ZN < E(Z) < 4N,

Var(Z) < 20N.

Therefore we have: Var(2) )
ar
— = < 320—.
E@)? =N

So by lemma [2:3:0.3] for N > 320 we have:

Var(Z) 640
7 < 2y < 4N
Vv € [0,1], Var (27) < 2E(Z) <E(Z)2>_4 N

And if N < 320 we have:
Yy €[0,1], Var(Z2?) < E(Z?") < E(Z?%) < (20N + 16N?).
So there exist a constant C such that if 1 < N < 320:
Var (Z7) < C%.
So
Vy € [0,1], Var(27) < CN?'~ 1
So we have that there exists a constant C such that if N > 1:
Vv €[0,1], Var(Z7) < CN?*"~!' < CN".
Now for the expectation, we first have the upper bound:
E(27) <E(Z)" < (4N)",

For the lower bound, we will use Holder inequality:

o 1y
E(Z)=E (275 25) <E (2750 TR (25 E)T
This yields:
E(Z)*7" <E(Z")E(Z*)'™"
ie:
E(Z2)*™"
E(Z2)17'y .
Now we have E(Z?%) = Var(Z) +E(Z)? since Var(Z) < 80E(Z) and E(Z) > 1 we have Var(Z) < 320E(Z)? and
therefore: E(Z?) < 321F(Z)? which yields:

E(Z7) z

. E(Z)*  _ E(Z) _ E(Z)
EZY) 2 momzi= 2 2 2 a1

O

Lemma 2.3.0.5. Let 8 € [0,1]. Let (N;);en+ be a sequence of random positive integers and (A;)ien be a
sequence of random finite subsets of N with the following two properties:

Vi > O,AZ C Ai+1,
#Ai — 0Q.

Let (Z;)ien be independent exponential random variables of parameter 1 independent of (A;), (N;).
Then there exists a constant C' > 0 such that almost surely:

B
N;
ImeNYnzm, > (D Z | =C > (W)’
€A, \j=1 1€A,
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Proof. Let C be such that 2C — 2'=% > 0 Let (n;);en be the sequence defined by:

Inm{z +# Z A> 2’}

i€EA,

We have that if

N B
ImeN,Vj>m, > (Zz) >20 > (V)

ZEA',L]- k=1 ZEAnj

and M is such an m then for every n > nyy, if j is the integer that satisfies n; < n < n;;1, we have:

Z (Nz)B §2j+1

i€A,
<2y (V)
iGAnj
N, B
<2C Y < ZZ>
i€EA, j k=1
N, B
€A, \k=1
By lemma for any ¢ € N*:
N; g
Var Eg | 1(AR), (V) | < 2(N)P71 < 2(y)F.
j=1
And by Holder:
_ —(1-5)
E (D 6] 1Ak, (Ne) | ZE | D& 51(Ar), (Vi) EL (D G| 1(Ar), (Nh)
j=1 j=1 j=1

=(Ni)* P (NF + N;)~ (=P
>(N;)* P (2n?)~ (=P

Now we get:

2
720 ((20—21 21Dy <Nz>ﬁ>
ieAnj
< E 2
—ZO 2C—21F)2 > (N,)°
iz €A,

) 4
= —J
§(20—21—5)222 < 00.
j=0
So by Borell-Cantelli we get the result we want O

Lemma 2.3.0.6. Let f,g be two non-decreasing positive cadlag functions with f(0) = g(0) =0. Let A,B >0
be constants such that f(A) > B and g(A) > B. Let £,6 > 0 be such that:

Vie[0,A+e],g(t+¢e)>gt)+§
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and
sup{[£(t) — g0, € (0.4 +2:]} < ©.

Then:
sup{lf 1 (z) — g~} (&)t € [0, B]} < 2.

Proof. Let t be in [0, B]. First we have:

5 ]
Flo7 ) +2) > g (97 (1) +26) =5 > glg () +e) +0 -5 >t
Therefore f~1(t) < g71(¢) +&. Similarly we have:
—1 —1 0 —1 0
o'W =) <glg ') —e)+5<9lg () —d+5 <t
Therefore f~1(t) > g~1(t) — . So we have the result we want. O

Lemma 2.3.0.7. Let t — #*(t) be the jump process where .#*(1) is a completely asymmetric, positive stable
law of parameter k. For any ¢ > 0 and any B > 0 there exists A > 0 and § > 0 such that:

P(s"(A) = B)>1—¢,
PEt<A—¢e, " (t+e)— () <) <e.

Proof. There clearly exists an A that satisfies the first property. Now we need to find a 0 that satisfies the
second inequality for this A. We will look at a slightly different property:

L€
=

)—y” ((z‘+1)g) <.

Since for every t < A — e there exists i < 22 such that: [i§, (i + 1)5] C [t,t + €], we have that for any & > 0:

PEt< A—e, %t +e) — S5t +¢) < 6) §P(3i§ %,yﬁ (z%) _ ((H—l)%) g(s).

And there clearly exists § such that

2A

3
—_—, i—
9

7 (i5) -7 (6+3) gé) <e.

So we get the result we want. O

]P’<3i§
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Chapter 3

Random walk in random environment and their
time-reversed counterpart

Up to minor modifications, this chapter is the same as the article [65] available on Arxiv.
Abstract

The random walk in Dirichlet environment is a random walk in random environment where the
transition probabilities are independent Dirichlet random variables. This random walk exhibits a
property of statistical invariance by time-reversal which leads to several results. More precisely, a
time-reversed random walk in Dirichlet environment (with null divergence) is also a random walk in
random environment where the transition probabilities are independent Dirichlet random variables
with different parameters. We show that on all graphs that satisfy a few weak assumptions, a random
walk in random environment with independent transition probabilities and such that the transition
probabilities of the time-reversed random walk in random environment are also independent is a
random walk in Dirichlet environment.

3.1 Introduction and results

3.1.1 Introduction

In this paper we deal with random walks in random environments (RWRE) with independent transition prob-
ability. This model has been studied for several decades [90]: since the 80s in dimension 1 and for two decades
in higher dimensions. In one dimension RWRE exhibit a key property: reversibility. Thanks to this property,
the one dimensional case is now well understood (see Solomon [80],Kesten, Kozlov, Spitzer [51] and Sinai [78]).
Unfortunately, in higher dimensions RWRE with iid transition are no longer reversible. For this reason, RWRE
in higher dimension is not as well understood as the one dimensional case but important progress has been
made. For instance, under some assumptions (see [83],[81],[46],[13],[22]) regarding the directional transience of
the walk and ellipticity, ballisticity and annealed CLT have been proved. Some quenched CLTs have also been
proved under stronger assumptions ([82],[86],[66],[14]). Another direction taken was to look at small perturba-
tion of the simple walk ([21],[85],[17],[68],[54]).

In this paper we look at a specific case of RWRE: random walks in Dirichlet environment. That is to say
random walk where the transition probabilities at each site are iid and have a Dirichlet distribution. It was first
introduced because of its link to the linearly directed-edge reinforced random walk ([62]). This model (under
an additional property of null-divergence) exhibits a property of invariance after time-reversal, that is to say
that the time reversed random walk is also a random walk in Dirichlet environment ([69],[74]). This property
makes some calculations explicit which allows to find some non-trivial results. For instance, it was shown that
in dimension d > 3, the walk is transient ([69]) and there is an invariant distribution for the process seen from
the point of view of the particle ([70]). It is also known for which parameters the walk is directionaly transient
([74),[88],[18]) and in this case the walk is either ballistic or converges to a stable Levy process ([63]). These
are still open questions in the general case.

A natural question is whether the random walk in Dirichlet environment is the only RWRE with independent
transition probability that exhibits the time-reversal property. We show that, indeed, under some weak con-
ditions on the graph considered, if both the environment and the time-reversed environment have transition
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probabilities independent at each site, then the transition probabilities follow a Dirichlet distribution (with
null-divergence).

3.1.2 Definition and statement of the results

We will first need a few definitions before we can properly state the result. We will look at random environments
on directed graphs.

Definition 34. An environment w on an oriented graph G = (V, E) is a function from the set of edges E to
[0,1] such that for any vertex x € E we have:

Z w(z,y) = 1.

y,(z.y)€EE
For any oriented graph G let QC be the set of all environments on G.

The goal of this paper is to study the time-reversed walk. It is obtained by reversing the graph and the
environment on this graph. To any oriented graph and any environment on this graph the associated reversed
graph and environment are defined as follows.

Definition 35. For any graph (V,E), its reversed graph (V, E) is obtained by keeping all the vertices and
flipping all the edges ie: V. =V and E = {(z,y), (y,z) € E)}

Definition 36. Let (V, E) be a graph and w an environment on this graph. The reversed environment & on
Ty

the reversed graph (V,E) is defined by &(z,y) = w(y, )+ where m is the stationary distribution (i.e for any
vertex x, Ty = w(y, )Ty ).

For a given environment, it is not easy to compute its reversed environment. As a consequence, for a given
graph and a given law on its environments, it is in general hard to compute the law of the reversed environ-
ment. However, in the specific case of independent sites with Dirichlet distribution and null divergence, the
computation becomes easy. We will now explain what the Dirichlet distribution is. For any family (a1, ..., a,)
of positive weights, Dirichlet random variables of parameter « := (aq, . .., asq) have the following density:

2d
r (Z Oti) <2d
i=1 ai—1
€Ty

2d
[[ () M=t
=1

) d.’L‘1 N d!L‘Qdfl

on the simplex
2d
{(z1,...,22q) € (O, 1]2d721'i =1}.
i=1

Let G = (V,E) be a directed graph. Let a := (a.)cer be a family of positive weights. Now, let P% be the
law on 2 where the transition probabilities at each vertex are independent. For any vertex z € V, the law of
the family (w(,y))y (z.y)cr under P9 is a Dirichlet law of parameters (c(yy))y,(z.y)c - It was proved in [69]
that if the divergence of « is null:

Vo eV, Z Qzy) = Z Ay,z)

y,(z,y)€EE y,(y,x)EE

then the law of the reversed environment is PS¢ with G(z,y) = O(y,z)- This property makes many calculations
explicit. We want to see if it is possible to find other law on the set of environments where the transition
probabilities are iid at each site and the law of the reversed environment is also iid on each site. We show that
under weak assumptions on the graph considered, no such other non-deterministic law exists. To precisely state
this, we first need a couple of definitions regarding graphs.

Definition 37. A directed graph (V, E) is strongly connected if for any pair of vertices (z,y) € V2 there exists
a path along the oriented edges of the graph that goes from x to y.

Definition 38. A directed graph (V, E) is 2-connected if it is strongly connected and if for any vertex x € V,
the graph obtained by removing x and all the edges coming from x or going to x is still strongly connected.

Now we can finally state the theorem.
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Theorem 53. Let (V, E) be a finite directed graph and w transition probabilities on this graph that satisfy the
following properties:

e the graph has no multiple edges,

e the graph and the reversed graph are 2-connected,

e the transition probabilities are of positive expectation,
e the transition probabilities are independent.

If the transition probabilities of the reversed environment are also independent then, the transition probabilities
are independent Dirichlet random variables with null divergence or are deterministic.

3.2 The proof

3.2.1 A few general results on graphs
We will use the following notations for simplification.

Definition 39. Let G = (V, E) be a directed graph, for every vertex x € V we define E, as the set of all edges
starting at x and E® as the set of all edges ending at x. And we also define: V, = {y € V,(z,y) € E;} and
Vr={y eV, (y,z) € E}.

In almost all the proofs we will use paths and cycle on graphs. They are defined as follows.

Definition 40. A path v on a graph (V,E) is a sequence of vertices (Y1,...,7vn) such that for any i <
n, (Yi,%i+1) € E.

The length of || of the path v is equal to n.

We will write (z,y) € v to say that there exists an integer i € [1,n — 1] such that (z,y) = (i, Yit1)-

A cycle o is a path such that o1 = 0|,

We will now prove a couple of results on oriented graphs that will help us for the proof of the main result.

Lemma 3.2.1.1. If (V,E) be a 2-connected graph, with no multiple edges and at least three vertices, then for
every x € V, B, contains at least two edges.

Proof. Let = be a vertex in V, then E, contains at least one edge because otherwise there would be no non-
trivial path starting at 2 and the graph would not be strongly connected. Now, if E, had only one edge (z,y)
then for the same reasons, the graph obtained by removing the vertex y would not be strongly connected.
Therefore, E, contains at least two elements O

Lemma 3.2.1.2. Let (V,E) be a 2-connected graph, with no multiple edges. Let x1,x9 and y be three distinct
vertices in V. There exists two simple paths v* and ¥2 going from x1 to y and from xo to y respectively such
that the only point at which they intersect is y (ie vy} = 712- ifvi =vy).

Proof. First, for any z1,22 € V, let I'(z1, 22) be the set of simple paths that go from z; to 2z along the directed
edges of E. Now for any three distinct points x1,x2,z € V, we look at the set of paths:

I (x1, x2,y) == U [(z1,2) x T(z2,2) x [(2,9).
zeV

Let T be the subset of I” that only contains triplets %, 42,7 such that the only point at which at least two of
the paths intersect is the endpoint of ¥' and 42 which is also the starting point of 7.

We first want to show that I is not empty. We take two simple paths v' and 72 going from z; to v and from
o to y respectively. If they do not intersect except at y then we have proved the lemma, otherwise we define:

mpi=inf {i >0,3j > 0,7; =77} < o0,

and
7 :=inf {i > 0,7; = 722} < oo.
The triplet ((7¢, ... 77%)’ (2, ... ,732), ('Yil""’,yll“/ll)) is in T by definition of 71 and 75. Therefore T is not

empty. Now we look at a triplet (v!,+2,4) € T that minimizes the length |§|. If 7 is just a point then we have
the result we want. Otherwise we show that we can shorten the length of 5. First, let z be the point at which
the three paths of the triplet intersect. Now let p be a path that goes from z; to y without going through z.
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Let 7 =sup{i,3j € N, p; = 7} or p; = 7]2} and 7o = inf{i > 7,35 € N, p;, = 5;}. We will assume that p,, is a
point of v, (the proof is exactly the same if it is a point of v3). We also define 7; = inf{i € N,v} = p,, } and
To = sup{i € N,5; = p, }- The following triplet is an element of ' with a smaller length for the third element
compared to (1,72, 7):

((7(%7'~~7’771—17p7'1+17""p‘rz)’(’yg""7’7|2fy2\a'71>'--a’?‘f'z)’(’?‘?zv"'?/}/i))

and therefore we have the desired result. O

3.2.2 Moment functions
Definition 41. Let G = (V, E) be a directed graph. A function N : E — R is said to be of null divergence if:
Vo eV, N(e)= Y N(e)
ecE, ecE®

Definition 42. A moment function f of a graph (V,E) will be a set of functions {fy,x € V} such that for
every verter x €V, f, is a function from N¥= to (0,00). To simplify notation, instead of writing:

fe(Mayy s Nayss - -5 Ny,

fa ( > ne€> .
eceE,

Definition 43. Let G = (V, E) be a graph, f a moment function of G and f be a moment function of the
reversed graph G = (v, E). f and f are compatible if for all functions N : E — N of null divergence:

we will write:

II 7 | Do N@w)ay | =TT /e | D N((w.o)7g

zeV yeVy zeV yeve

Let (V, E) be a graph and w a random environment on this graph that both satisfy the conditions of the
theorem. To prove our theorem, we first want to show that the moment of our transition probabilities are of

the form :
I1 1w ()
E| [[ wzyren | ==

yeve BI ( Z ’I’L(z,y)>
yeve

for some functions (he)ecr ad (ﬁm)mev. In order to do that, we first need to find suitable candidates for the
functions (he)ecr and (Bx)a:eV' The following lemma will help us do that (in the proof of the theorem where
we prove that the moments of the transition probabilities of the environment w and its reversed environment
are compatible moment functions).

Lemma 3.2.2.1. Let G = (V, E) be a 2-connected directed graph. Let f be a moment function of G and f be
a moment function of the reversed graph G such that f and f are compatible. We also assume that:

Vo € Mf:v(o) = fw(o) =1

Then for every vertex x € V there exists a function hy : N — (0,00) and for every edge e € E there exists a
function he : N — (0,00) such that:

Vo € V,Vy € V,,Vn € N, f,(nZl) =

WG y)( n) and
(

fl )
iy (m)
( )
Proof. For n = 0, the result is obvious, we just need to take h.(0) = 1 for all e € F and B (0)=1forallz eV.
Now we choose n > 1. For every edge (z,y) € E we write:

Ve e V,Vy € V®,Vn € N, fo(nz)) =

9(z,y) (n) =
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For a simple cycle (i.e a cycle that never visits a point more than once, except for the first point because it is
also the last one) o, the compatibility of f and f tells us that:

Hfm Do(i 1 15) = Hf“ Doli— 1)),

which means:

[Toew.eai)m) =1.

Since any cycle is the union of simple cycles, the above property is true for any cycle. Now, we choose a vertex
x € V and we set h,(n) := 1. Let y be a vertex in V, y! and 42 two paths from z to y and 4 a path from y to

z. We have:
Hg(vfﬂﬁﬂ)(n) Hg(%ﬂiﬂ)(n) =1l and Hg(vf,7?+1)(n) Hg(%’%ﬂ)(”) =1
i i i i

Therefore,

Hg(v »%+1) Hg(m m+1)

This equality allows us to define ﬁy (n) by:
) = Hg(')’ila73+1)(n)
i

because it does not depend on the path we chose to get to y. Now let y; and ys be two vertices such that
(y1,y2) is an edge. Let v be a path that goes from « to y; and 4 be the same path to which we add the edge
(y1,y2) at the end, we have:

>

G () = 9w1.w2) M 11960611 () _ TT966@ a0+ 1) _ Ay (n)
e 196y 4G+1) (M) [T96@ Gt (m) Ry, (n)

And now, if we choose Ay, ,)(n) such that:

then we also have:
JZ- ( —>) . h(yhyz)(n)
Y2 - 7 .
h’y2 (n)

O

Unfortunately the functions we have found are not uniquely defined. Indeed, for any n € N* we can multiply
all values (he(n)),cp and (ha)eev by a constant A(n) # 0 and all the properties of the previous lemma would
stay true. The goal of the next lemma is to show that it is the only change we can make to the previous
functions. This will be used, in addition to the previous lemma, to show (in the proof of the theorem) that the
moments of transition probabilities w that satisfy the conditions of the theorem are of the form:

I1 e ()
B Hw(x,y)n(m’y) =

yeve

for some functions (ﬁx)xEV and (he)eck-

Lemma 3.2.2.2. Let G = (V, E) be a 2-connected graph and f and f two compatible moment functions such
that:
Y(z,y) € E,Yn € N, f.(nz}) = fyny?)—l

There exists A : N — (0, 00) with A(0) = A(1) =1 such that:
[I AWN((z,9)))

yeVy

Vo eV, fo | D N((z,9)70 | = =~
(o)

vev 2. N((z,9))

YyEVy
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and,

I A(V((: )
Vz € ‘/afz Z N((y,x))ﬂ/ = ¥ .
yeve A < )

>, N((yz))

yeVve

Proof. We will construct A by induction. There will be two parts to the proof, first the existence of A(2) and
then the existence of A(4) for i > 3.

First we prove the existence of A(2). Let 2z € V be a vertex, we want to show that there exists A,(2) such
that:

Yyi,y2 € Voo y1 £ Yo = fo(TYi +T5) = =

—_

and Vy1,y2 € V7, y1 # yo = fo(Tyi +753) = A2
2(2)

If both V,, and V* have only two elements then we call the two elements of V,: y; and y». By lemma[3.2.1.2
there exists two paths 4! and ¥? that go respectively from y; to = and from v, to 2 and that only intersect in z.
We call z; and 25 the vertices such that the last edges crossed by ! and 42 are (z1,z) and (29, ) respectively.
We call 0! and o2 the simple cycles such that o' goes through (z,y;) and then follows the path 4! and o2 goes
through (z,y2) and then follows the path v2. By definition of 4! and ~?2, the cycles o! and o2 only intersect
in x, so every vertex other than x is visited by at most only one of the two cycles (and only once because they
are simple cycles), in particular z; # zo. We have that:

f:v<-73—yl> + —92>) H fv (Z (1(1),u)€01 + 1(v,u)€62>m>

T
veV\{z} u€Vy,
:fvac(171> +x—22>) H fv < Z (l(u,v)efl + ]-(u,v)Eaz)m) .
veV\{z} ueVv

This means that
Fo (@Yt + Ty8) = fol@z] + 225).

Therefore A, (2) exists.

Otherwise we can assume, without loss of generality, that V, has at least three elements (if it is not the case,
then V* has at least three elements by lemma and we just have to consider the reversed graph). For
the sake of clarity, the figure below describes what is written in this paragraph. Let 41,y and y3 € V,, be three
distinct vertices. Let ! and 72 be two simple paths that go from 71 to = and from ys to x respectively and that
only intersect in z. We call z; the vertex such that (21, z) is the last edge crossed by ! and z the vertex such
that (22, 7) is the last edge crossed by v2. Now let 43 be a path from y3 to 21 or 2o that does not go through
x. Let 71 be the first time such that v3(7y) is either a vertex of 4! or 42 and let A be the corresponding vertex,
A = ~3(1). We can assume that A is a vertex of y! (if it is not the case we can just exchange the role of y;
and y2). Let 7 be the time such that fyiz = '731. Let 42 be the path that starts at y3 then follows v3 up to 'yffl
and then follows 7! from ~}, to x. In particular, the last edge crossed by 3 is (z1,z).

Ys

ol Y2

21 z2

Now we have:

fx(m + "E_y%) H fv (Z (1(v,u)€'yl + 1(v,u)€'yz)m>

ueVy,

@ ] fv(z<1<u,u>e¢+1<u,v)@2>m)

ueVvv
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Now since every vertex besides x is visited at most once by v' and 42 (since these two simple paths only
intersect in x) we get:
Fo(Ti + 73) = fu (72 + 72)

by the same arguments, using v2 and 72 we get

8l

f@(x—yg+$—y2>):f@(ﬁ+ 23).

[

So
fo(@Yt + Ty5) = fo(Tyh + TY5)

Now, if we do exactly the same thing except we switch y, and y3. We get that either
Fo (&Y + TY3) = fo(Ty2 + 777)

or
[Tyt + 7y5) = fo(T3 + TY3).

Either way, we get:

8

Now either V* has three elements or more in which case the same arguments hold for f or it has only two
elements and we only have to consider f, (:c_zQ) + Tz{), in both case we know that f, (x‘yl) + :U—y2>) = fm(x_>22 + x_zl))
so A, (2) exists.

Now we have to prove that A, (2) does not depend on x. Let x and y be two points such that (x,y) € E. We
want to prove that there exists two simple cycles that both contain the edge (x,y) and that only intersect in x
and y. It is clearly equivalent to prove that there exists two simple paths that begin at y and end at x and that
only intersect at « and y. To prove that, let z € V* be a vertex, we know that there exists two simple paths
p' and p? that go respectively from y to x and from z to  and that only intersect at x, now we look at the
two simple cycles defined as follows: o is the cycle that starts at o then goes through (x,%) and then follows
p! back to x and o? is the cycle that starts at = then goes through (x,%) and (y,z) and then follows p? back
to x. This gives us:

H fv (Z (]-(v,u)Gdl + ]-(v,u)€o2) ’lﬁb) = H fv ( Z (1(u,v)60'1 + ]-(u,v)Eag) ’lﬁl) .

veV uevV, veV ueVv

Since for every v € V\{z,y}, v cannot be visited by both ¢! and 2, we get that for every v € V\{z,y}:

fv <Z (1(u,u)€o'1 + 1(v7u)602) 71—15) =1 and .fv < Z (l(u,'u)EO'1 + l(u,v)EUQ) m) =1

ucVy, ucVv

Thus:

LTS | D (gwesr + Lyawes?) T | = fu < Y (Lwmeor + Luwes) ﬁi) F4(25%).

ueVy ueV=

This in turns means that

fy Z (1(y,u)601 + 1(y,u)€a2) y—ﬁ = fm ( Z (1(u,x)€al + 1(u,x)602) m) .

ueVy ueve

Therefore

A(L)? A1)
AL(2)  Ay(2)

So we get A, (2) = Ay(2) and since the graph is connected, A(2) exists.

Now we can prove the existence of A(4) for ¢ > 3 by induction.

First we assume that A(7) exists for ¢ < n for some n > 2. We want to prove that A(n + 1) exists. First let
x € V be a point of the graph and set two vertices y1,y2 € V. We know that there exists two simple paths
vt iy — x and 42 : y» — x that only intersect in z by lemma We will call z; and z, the points
such that the last edge through which ! and 42 go are (z1,z) and (22, x) respectively. We now consider two
sequences of points (y3...Yns1) € Ve and (23...2,41) € V* and a sequence of simple paths (v3...7"*1) such
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that for every i, v* goes from y; to z; without passing through x and then goes through the edge (z;, ). Now,
for every i < n+1 we look at the simple cycle o' which starts at = then goes along the edge (x,;), then follows
the path +*. By construction of the cycles we have:

Vo € V\{z},# {i,v € o'} <n.

Therefore we get:

. egg {z eco }
P\ AL T smaeay

veV\{z}
#liccol)
~ E/U
S SE-11N |  —
A ey DElLvET)
So we get:
P> x—y>> fo ( > ﬁ)
i<nt1 B i<n+1
H A(# {ia (‘rvyl) = 6}) H A(# {iv(zivx) = 6})
ecE, ecE*
f=\ X @y
Now we just need to use this equality to prove that il A(;i";(lm e does not depend on the sequence (y;).
eCEy
. (z+—y>)
Since the value of (zs,...,2,+1) does not depend on (ys,...,¥yn+1) we have that I AF U= does not
depend on (ys, ..., Yn+1). To simplify notations we will write:
fa ( > w)
( ) i<n+1
g\Yts-- -, Yn+1) = .
! [T A, (2,9:) = e})
ecF,
Now let (yi,...,yn41) and (yi,...,y2,1) be two sequences of vertices in V,, we have:
g(y%v s 7y111+1) = g(y%7y27y%a e ayrQL—l)
= g(yiy%y%a yga s ’yi—l)
= 9(y7,¥2. Y5, Y2
= g(yi 2ay25y3v cee ’yi)
=91, 93 93, Yns1)-
So we have that for every x € V there is a A, (n + 1) such that:

. gﬂ A(# i, (z,y:) = e})
fa: Z TYi | = - Ax(n—&— 1)

and

[1 AG#E (2i,0) = €})

~ e EI
fz EZ—Z = <
ig;_l Az(n+1)

Now we just need to prove that this A, (n + 1) does not depend on z. Let 2,y € V be two vertices such that
(x,y) is an edge, we want to prove that Ay(n+ 1) = Ay(n + 1). This will yield the result we want since the
graph is connected. Let z be a point in V,\{z} which is not empty by lemma Let p' and p? be two
simple paths that go respectively from y to z and from z to = and that only intersect in . We will not look
at those paths but at the simple cycles o! and o2 defined as follows: o' starts at x, then goes along the edge
(x,y) and finally follows the path p! back to z, 02 starts at x, then goes along the edges (x,y) and (y, z) and
finally follows the path p? back to x. Those two simple cycles only intersect in z and y. This gives us:

H Jo (Z n]-(v w)yeal T 1(1} u)€o? vu) H fv ( Z nl(u,v)&n + ]-(u,v)Eag) m) :

veV u€eV, veV ueVvv

98



Since for every v € V\{xz,y}, v cannot be visited by both o' and o2, we get that for every v € V\{z,y}:

fo <Z (nl(v,u)Ezfl + 1(11,71)602) 'Lﬁj,) =1,

ueV,

and ]Ev < Z (nl(u,v)EUl —+ 1(u,v)60'2) 1}_L>L> =1,

ueVv

Now, we only have to look at = and y. We get:

fw((n + 1)@)f’tj Z (nl(y,u)eo'l + l(y,u)ecﬂ) y—&

ueVy

= wa < Z (nl(u,x)eal + l(u’I)GUQ:) ﬁ) fy((n—l— 1)y7)

ueVe

This in turns means that

fy Z (nl(y,u)EUl + 1(y,u)€a2) Zﬁl = Vaf ( Z (nl(u,I)EUl =+ 1(u,w)602) I_ﬁ) .
uev, ueve
Therefore

Am)A(L) _ A(m)A(1)

Az(n+1)  Ay(n+1)

So we get Ay(n+1) = Ay(n+ 1) and since the graph is connected, A(n + 1) exists. Therefore A exists by
induction and we have proved the lemma. O

Now, the last thing we need to do is show that if the moments of transition probabilities are of the form

QT h@, y) (1 (z,y))
E Hw(x,y)"“”*y) =

vevr ha ( )D ”(m,w)
yeve

for some functions (he)ecr and (h;)zev, then they follow a Dirichlet law or are deterministic. This can be
done by using the following lemma and that for transition probabilities w, any vertex x € V and any integers
(n(Ly))yEva we have:

E H w(z,y) = | = Z E H w(a, ) +Hlu=s

yeVy z2€Vy, yeVy

This equality is a direct consequence of this other equality: > w(z,y) = 1.
yEVL

Lemma 3.2.2.3. In this lemma, for any function g : N¢ — R we will write g <Z nze_Z) instead of g(nq, ..., ng).
i

Let f : N — R be a function that satisfies:

f(0)=1 andV(nl,...md)eNd, f Z nie; | = Z f e_}—i— nier

1<i<d 1<j<d 1<i<d

)

and such that there exists functions (h;)i<i<q from N to R and h:N— R* that satisfy:

1<H<d hl(nZ)

1<i<d 3 < > m)
1<i<d
and Vi, h;(0) =1 and h;(1) # 0,

and h(0) = 1.
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Then, either h(2) # h(1)? and there exists constants (B;)1<i<a € R and v # 0 such that:

) <Zd5> D+ 6)
f Z nla = ( — H : ‘ 5
r

1<i<d S n B | S L'(6i)
1<i<d

and Vi € [|1,...,d|],¥n € N, h;(n) =" H(B;,n),

and V'n € N,il(n) =~"H Z Bi,n |,
1<i<d

where H(a,n) =[] (a+1).

0<i<n-—1
Or h(2) = h(1)? and there exists constants (c;)1<i<a and v # 0 such that:

LY me | = 11 e,

1<i<d 1<i<d
and Vi € [|1,...,d|],Yn € N, h;(n) = (ye;)",
and ¥n € N, h(n) = 4"

Proof. First, we want to show that proving the result when fz(l) = 1 is enough. Indeed if we look at the
functions:

>

i(n _ ) and g(n) = (n)
() = 2O and gln) =

We still have:
IT gi(ns)

1<i<d

S ] ==

)
1<i<d

We also have that h(2) = h(1)? if and only if §(2) = §(1)2. We also have §(1) = 1. Therefore looking at the
case h(1) =1 is enough so we will only look at that case.
-If i~z(2) # 71(1)2. Let 5 := % so that % = % In particular, 8 # 0. We will choose the following
values for the 8; and prove that they yield the desired result:

Vi, B; = f(&)B.
Now we will prove by induction on Y. n; that these values of 8; are correct. To avoid problems of definition

1<i<d
of the gamma function, we will use the following function H : R x N +— N defined by:

H(a,0) =1,
and H(a,n) = H (a+1).

0<i<n—1

When the gamma function is well-defined, we have the equality:

~ I'(a+mn)
H(a, n) = Ta)
Now, we want to show by induction that:
1 ~ 1
hi(n) = —H(Bi,n) and h(n) = —H(S,n).
pr pr
The result is obviously true for h;(0), h(0) and h(1). We also have, by definition of (5;)1<i<a:
hi(1) — _ B _ H(Bi,1)
hz 1 = = = 61 = —= —
(1) R fed) 3 3



We also have, by definition of 3:

1+8 _ B1+5)
B g

so we have the desired result. Now we have to look at f (2—>eZ)

f(?el = Zf

J#i

ﬁzﬁy
ZB
_ ﬂ
B 1+B Z 5

h(2) =

J#Z
@_ Bi  B—Bi
g A+p B
ﬂl(]‘—’_/ﬁl)
B+

So:
(9) — T, S 1+ B8B8(+6)  Bi(1+Bi)
) = k) = P AAE) B0 A

We have the desired result, now we can prove the result by induction on n. We have already proved it if n < 2.
Now we assume it is proved for n < N and we will prove it for N + 1. First we use the equality:

f((N—161+€2 Zf —1€1+€2—|—€Z)
1<i<d
So:
hl(Nﬁ—(]\lf))hz(l) _ B(N1+ 5 (hl(N)hQ(l) +hi (N = 1)ha(2) + 3gzigdh1(N - 1)h2(1)hi(1)>
1
= mH(ﬁbN— 1)532 (51 +N—1+ﬁ2+1+3;<dﬂi)
1
= BN + 1)H(317N— 1)B2(B8 + N).
So we get:
H(p1, N ~1) _ H(51.N ~1)(8+N)
BN-Lh(N) BNI(N +1)
Therefore: )

h(N + 1)H(B1, N — 1) = BB(H)H(BMN —1(B+N).
if we replace 81 by any B;. So either there exists i such that H(8;, N — 1) # 0 and we get:

H(B,N)

h(N +1) = BN+
or V1 <4 <d,H(B;, N — 1) =0, which means that:
—p; € Nand ; > —(N —2).

In the latter case, we have:

However, we also have:



so it is not possible.
Finally:

hi(N +1) = f((N +1)e])h(N + 1)

Jj#i

MN +1) N (N1
_ h(N+1) B o Bi

MN)l() ;ﬁmwﬁ
_ BN B
m(N)( 3 ;ﬂ)
—hi(N)ﬁi;N
_ H(Bi, N+1)
- BN+1

So we have the result we want.

-If h(2) = h(1)? = 1, we want to show that h(n) = 1 and h;(n) = f(e;)". We note C; := f(e!) to simplify
notations. We have the following equality:

Y=Y @)= f0)=1

1<i<d 1<i<d

We want to show the result by induction on n, it is obvious for n = 0 and n = 1. Now, we assume the result is
proved for n < N, we want to prove it for N 4+ 1. First we use the equality:

f((N7161+€2 Zf 71€1+€2+€1)
1<:i<d
We get:
1
oN-1oy = ———— | cNoy,+ eV ek + CN=10y0;
gy P

oo,
=L 2|+ + Ci
AN+ \ L 2

3<i<d
oG
(N +1)
since CN 710y # 0, we get h(N +1) = 1.
Finally:
hi(N +1) = [(N + 1))
= f(Ne) =Y f(Ne +¢))
J#i
-y cre
J#i
=N (1 -y cj)
J#i
C-N+1
So, we have the result we wanted. O

Now we have all we need to prove the theorem.
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Theorem. Let (V, E) be a finite directed graph, with no multiple edges, 2-connected and such that its reversed
graph is also 2-connected. Then the only RWREs with a non-deterministic environment on this graph with
independent transition probability such that for every edge (x,y), we have E (py(x,y)) > 0 and the reversed
walk also has independent transition probabilities is a RWRE where the transition probabilities are independent
Dirichlet random variables with null divergence.

Proof. Let (w(z,Yy))(z,y)er be random transition probabilities and (w(z,y)), ,)cp the transition probabilities
of the reversed environment such that the transition probabilities are independent at each site both for the
environment and the reversed environment. We define the moment functions f and f by:

Ve eV, fa Z Ny | = E H (w(z,y))"™v | and

YyEVy yEE,

voeVifo | 30 mdh | =E| ] (@)

yeve yeE®

These two moments functions are compatible because the transition-probabilities of the time-reversed random
walk are defined by w(y, x)m, = w(z,y)m, where (7;)zev is the stationary law. Therefore, if N : E +— N is of
null divergence then:

Hﬂ(ZN (u, v) Mi) HE(H ))N((uv»)

veV ucVv veV ueVv
=E (H [T @, w)™ v>>>
veV ueVv
i < o)
N veV ueVvv
N((v,u))— ¥ N((u,v))
- (u, v)) V(0D ueEv S )
=E (H IT (w(u,v)N v)))
veV uevv
= H E ( H (w(v,u))N((v,u))>
veV u€eV,
=11 # <Z N((w))m) :
veV u€eV,

Now we can apply the result of lemma [3.2.2.1| which gives the existence of functions h, : N — (0, 00) for every
2 € V and functions h. : N — (0,00) for every e € E such that:

R ) (1)

Vi € V,Vy € Vy,¥n € N, fo(ni) = ~2™ 11q
he(n)
hy.«
Yz € V,Vy € V¥, ¥n € N, f,(nzj) = hy.n ()
h(n)

Now we can consider the moment functions g and § defined by:

ha ( 2. N((m,y))>

yeVy

Vo €V, g, yezvx N((z,9)7) | = fu yezvm N((x,y))Z) yg/ P (N ((2,))) and
ha ( ;,ZN((‘U’ )))
Ve eV, g, y;z N((yv ))37/ fa yezv:r N((y’ ))7‘/ yym h(y,T)(N(( SC)))



The moment functions g and § are compatible that satisfy the hypotheses of lemma [3.2.2.2] so there exists a
function A : N +— (0, 00) such that:

I A

YyEVy

Ve eV, g, ZN((xvy))@ =

v))
yeVe A(E N((z,y) >
yEVy
I AN ()
Ve €V, 2: PJ«y,x»EZ = W( )

@
yeV A

We define the following functions:
Ve € E,h.(n) :== A(n)he(n)

and Vz € V, bl (n) := A(n)hg(n).

) I Ao (V((20))
)y

N((z,y)) and>
yEV

> N((y, )))

yGV

We have:

Ve eV, fo | Y N((z,9)7)

yeVy

Ve eV, fo | D N,z

yeve

Now, according to lemma[3.2.2.3] we get that for every z € V, f, is either the moments of a Dirichlet distribution
or the moments of a deterministic distribution, the same is true for f,. Either all of the f, and f, are moments
of Dirichlet distribution, or at least one of them is deterministic in which case we can assume that it is f, for
some z € V that will be fixed for the rest of the proof. We want to prove that in the later case, all the probabilit

transitions are deterministic. For any € V, if either f, or f, is deterministic then according to lemma
there is a v, # 0 such that ﬁ; (n) = 42 and therefore, still according to lemmaif iL; (n) = 2 then we are
in the case where 7/, (2) = k(1) and both f, and f, are the moments of deterministic transitions probabilities.
Now let (z,y) € E be an edge, if f, is the moment of deterministic transitions probabilities then, once again

by lemma [3.2.2.3} there is a 7(,,,) # 0 such that h(x y)( n) = Viny)- Now we get:

Ma) )
iy, (n)

According to lemma (3.2.2.3| the only way to have h(m Y) (n) = Y,y 15 that f, and f, are the moments of
deterministic transition probabilities. Now since the graph is connected, we get that for all vertices z € V, the

function f, is the moments of deterministic transition probabilities.

If for every x € V, f, is the moments of a Dirichlet distribution then we want to prove that we have null
divergence. According to lemma there exists (B¢ )ecr such that for every x € V, f, is the moments of a
Dirichlet distribution of parameters (5.)ccr, and fz is the moments of a Dirichlet distribution of parameters
(Be)ecp=. There exists (vz)zev, (Bz)zev such that:

fy (”?ﬁ) =

LBz +n)
(B,

Since for every z € V, > w(x,y) = 1 almost surely, we have:
yeEVe

Vo € V,¥n € N,k (n) =

Ve eV Z (mj

YEV,

This means, according to lemma |3.2.2.3| that:

Vz eV, Z Ble,y) = Ba-

yeEV,
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The same way we get, by looking at the reversed walk:

Vo €V, > By = Ba-

yeve

This means that the parameters of the Dirichlet distributions have null divergence.
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Chapter 4

Monotonicity and phase transition for the VRJP
and the ERRW

This chapter is based on the article [64] available on Arxiv. There is however one major addition: the last
section is devoted to proving a general 0 — 1 law for recurrence/transience for the VRJP and the ERRW.

Abstract

The vertex-reinforced jump process (VRJP), introduced by Davis and Volkov in [26], is a
continuous-time process that tends to come-back to already visited vertices. It is closely linked
to the edge-reinforced random walk (ERRW) introduced by Coppersmith and Diaconis in 1986
([24]) which is more likely to cross edges it has already crossed. On Z< for d > 3, both mod-
els where shown to be recurrent for small enough initial weights ([72],[2]) and transient for large
enough initial weights ([32],[72]). We show through a coupling of the VRJP for different weights
that the VRJP (and the ERRW) exhibits some monotonicity. In particular, we show that increasing
the initial weights of the VRJP and the ERRW makes them more transient which means that the
recurrence/transience phase transition is necessarily unique. Furthermore, by making the weights
go to infinity, we show that the recurrence of the ERRW and the VRJP is implied by the recurrence
of a random walk in deterministic electrical network.

4.1 Introduction and results

4.1.1 Introduction

The edge-reinforced random walk (ERRW) was first introduced by Coppersmith and Diaconis in 1986 [24]. In
this model, the more the walk crosses an edge, the likelier it is to cross it again in the future. This model
was shown to be a random walk in random reversible environments ([29], [59]). This representation lead to
several results on this model, first recurrence and transience on trees depending on the reinforcement [62] then
recurrence on the ladder [58] and Z x G [67] for large enough reinforcement and on a modification of Z? for large
enough reinforcement [60]. It was then shown by two different techniques that the ERRW on Z¢ is recurrent
for large enough reinforcement (in [2] by Angel, Crawford and Kozma and in [72] by Sabot and Tarrés). The
technique used in [72] was based on a link between the ERRW, the vertex-reinforced jump process (VRJP,
introduced by Davis and Volkov in [26]) and the super-symmetric hyperbolic sigma model (introduced in the
context of random band matrices in [92],[34] by Zirnbauer, Disertori and Spencer). This relation led to several
other results for both the ERRW and the VRJP: the transience and a CLT in dimension 3 and higher for small
enough reinforcements ([32],[72],[76]), a 0 — 1 law for recurrence on Z¢ [76] and the recurrence in dimension 2
([76],[60],[71]). This means that on the one hand, for d € {1,2} the ERRW and the VRJP are recurrent for
any reinforcement. On the other hand, for d > 3 both the ERRW and the VRJP are recurrent for large enough
reinforcement and transient for small enough reinforcements. We know that in-between, the VRJP and the
ERRW are recurrent or transient but it was not known whether there is a unique phase transition. In this paper
we show that we can couple the VRJP for different weights (more precisely, we couple the S-field associated
to the VRJP that was introduced in [73]). This coupling leads to a monotonicity for the VRJP similar to the
Rayleigh monotonicity for electrical networks. This gives us the uniqueness of the recurrence/transience phase
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transition for the VRJP and the ERRW in dimension 3 and higher. This monotonicity can also be used to
show that the VRJP and the ERRW with constant weights are recurrent on recurrent graphs by seeing random
walks in electrical networks as VRJPs with infinite weights.

4.1.2 Statement of the results

Let 4 = (V, E) be a locally finite, non-directed graph. To every edge e € E we associate a positive weight a.
Let xg € V be a vertex of 4. The edge-reinforced random walk Y starting from z is the random process which
takes its values in V' defined by:

Yy = g a.s, and

a{y,y} + Zn({ym y})
> g,y T Zn({Ya, 2})’

n

P (Yo =y[Y0,...,Yn) = Ly~y,

where the random variables (Z,),en are defined by:
n—1
Ve € E, Zn(e) = > 1(y,viss)—c-
i=0

If the graph is Z¢, this process can exhibit different behaviours depending on the initial weights. For small
enough initial weights it is recurrent.

Theorem (Theorem 1 of [2] and corollary 2 of [72]). For any K there exists ag > 0 such that if 4 is a graph
with all degrees bounded by K, then the linearly edge reinforced random walk on ¢ with initial weights a € (0, ag)
18 positive recurrent.

For large enough initial weights, the process is transient.

Theorem (Theorem 1 of [32]). On Z%, d > 3, there ewists a.(d) > 0 such that, if a. > a.(d) for alle € E,
then the ERRW with weights (a.)ccr is transient a.s.

Note that the previous two theorems use results or ideas of [34] and [33]. The ERRW is linked to an other
random process, the vertex-reinforced jump process (VRJP). The VRJP on a locally finite graph ¢ = (V, E) is
the continuous-time process (}N/t)tely that starts at some vertex xy and that, conditionally on the past at time
t, if Y; = z, jumps to a neighbour y of z at rate

W{xvy}fx(t),

where
t
0o(t) = / 1y _,ds.
0

The following link between the ERRW and the VRJP has been shown in [72].

Theorem (Theorem 1 of [72]). The ERRW with weights (ac)ecr is equal in law to the discrete time process
associated with a VRJP in random independent weights W, ~ Gamma(ae,1).

In this article we show, through a coupling, that the VRJP has a property similar to Rayleigh’s monotonicity
for electrical network. This leads to several results for recurrence and transience. First, we show that the
probability that the walk is recurrent is decreasing in the parameters of the VRJP. This is a corollary of our
main theorem that will be stated at the end because it is technical and needs a few additional definitions.

Theorem 54. Let 4 = (V, E) be an infinite, non-directed, connected graph without loops or multiple edges and
0 € V a vertex in this graph. Let (W )ecr and (W )ecr be two families of positive weights such that for any

e€ E,0< W, <Wr. The probability that the VRJP with initial weights W™ is recurrent is greater or equal
than the probability that the VRJP with initial weights W is recurrent.

It was already proved that the VRJP on Z? with constant weights or weights invariant by translation is
recurrent with probability 0 or 1 in [76]. In addition to our theorem this means that the VRJP and the ERRW
are recurrent for small enough weights and then transient for larger weights. This means that the VRJP and
the ERRW exhibit a phase transition for recurrence/transience on Z? when all the edges have the same weight.

Theorem 55. Set d > 3 there exists wy € (0,00) such that the VRJP on Z% with initial weight w € (0,00) is
recurrent if w < wg and transient if w > wy.
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Theorem 56. Set d > 3 there exists aq € (0,00) such that the ERRW on Z¢ with initial weight a € (0,00) is
recurrent if a < aq and transient if a > agq.

We will also use our result to improve the 0 — 1 law and extend it to all locally finite graphs and all positive
random weights.

Theorem 57. For any locally finite graph ¢ = (V, E) and any vertex xo € V, the VRJP on 4 = (V,E)
starting at 0 and with independent positive random weights (We)ecr is recurrent with probability 0 or 1. In
particular, the ERRW on 4, starting at xo and with initial deterministic positive weights (a.)ecr 18 Tecurrent
with probability 0 or 1.

The link between the VRJP and electrical network goes beyond this monotonicity property. The following
theorem shows that recurrence of electrical networks, VRJP and ERRW are also closely linked.

Theorem 58. Let 4 = (V, E) be an infinite, locally finite graph and xo € V' a vertex. Let (W,)cecr be a family
of positive weights. If the random walk on G starting at xog with deterministic conductances (¢e)ecg = (We)ecE
is recurrent then so are the ERRW and the VRJP starting at xo and with initial weights (We)ecr.

To state our technical main theorem, we need some extra definition and results related to the VRJP and
the ERRW. First we need to introduce the S-field (introduced in [73] by Tarres, Sabot and Zeng), a random
vector defined for weighted graphs.

Definition 44. Let n be an integer, (1;)1<i<n a family of non-negative parameters and W € M, (R) a symmet-
ric matriz with non-negative coefficients. Let 1,, € R™ be the vector (1,...,1). The measure v} on (0,00)"
is defined by the following density:

—%<1W,Ha Up + nHZ ' —2 2 m) 1

VW’n d o.d n) =€ 1<i<n -
n ( /81 ﬂ ) det(HB)

1a,>0dB1 ... dBy,
where Vi, j € [1,n],

Hp(i,4) =28, — W (i, 1),

Hy(i,j) = =W (i, j) if i #
and Hg > 0 means that Hg 1is positive definite.

This family of measures is actually a family of probability measures, as was proved in [75].
We call VW" the distribution of Hg when (8;)1<i<n 15 distributed according to VW"

The link between the S-field and the VRJP is not obvious at first glance. It was shown in [73] (based on
previous results in [72]) that the VRJP with weights W can be seen as a random walk in a random electrical
network whose conductances are given by the weights W and the -field. More precisely:

Theorem (Theorem 3 of [(3]). Let 4 = (V, E) be a non-directed graph and (W.).cr weights on the edges. Let
Hg be distributed according to DK‘,/]O and let G be the inverse of Hz. For any xo € V the discrete path of the

VRJP (the sequence of vertices at each successive jump) on 4 with weights W, starting at xq, is a random walk
in random electrical network where the conductances (ce)ecr are given by:

Claey) = Wiayy G20, 7)G(20,Y).

The reason we look at the (-field instead of the conductances is that the (-field has several interesting
properties. First, the -field does not depend on the starting point of the VRJP. Its Laplace transform has
a simple expression and it is 1-dependent. But most importantly, the family of laws "7 is stable by taking
marginals or conditional distributions (lemma 5 of [76] and independently in [55]). More precisely:

Proposition 4.1.2.1. Let ny,ny be two integers, and n := ny +ng. Let W € M, (R) be a symmelric matriz
with non-negative coefficients and (1;)ic[1,n,+no] @ family of non-negative coefficients. Let (B;)ic[1,n,+ns] e
random variables with a v}V distribution and Hg € M,(R) the matriz defined by:

. C o 28, = W(5,1) ifi =g,
Vi,j € [1,n],Hp(i,j) := { Wi j) if i #
We make the following bloc decomposition:
w2 H“ 12 1
W= <W21 W22> Hg = <H21 H§2> and n = <22> )
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where Wu,Hé1 € M,,(R), W12,Hé2 € My, n,(R), W21,H§1 € My, n, (R), W22,H§2 € M,,(R), nt € R™
and n? € R"2. Then the family (8;)1<i<n, is distributed according to V,VXu’ﬁ where

n2
A ER™ and Vi€ [Lm], i ==n; + Y _ W'"(i,k).
k=1

Conditionally on (B;)1<i<n,, the family (Bi)n,+1<i<ni+n, 1S distributed according to I/Z’ﬁ where
< -1
W _ W22 =+ W21 (Hél) W12,

and .
e R™ and i) = n? + W2 (Hél) nt.

Definition 45. Let n be an integer and let H € M, (R) be a symmetric matriz. We say that two integers
1 <14, <n are H-connected if there exists a finite sequence (k1,...,kn) such that ky = i,k = j and for all
1<a<m-—1, H(kq,kot1) # 0.

We can now state our (technical) main theorem which gives a coupling between VRJPs of different weights
and a simpler corollary that is the equivalent of Rayleigh monotonicity for the VRJP.

Theorem 59. Set an integer n € N. Let W € M, (R) be a symmetric matriz with non-negative off diagonal
coefficients and null diagonal coefficients. Let W', W? € M, 1(R) be two matrices with non-negative coefficients
and let W3 € M, 1(R) be the matriz defined by W3 := W'+ W?2. Let w™,wt € [0,00) be two positive real with
w™ < wT. We define the matrices W=, W and W by:

woowl w2 woowl w2 v
W= Wl 0 w |, Wh=W 0 w"| and W>:= (tW?’ 0 )
w2 w= 0 w2 wt 0

If n =0, we just have:

(0 w~ + (0 wt o
w '<w_ 0>’W '<w+ 0) and W .7(0).
For any vector X € R"*2 we define the vector X € R"*! by:

Vi € [1,n], X; :=X; and
Yn-‘,—l = Xn+1 + Xn+2-

For any vector X' € [0,00)"*2 there exists random matrices H—, H" and H>® (with inverse G—,GT and G*

— + oo
respectively) that are distributed according to DK_Q’O, DK_Q’O and ’77‘?-/5-1 0 respectively such that

X1~ X' = X1GT X! = XTIG™®XT almost surely,
oraltr e |1,n|, H (2,1) = 1,1) = 1,1) and for any vector € 0,00 we have:
for all i € [1,n], H(i,i) = H*(i,i) = H®(i,4) and f X2 €[0,00)""2 we h

E(X'GtX?|H>®) ='X1G>X2, and
E (tX1G7X2|H+) ='X'GTX% ifn+1 and n +2 are H™ -connected.

It was already known that a special case of this theorem was true: the martingale property between H™
and H* under specific assumptions (the martingale property for + in [76]). However, the link between H™
and H~ was not known.

Theorem 60. Let n > 2 be an integer, let W=, W+ € M,(R) be two symmetric matrices with null diagonal
coefficients and non-negative off-diagonal coefficients such that for any i,5 € [1,n], W~ (3,5) < W(4,5)
and i and j are W~ -connected. Let H~ and HT be two matrices distributed according to 7}V ° and ﬂXVJr’O
respectively, and let their inverse be G~ and G respectively. For any conver function f, any integer i € [1,n]

and any deterministic vector X € [0,00)":

~ XjGi (Za ])

N\ Tew ) | e

XjG+(i7 ])
=1
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> XiG(i,5)

For a specific choice of X and a specific choice of i, the random variable FIGT

variable 1 defined in [76] (to be more precise, it is equal to an approximation of ¢ on finite graphs). This

random variable 1) is closely linked to the recurrence of the graph (it is equal to 0 iff the VRJP is recurrent).

By using this theorem for ¢ (to be more precise, on an approximation of ¢ on finite graphs), it is then possible

to deduce the uniqueness of the phase transition between recurrence and transience for the VRJP and the
ERRW (on any graph).

is equal to the random

4.2 A simplification

4.2.1 Schur's lemma

We will use Schur’s decomposition several times in the paper. It is useful because it behaves nicely with the
marginal and conditional laws of v.

Lemma 4.2.1.1 (Schur decomposition). Let H be a symmetric, positive definite matriz. Let A,B,C be 8
matrices such that H can be decomposed in bloc as such:

A B
no (4 5)
Its inverse s given by:
gl A '+ A7'B(C — 'BA7'B)"''BA~l! —A"'B(C - 'BATIB)"!
N —(C - 'BA™1B)"1BA! (C—-'BA-'B)~!

4.2.2 Reduction to 2 points

We want to show that we can reduce the problem to the study of 11 and v,, but first we need to prove a small
lemma that will be useful in the following.

Lemma 4.2.2.1. Let n be an integer, let H € M,,(R) be a symmetric, positive definite matriz with non-positive
off-diagonal coefficients. For any integers 1 <i,j <n, H 1(i,7) > 0 iff i and j are H-connected.

Proof. Since H is a symmetric, positive definite matrix, all its eigenvalues are positive reals. Let A\~ be the
smallest eigenvalue of H and A7 its largest. Since H is symmetric, all its diagonal coefficients H (i,1) satisfy
the inequality A~ < H(i,i) < A*. This means that all the coefficients of I,, — /\%H are non-negative and its

eigenvalues are between 0 and 1 — ﬁ—; < 1. This means that we have the following equality:

1 1 | 1 k
H'=— (In - <1n — H>) = <In — H> .
+ + + +
A A M A

For any integers 4, j, ¢ and j are H-connected iff there exists m > 0 such that (In — /\%H) > 0 (since all the
coefficients of I,, — i~ H are non-negative). This means that H~'(i,j) > 0 iff i and j are H-connected. O

m

We will use the following lemma to reduce our problem to the study of v and vs.

Lemma 4.2.2.2. Let n € N* be an integer. Let H'' € M, (R) be a symmetric, positive definite matriz with
non-positive off-diagonal coefficients. Let H'? € M, 2(R) be a matriz with only non-positive coefficients. We

also define the matriz e M, 1(R) by:
T2 _ gt <1)
e

Now let H € M, 2(R) and H € M, 1(R) be two symmetric, positive definite matrices with non-positive
off-diagonal coefficients such that they have the following bloc decomposition:

H1 12 o 11
H = (tle H22) and H = (tﬁw HQQ .
Let G and G be the inverse of H and H respectively. We use the same bloc decomposition.:
a1t g2 . a1t ot
G = (tG12 G22) and G := @z 72
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For any vector X € R"*2 we define the vector X € R by:
Vi € [1,n], X; :=X; and
Yn+1 = Xpt1 + Xnyo.
For any vectors X1, X? € [0,00)" "2 we can define:
e a1 (X1) >0 and as(X?') > 0 that only depend on X', H'' and H'?,
e a1(X?) >0 and az(X?) >0 that only depend on X2, H'' and H'?,
e C(X',X?) >0 that only depends on X', X2 H'' and H'? (but not H??),
such that:

XOX* =C(X", X%) + (a (X)) aa(X1)) G (ZlgzD

XGX =C(X1, X2) + (a1 (XY) + aa (X)) G (a1 (X2) + an(X2)).

The previous lemma allows us to transform the expression X'GX? in the form A + ¥'G?2Y2. The
properties of the family of law v tell us that the study of G?2 knowing A,Y ! and Y? is the same as
the study of v, for some parameters. This means that if we get some monotonicity for v5 we should be able to
get it back for v, for any n.

proof of lemmal[{.2.2.2 First we look at H. Let G be the inverse of H. We use the same bloc decomposition
as for H:
Gll GIQ
G= (G21 G22) )
where G € M,(R), G2 € M, »(R), G*' € M, (R) and G* € My(R). By Schur decomposition 4.2.1.1| we

have: (H')~! + (HY) "L HR2G2 2 (HY) = —(HY) 112G
G = < — G222yl G?*? )

5O O 2 (s )

By definition of H, all the coefficients of —H'? are non-negative and all the coefficients of (H'')~! are also
non-negative since H'! is an M-matrix. This means that all the coefficients of —(H'')~!H'2? are non-negative.
Let X', X2 € R""2 be two vectors with the following bloc decomposition:

Xll X21
Xl = <X12) and X2 = (X22> 5

where X111 X21 € R" and X'2, X?2 € R2. Let M := —H?'(H')~!. We have:

s (5 ) (0 8) (ot ) (50)
o () (0 8 (5 1) ()

Hll —1 0 X21
— (tXll tXll tM + tle) <( O) G22> <MX21 n X22>
:tXll(Hll)—1X21 4 (tXll tM+ tXIQ)GQQ(MXQI +X22)
:tXll(H11)71X21 4 t(MXll +X12)G22(MX21 +X22).
Now we can define a3 (X1), az(X1), a1 (X?) and as(X?) by:

(Z;Eﬁ;) = MX'" + X% and <Z;gzg> = MX?' 4+ X2

We also define C(X!, X?) by C(X1, X?) := X1 (H1)"1 X2 We get:

=5

o

KGN = C(XTX%) + (aa(X1) az(X1) G (Zlgzg) |

Similarly, we get:
X' ax’ =X)L (N (HY) —&-712)@2 (—F21(H11)_1X21 +y22)
—C(X", X2) + (a1 (XY) + a2(X 1) G (a1 (X?) + az(X?))

21 2
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4.3 The coupling

4.3.1 A change of variables

When we look at vs, instead of looking at the beta-field (81, 82) we will look at two other variables that will
make our coupling and various calculations more explicit. In the following lemma we state this change of
variables and some relevant properties of the new variables.

Lemma 4.3.1.1. We set a parameter A € [0,1] and a parameter w > 0 such that if w = 0 then X\ & {0,1}. Let
W = (3] w) Let (81, B2) be distributed according to V;/V’O. We define the variables v and Z by:

0
= 1 _ 431 By — w?
o 28 —w\ T A\ 20A1 =) +26202 + 25, (1 - N)?
(A 1-4) (ul) 252) (1 - /\)
261 — A%y
TwH A=Ay

We have that both Z and v are positive and:
261 =A%y + (w+ A1 — \))Z,

282 =(1 = Ny + (w + A(1 = \)y)

N[ =

The random variable v is the only random variable such that:

<2—il} 2_5;}) 7 (A(1Ai A) ?1(1—}?2)

is of rank one. The law of v is that of a Gamma of parameter (%, %) The law of Z, knowing -y is given by:

W+ A1 =Ny (z—1)2\ 1 A
T exp (—(W + A1 = X)) 5 ) 2 <(1 - AMVz+ \/2) 1.>0dz.

This law is a mizture of an inverse gaussian law and its inverse.
If U is defined by U :=/Z — \%Z, its density, knowing -y, is given by:

L e (w4 A=A ) (1= 2= D= Y

Ver

This law is similar to a gaussian, in particular the law of |U| is that of the absolute value of a gaussian.
We also have the following equality:

det (2_% 2‘5’2) = 4618y — w? = (w+ A1 — \)y)y ((1 —~MVZ + \%)2 .

The random variable v is a generalization of the random variable v defined in [73], in which it is only defined
for A € {0,1}. It is used to make a link between the S-field and the VRJP starting at a specific point.

Proof. Let 5 C (0,00)? be the set defined by:

= {(bhbg) € (0,00)2, (ﬁ ;bf) > o}.

Let f: (0,00)% — R? be the function defined by:

Ze+ (w —Ae)z N2+ (w ~—\e)d
f(c’z):<x + ( +2)\(1 A)e) 7(1 A) +(2+>\(1 )\))Z>'

2 — 2C w — C)=<
First we need to check that f ((0,00)2) C . First, 2cHetAAZAAZ anq (1=3)%et( ;Ml NIZ 5 0. Then:

4/\2c + (w4 A1 =N)e)z (1= A)2c+ (w+ A1 =)

1
5 5 —w2>wzw;—w2>0.
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This means that f ((0,00)?) C JZ.
A

Now we need a small result on matrices that will make calculations on f simpler. Let ¥ := (1 B A)' For any

(a1,a2) € H and s € R, we have:
-1
det (2 TUY Zgyty ) =det (2 TV det (1, — s (29 ) v
—w  2ao —w  2as —w  2as
-1
=det 2 —w det [1—stY 2 —w Y
—w  2as —w  2as

%2 — 2a1 —w\
—det ( “ w) (1 sty ( “@ w) Y) .
—w  2as —w  2ay

_ 1
det(<2_aulj 2:)) —sYtY> =0&s —
2 ty (2&1 ’LU) Yy

Now we notice that if (by,bs) := f(c, z) then

This means that

20y —w [ (w+A1=Xc)z —(w+ A1 - Ne
<w 2b2) — VY = ((w FA0=Ne) (w1 — A)C);) ’

which is of rank one, and the eigenvector for the non-zero eigenvalue is ( 1 >
NE

Therefore if we know that (b1, b2) = f(c, 2) then

1 4b1 bQ — w2

c= = = , and
o <2b1 ) ! y o 2N 1A+ e

—w
—w 2b2
20 — N2 w4+ A1 =Ny

w1 =Ny 20— (1 -2

This means that f is injective and its inverse is the one we want. Conversely, f is surjective by using the same

formula.
The Jacobian Jy of the change of variables f is equal to:

Ji(e,z) = (24 M1=N2) 3 (I=N2+ A1 -ND) ]
PO a1 =N =+ A1 = Ne) o

and therefore the determinant D¢ of the Jacobian is equal to :

Di(c, 2) _ WAL= Ae ((1 A2+ A(1 - /\)% + AQZ% +A(1— A)i)

4
w1 - Ne A\ 2
4 (1 )\+z>

:w—l-/\(l—)\)c% ((1_)\>\/2+

A
4 z

7

Now we can change variables (31, 32) such that Hg := <212} ;bw) > 0 into variables (v, z) defined by:
- 2
_ 46182 — w?
T T2wA(1 = A) + 28207 1 281 (1 — A)2
261 — Ny

ST A=

We need to make a few calculations before we can express the law of (v, Z). First we have, for any (c,z) €
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(0,00)2, with (b1, b2) := f(c, 2):

4b1b2 —'U}2
:((w+A(1—A)c)z+A2c)((w+A(1—A))1+(1— )—w2
=(w+ A1 = N)e)? + (w+ A1 = Ne) <>\20 +(1— cz> + A1 = N2 —w?

=(A(1 = N)e)? + 2wA(1 — Ne+ (w + M1 — N)e) <)\20 + (1= X)2%c > + A1 = N2
=2c(w 4+ A1 = A)e) + (w+ A(1 = Ne)c ()\2 z) + A3 (1 ?

=(w+ A1 = N)c)e ()\21 +(1=X)%z+ 2>

z

—(w+ A1 Ne)e ((1 CAWE4 \2)2 .

Therefore we get:

Dy(c,z)  yJw+AM1—-Necl
A = (e avEe ).

We also have the following equality:

by + by — w :AQE + (w+ AL /\)c)% (1 /\)25 +(w+ A1 — A)C)Q—lz
—((w+ A1 =XNc)—A1=XNec)

2 ¢ 1 !
—(A2 4 (1- )2 +2)2+2(w+A(l—A)C)(2+2_2)
=§+ %(w+/\(1—/\)c)§(2_ 1*

And therefore we get the following joint law for v and Z (c represents v and z represents Z):
2w+ A1-=XNel A c (z —1)2
- [(1= X — —— = A1 = A)e)———— | dzde.
= 1 /e P <( Wzt \/z) exp< 5~ (WAL =N =de

In particular, the law of Z, knowing -, is given by

w *\j% AN exp <(w (- m)(z;;)?) % <(1 CAVE 4 \2) dz

It is indeed a density since it is a mixture of an inverse gaussian and the inverse of an inverse gaussian. Now, we
can look at the law of U. By definition, U = v/Z — ﬁ This means that vZ = 7vU2;4+U and ﬁ = 7\/172;4*[1.

We therefore have Z = % VUZ+4  The density of U is thus:

2 A1 =X 2
;<2u+ Wt At e ) wt A hexp(—(w—?—)\(l—)\)'y)L;)

VuZ+4 V2
2 vuZ +4 VuZ+4—
x (-t itu G Vue izl g,
u? + 2+ uvu? + 4 2 2
2 A=A 2
_2uvu® +4 —|-2u +4 w+ ( (w4 A1 — Ay )u>
2vVu? + V2w 2
2 VuZ+4 vu?+4—
x (1Y titu Vutioul g,
u? + 2 +uvu? + 4 2 2
w+ A1 —A)y u?

- Nor exp (—(w FA1— )\)7)2> (1 —(2A— 1)\/%) du.
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4.3.2 The tilted gaussian law
Definition 46. For any (K,0) € (0,00) x [—1,1] we define the tilted gaussian law A (K,5) by the following

density:
| K Ku? U

It is indeed a density since it is the density of a gaussian plus an antisymmetric term that is smaller than the
gaussian term.

Lemma 4.3.2.1. Set K >0 and 6,8’ € [-1,1]. Let U be a random variable distributed according to N (K, 5).
We have the following equality:

[ yp—

VO | _
L+8

Proof. We have:

/ U / U
1+5 (U)2+4 B / Ee KU2 1+5 u 1+5 (u)2+4 du
1+0—-L ) Var P Vit ra) |\ 1+

(U)2+4 u€R V(u)?+4
u
— €X 1+5’7 du
/R V 2 p< ) ( (u)? +4>
ue

O

Lemma 4.3.2.2. Let 0 < K~ < K. Set § € [-1,1]. There exists two random variables U~ and U"
distributed according to A (K~,8) and A (K™T,8) respectively such that:
14— 146 ——L
v e [-1,1), E| — YU g | VUTTH
T 1+ (57 14+6—4 "7
(U—)2+4 V(UH)2+4

and
K- (U )*=K"(U")? as.
Proof. Let K := /£~ Let U be a random variable distributed according to A (K™, d). First we define the

random variables V™ and V™ by:
Ut

GRS
KUY
- VE2(UT)? +4
We notice that 0 < |V*| < |V~| < 1. Let p1,ps € R be defined by:

N U G E) G W ORI G )
p=5 v-) 14ovy P Ty V- )1tV

V=

Both p™ and p~ are non-negative. We also have:

Lo 1 VN 1+6V- 1 VEN1-6V-
prH+p =51+ —— T+svr T3 1-

2 V=) T+ovT V=) 1+evt
14OV IOV (14 6V T 140V
2(1+0VH)
2+ Fasv- ,
(+5v+) ‘

Now, let U~ the random variable be such that knowing U™:

U- KU™ with probability p*
—KU™ with probability p~
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Now we want to show that U~ is distributed according to A (K~,8). We have, for any test function f:

E(f(U7)) =E (E (f(U)|UT))

(1 VN 146V o1 V) 1— 6V N
=5 (5 (1 1= ) Trsped 00 45 (19 ) gy d (K0 ).

First we get:

1 VN 140V- n
E(Q (H—) Toved (KUT)
= Q—exp (_ 2“ ) (14_5;) <2 <1+ uz + ) : 5\/Kuu +4f(Ku) du
WeR T u® 44 KvVu?+4 + R
+ +,,2 K242
= Kexp(—K 4 ) <1+5KU) 1 1+M f(Ku) | du
o 2w 2 VE2u2 +4 2 KvVu? +4
e
K- K—u? U 1 u? +4
= —_— - 1+6 - _— du.
! 0 (-55) (1) <2< Wm)f(“)) ’
ue

1 VN 1-6V~
() o)
+ +,,2 JIK 24,2 1—6K%
= Kexp<Ku>(l+5u> 1 1- Ko 1+ 4 'Kuu+4f(fKu) du
Voo 2 VuZz +4) \ 2 KVu? +4 L+0=5—
ue
T 4,2 2,2
e () (1o Y (1 YD
N 2m 2 VEK2u? +4 2 Kvu?+4
ue

K- K—u? U 1 u? 44
= —exp | — 1+5> 1 - u) | du.
/ 2 p( 2 >( u?+4 <2< \/u2+4K>f< )>
ueER
If we put both equalities together, we get for any test function f:

E(f(U7)) = / \/Zexp (KQ”“Q> (Hau;‘H) f(u)du.
ueR

This means that U~ is indeed distributed according to .4 (K—,6). Now we only need to show that U™ and
U~ satisfy the equality we want. First we notice that for any « € (—1,1):

1+d6x x
=14+ -6 .
1+6z + ) 1+ 6x
This means that we only need to show that:
U_ Ut
(U~)2+4 (U+)2+4
o (e U el o
VUT)2+4 /(UT)2+4
Which is the same as showing:
-
E V(U—)2+4 o+ | = v+
U-— - +
1+ 6\/ﬁ 146V
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By definition of U=,V ~ and VT, we have:

U-
E (U;)zf‘l“_fr
14+6——-L—
N
KUt —-KUt
1 (1 N V+> 1+6V-  J(KUH)2t4 N 1 (1 V+) 1-6V— (—KU+)2+4
2 V-)1406v+ __EKUF T2\ V- )14Vt __—KUF
+ 1+ 61/(KU+)2+4 + 1+ 6w/(7KU+)2+4
1 V+ 1+6V- V— +1 1 Vt\1-6V- -V~
2 1+6V+1+5V* V=) 146Vt1—46V-
1 VJr 1 1 e -V-
2 V V-) 146Vt

1+5V+
O

Lemma 4.3.2.3. Setw >0 and W := (S) %’

according to I/;/V’O. Let Hg be the random matriz defined by:

(261 —w
Hg = (J) 252).

Let Gg be the inverse of Hg. We define the random variables v and Z by:

). Now set 2 parameters X\, 0 € [0,1]. Let (f1, B2) be distributed

._ 46182 — w?

T 2uNT = A) 1 28202 + 261 (1 — N2
26—
Cw4+ A1 =)y

We have: )
9f (1-0Z

0
Proof. First, by lemma [£.3.1.1] we have:
261 = (w + A1 = \)y) Z + A2y,
2 = (w+ A(1 = N)y) 5 + (1= AP,
w=(w+ A1 —=A)7y) = A1 —=N)y.

To simplify notations, let w be the random variable defined by @ := w 4+ A(1 — A)y. A quantity that will be
important in the following is the determinant of Hg: 43182 — w?. By lemma[4.3.1.1} we have:

481 By — w? = Wy ((1 - MWVZ + A\1FZ>2 .

We know that :

21 w

23
461ﬁ w2 and G5(1,2) G5(2 1) 4ﬂ16 11)2

G D= 55w

G5(2,2) =

Therefore:

A62B; + (A(1—6 —N0)w + (1 — N1 —0)25
(A 1A)G6(139>: B2 + (A(1 )+4(;162)_302+( )(1-0)261

Now we also have:

A02B2 + (AL = 0) + (1 = A)f)w + (1 = A)(1 = 6)25
=\ (w; +(1 - A)%) + AL =0)+ (1 =N0)(@— A1 = A)y) + (1= A)(1—0) (@Z + X\*v)

:Aﬂw%Jr()\(l—e) (L= NOW + (1 A)(L— )@z

:@()\\Ejt(l—/\)\f) (9& (1-9)&).
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We therefore get:

(A

an () 00 (00
m((1—x)ﬁ+A )
0 +(1-0)VZ
_7 ((1 —AMWVZ + )\ﬁ) '

S

4.4 Main theorem

Some of the results are based on some manipulations on graph, mostly we will quotient graphs. We remind the
reader of the definition of the quotient of a graph by one of its subset. We also add the notion of weight for
these quotients.

Definition 47. Let 4 = (V, E) be a locally finite, non-directed graph. Let (We)eer be a family of weights on
the edges of 9 = (V, E). Let A be a subset of V. The quotient (VA EA) WA of the weighted graph 4, W by
the subset of vertices A is defined by:

VA= V\AU {z}
~ 2
A= {{a,y} € Booy € VNAYU {{zay) € (Va) 3o € A{a,y} € B}
V{z,y} € EA zyd A, W{’i’y} = Wit

Vi € VA\{Q:A} such that {xa,x} € EA,WéA)a} = Z Lo yreEWizyy-
yeEA

We can now prove our main theorem.

- +
proof of theorem[59, According to proposition|4.1.2.1} the marginal law of (3;)1<i<y is the same under 1/7‘?;2’0, ux_z’o
and u}?ff’o and is equal to v}V for some n € R". Let H be distributed according to 7}V, Let K € [0, +00)
be the random variable defined by

K= WH'w!,

Set a vector X! € [0,00)" 2. Let a;(X?!) and ay(X?!) be the numbers defined in lemma 4.2.2.2| and a(X?!) :=
a1(X1) 4+ az(X1). Let A € [0,1] be the random variable defined by

and K the random matrix defined by:

)

e d mermre (X)) +as(X1) #0
0 otherwise

and ¢ € [—1,1] the random variable defined by § := 2\ — 1.

If n+1 and n + 2 are H™ -connected then K +w™ > 0. Let v be a random variable distributed according to a
I (3) distribution. Now let U~ and U™ be two random variables distributed according to 4" (K + w™,4) and
N (K +w™,8) respectively and such that

146 —L— 146 —2L
V8 € [-1,1], E ’ V(U VW _w
T 1+6—L— 1+ 67 '
V(UT)P+4 V(UT)2+
Such two random variables exist by lemma [4.3.2.2l We define the positive random variables Z~ and Z* by:
U =vZ- - ! and UT =V Z+ — !
VZ- VZ+
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Now, we define the random variables B;rl, B;+2, BNTTH and BN:{H by:

28,0 = (K +w™ +A\1-))

20,0 =(K+w™ +A1—-N\7) Z~ + (1 - N2y
28, = (K +w™ + (1 —>\)7)2+—|—>\2
280 = (K +wm + N1 - \)7y) 2"

M) Z7 + Ny

2 0
Let K~ and Kt be the matrices defined by:

= 0 w- + K S 0 w4+ K
K '_(w+K 0 >andK '_<w++K 0 )

By lemma [4.3.1.1) knowing K and 9§, (B;H,B;JFQ) and (BgH,B;H)are distributed according to 1/2K 0 and
1/2K 0 respectively. Now we can define the matrices H—, H* and H* by bloc:

H -wt —-w?
H = |-W" 23, +WH'W" —w™ ,
- we —w” 2840 + WEHTITW?
H -wt -w?
HY = -W' 237, + WH'W! —wt ,
— w2 —w* 28, + W2HW?
o H -Wt—w?
S\ =W oy (W W) HT (W W) )

- +
By proposition 4.1.2.1f and lemma 4.2.1.1, H—, Ht and H* are distributed according to ﬁx_Q’O,DZQ’O and

Dmof’o respectively. Let G—, Gt and G* be the inverse of H—, H* and H respectively. Let G??>~, G?**>* and

G?2° be defined by:

G2 G (n+1l,n+1) G (n+1,n+2)
T \G (n+2,n+1) G (n+2,n+2))’
a2t Gt(n+1,n+1) G'(n+1,n+2) and
Gt(n+2,n+1) G"(n+2,n+2)

G*>° .= (G®(n+1,n+1)).

For any vector X2 € [0,00)" "2, by lemmal4.2.2.2|there exists three non-negative random variables C'(X1, X?), a1 (X?)
and ao(X?) that only depend on H, W' and W? such that:

X1GTX? = CO(X1, X%) + (ar(XY)  ao(X1)) G227 (al(X2)> 7

X'GTX? = (X' X%) + (XY ag(X1)) G2 (al(X )) :

and
XTGOX? = C(XY, X2) + (01 (XY) + 02(X1) G2 (01 (X2) + a2 (X?2)).

Let a(X?) := a1(X?) + a2(X?) and let 6 € [-1,1] be defined by:

5. % if a1 (X2) 4 aa(X2) #£0
0 otherwise
We have:
X'GTX? =O0XN X)) +a(XDa(X?) (A 1-X) G <1 fa) ’
X1GHX? = O(X', X?) + a(XY)a(X?) (A 1-X) G+ (1 ’ 9) !
and

X'GX = C(X, X2) + a(X)a(X2)G22>.
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By lemma [4.3.2.3| and by definition of U~ and U*, we have:
E(X'G"X?*|HT) = 'X'GTX?,

and

2

X'G X' =0X XY (an (X)) + ao (X)) = = X'GTX! = XIG™XT.

By lemmas [£.3.2.3] and =321 we have:
E(X'GTX?|H>®) = XTG™X2.

2

O

proof of theorem[60, Set an integer i € [1,n]. We will only show this result when W~ and W differ by only
two symmetric coefficients (i.e one edge): (k,l) and (I, k). We can assume that W~ (n —1,n) < Wt(n —1,n)
because of the symmetries of the family of laws 7', For any j1,j2 € [1,n], 51 and jo are W ~-connected. This

means that by the main theorem, there exists two matrices H~ and H™* distributed according to /¥ * and
v 0 respectively, with inverse G~ and G respectively and such that:

o G (i,i) = G*(i,1) almost surely,
o« VX €[0,00)", E (ilxja(i,j)|H+> - fjlxjm(i,j).
j= j=
This means that for any convex function f and any vector X € [0, 00)™:
> X6 (i.5)

N\ Tew ) | e

XjG+(i7 J)
=1

4.5 Proofs of theorems 5455 and

45.1 Proof of theorem [B4]

Proof. Let dg(+,-) be the graph distance on 4. Let %, be the graph obtained by fusing together all the vertices
at a distance n or more from 0. This means that ¢, = (V,,, E,,), with:

Vi ={z € V,d%(0,2) < n} U{d,} and,
E, = {{x,y} € E, (x,y) EV,,LQ} U{{z,0,},ds(0,2) =n—1,3y eV\V,,dy(z,y) = 1}.

Let |V,,| be the number of vertices in V,,. Let W7 € My, |(R) and W, € My, |(R) be the symmetric matrices
defined by:

e for any z,y € V,, such that {z,y} € E,,, W, (z,y) = W, (z,y) =0,
o for any z,y € V,\{0}, W (z,2) = W, , and WH(z,x) = W{'; o)

o for any x € V,\{d}, W, (z,0,) = W,, (6n,2) = > Wi, o lvgva,
yeV{iz,ylek ’

o for any x € V,\{6}, W,F (z,0,) = W, (6, ) = > W{'; 1 Lvev,
yeVizylek 7

This means that for any x,y € V,,, W, (z,y) < W5 (x,y). Let H,, and H," be two random matrices distributed
- +
according to D‘V‘Z’:’l’o and ﬁIV‘Z:IyO respectively. Let G, and G be the inverse of H,, and H; respectively. By

Theorem 1 of [76], there exists two non-negative random variables 1~ (0) and 1" (0) such that:

G, (0,6,)
G (6, 0,) n—oo
G(0,6,)
G (6, 0p) 00

¥~ (0) in law, and

¥1(0) in law.
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Furthermore, still by theorem 1 of [76], we have:

P (The VRJP with initial weights w™ is recurrent) =P (¢~ (0) = 0),
P (The VRJP with initial weights w* is recurrent) =P (¢*(0) =0) .

Let f:[0,00) — R be a continuous, bounded, convex function. By theorem we have, for any n > 1:
G, (0,6n) < G (0,0n) >>
E —n- >E ) ).
Ulea) =20 G
This means that E (f(v~(0))) > E (f(¢7(0))). For any n > 1, let f, : [0,00) — R be the function defined by:

1fnxif0§m§%

fn(x):{ 0ifz> L.

For any n > 1, the function f,, is continuous, bounded and convex, so E (f,(¢¥~(0))) > E (fn.(¢7(0))). We
notice that

E (fa(¥7(0)) 75 P(¢7(0)=0), and
E (fu(47(0))) ——= P (¢7(0) =0).

n— oo

This means that P ()=(0) =0) > P(»7(0) = 0) and therefore the probability that the VRJP with initial

weights w™ is recurrent is greater than the probability that the VRJP with initial weights w™ is recurrent. [

452 Proof of theorem [55l

Proof. Set a dimension d > 3. By proposition 3 of [76], for any w € (0,00), the VRJP on Z? is either almost
surely recurrent or almost surely transient. Furthermore, by theorem the probability that the VRJP is
recurrent is non-increasing in the initial weight. Therefore, there exists wy € [0, 00] such that the VRJP on Z¢
with initial weight w € (0, 00) is recurrent if w < wq and transient if w > wgy. Since the VRJIP is recurrent
in dimension 3 for small enough weights (corollary 3 of [72]), ws # 0 and since it is transient for large enough
weights (lemma 9 of [76]), wq # oco. O

4.5.3 Proof of theorem [

Proof. Set a dimension d > 3. Let E? be the set of vertices in Z9. Set 0 < a~ < a*. Let (W, )eer be iid
random Gamma variables with parameter a~ and let (W/).cg be iid random Gamma variables with parameter
at —a~. By theorem 1 of [72], the ERRW on Z? with initial weight a~ € (0, 00) is a mixture of VRJP on Z?
where the initial weights are (W, )ccr and the ERRW on Z? with initial weight a™ € (0,00) is a mixture of
VRJP on Z¢ where the initial weights are (W, +W/).cg. Now, by theorem |60, the VRJP with initial weights
(W )eer has a higher probability of being recurrent than the VRJP with initial weights (W, + W))ccp.
Therefore the probability that the ERRW with constant weight equal to a is recurrent is non-increasing in a.
By proposition 5 of [76], the ERRW with initial weight a is either almost surely transient or almost surely
recurrent. Therefore, there exists aq € [0,00] such that the ERRW on Z¢ with initial weight a € (0, 00) is
recurrent if a < aq and transient if a > ag4. Since the ERRW is recurrent in dimension 3 for small enough

weights, ag # 0 and since it is transient for large enough weights, ag # 0o. O

4.6 Proof of theorem (3

4.6.1 Preliminaries

Definition 48. Let Y = (V, E) be a finite graph and (We)ecr be positive weights. Let Hg be the random matriz
distributed according to U)V-° and G4 its inverse. Let x,y € V be two distinct vertices of 4. The effective weight

between x and y, w;‘g/, 1s the random variable defined by:

we]’f — Gﬁ(l‘,y) )
Y Ge(w,2)Galy,y) — Gala, y)?

Remark 13. Let 9 = (V, E) be a finite graph and (We)ecr be positive weights. Let (8;)icv be random variables
distributed according to v)V°, Hg the corresponding matriz (distributed according to oW-0) and G its inverse.
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Let z,y € V be two distinct vertices of 4 and w the effective weight between x and y. Let Vi = {x,y} and
Vo :=V\{z,y} be two subsets of V. The corresponding decomposition of Hg is given by:

Hﬁ = Hg/l _WVhVQ
. _ thl,Vg Hg)/z :

-1
el = me+("WV1’V2 (H/‘;?) WWW) (z,y). (4.1)

By lemma

Furthermore, by lemmas |4 1.2. 1| and |4 2.1. ZL the law of gﬁg’z) knowing the [-field on Vy is the same as the

on a two-vertices graph {z1, 22} where W, ., = w®.

Gp(21,22)
Gg(z2,22)

law of
Lemma 4.6.1.1. Let ¥ = (V, E) be a finite graph and xo,0 € V two distinct vertices. Let (ce)ecr be a family
of random (not necessarily independent) positive conductances. Let c.g be the (random) effective conductance
between xog and § for the electrical network with initial conductances (ce)ecr. Let Cefr be the equivalent con-
ductance between xg and § if we set conductances (Ce)ecr defined by €. :=E (c.) on 9. We have the following
inequality:

E(Ceﬁ') < Ceff-

Proof. Let (V)zev be the (random) potential with V,,, = 1 and Vs = 0 that minimizes the energy:

1 2
&= > (Ve =V,

{z,y}€E

This potential is harmonic on V\{zo,d} by the Dirichlet principle and therefore (V, — V,)(z)cp is the flow

that minimizes the energy and we get:

1
& = §Ceff.

Now let (Vx)mv be the potential with VIO =1 and Vs = 0 that minimizes the energy:

{z,y}€FE
We have: .
& = 5595
Now since V' minimizes &, we have:
1 —
<3 ce(Vy=V,)?
{zy}eE

Now, by taking the expectation we get:

E@)<3 Y Ble)(Va-T,)2

{z,y}ecFE
Therefore: 1
SEem <y Y E(e)(Va-T,)
{z,y}€E, 11
Then we get:
1
]E(Ceff) S iéeﬁ-

And therefore:

O

Proposition 4.6.1.2. Let ¢ = (V,E) be a finite graph and z9,0 € V two distinct vertices. Let (W), be
a family of random (not necessarily independent) positive weights. Let w¥ be the (random) effective weight
between xo and & for the VRJP with initial weights (W,)eer. Let ¢ be the effective conductance between x
and 0 if we set conductances (ce)ecr defined by c. :=E (W,) on 4. We have the following inequality:

E (weﬁ) S Ceﬁ.
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Proof. We will show the result by induction on the number of vertices of the graph. If the graph has two
vertices {xg,d} (and therefore only one edge) the result is obvious.

Now we assume that the result is true for all graphs with n vertices or less, we will show it for any graph with
n + 1 vertices.

Let 4,41 = (Vpt1, Eng1) be a finite graph with exactly n+1 vertices, including xg and 0. Let (Wen+1)e€En+l be
random weights on E,, 1. Let Hg be a random matrix distributed according to 7}/°0. Let wffil be the (random)
effective weight between zo and 6. Let (¢?*!).cp, ,, be deterministic conductances defined by ¢! = (W£+1).

We define two effective conductances between z¢ and § on %, 1: one for random conductances W +! (Effil)

and the other for deterministic conductances (ce)ecr (¢S ;). By lemma

E (c;h) <E(ch) - (4.2)

Now, let y € V41 be a vertex that is neither xzg nor §. Let ¥¥ = (V¥ EY) be the complete graph with n
elements with V¥ = V,,11\{y}. We can decompose V, ;1 in VY and {y}, the corresponding decomposition of

Hp is given by:
e Hy W
B = tWV1,y 25y :

By lemma [4.2.1.1) we® 11 knowing H 1s is equal to the effective weight we on the graph %V for weights and
the SB-field given by the matrix H " Ly Vi This matrix, knowing 3, and W"T! is distributed

2By
/ 'n+1 n+1
according to v/ with W, . = W2l + %y“"’ By [4.1.2.1} if K, := { ;E W't the expectation
T, T, Y€1

of 2,6 , knowing W™t is given by:

\/2 o+ 50 ore ) )y
25,, /2b V25 P Ty T
b /2 1(2 Kb 1
/2\/;\[ p(z <b+22Ky>>bzd"
b=0
17 1 [2 1 (4 K2
[ e —c o+ D2k
2/\/213\/;6”’( 2<2b+ 12 y>>db
b=0
oo 1 K2
/ 5| S rm-2k, ) )b

:Eby definition of v}’

Ky

Therefore for any 1, z9 € V7:

Wn+1wn+1
(Ww/ |Wn+1) Wn-l—l + r1,Y Y,T2 .
1,%2 T1,T2 Z Wn+1
T
T

Similarly the effective conductance E,efil between z and § on ¥, ; with conductances W"*! is equal to the

11, waw s

— n z1,Y Y,T2 1

o1 = Waile, + W . This means
e

effective conductance ¢ between xo and 6 on 4Y with conductances ¢,
that, for any e € EY:
E (W, w"th) =2,

so by the induction property:

which implies that
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4.6.2 proof of theorem

Proof. Once we can compare the effective weight for the VRJP to effective conductance for an electrical network,
the proof is quite straightforward. Let W, be weights and let ¢, := ]E(We) be conductances. For any n > 0 we
define S,, the vertices of V at distance n or more of zy. Then ¥,, W" (with ¢, := (V,,, E,,)) is the quotient
of the weighted graph ¢, W by S, and d,, is the point obtained by fusing all points of S,, into one. For any

n, let H, be distributed according o V"0 and let G, be its inverse. vy Theorem 1 o , to show tha
let H,, be distributed ding to 7y, " and let G,, be it By Th 1 of [76], to show that
the VRJP with initial weights W, is recurrent, we only need to show that %. By remark the law of
% is entirely determined by the law of the effective weight. Since the effective conductive converges to 0,

the effective weights converges to 0 in probability by lemma 4.6.1.2 Then, by remark the law of %

knowing the effective weight is the same as if the graph had only two points: zy and § with a weight equal to
eff
the effective weight between them. Now let (31, 32) be distributed according to vy’ 0 the law of % is

the same as the law of "

wi ﬂ'
481 B2 —(weD? we
281 T 98,
41 By — (werD? A
By taking A =1 in lemma [4.3.1.1] we get that
eff eff
w = Ll = Z,
260 weftz
where the law of Z (knowing w®™) is given by:

;H <\/2 _ 2>2> Loods.

weff 1 . w
\/ T exn | =
21 2z P
( n

If w* goes to 0 then Z converges to 0 in probability and therefore % converges to 0 in probability and

we get the result we want. O

4.7 Proof of theorem 57|

4.7.1 Preliminaries and definitions

The proof uses the characterization of recurrence used by Sabot and Zeng in [76]: we use the positive martin-
gale (¥, )nen with its almost sure limit to,. The VRJIP is recurrent iff oo = 0. The goal is to show that the
probability that ¢, = 0 is independent of v,, for any n which implies the desired 0 — 1 law. To do this, for any
n we introduce a modification of the graph for which it is easy to show this property. Then we use our main
theorem to show the recurrent/transient behaviour of the two graphs are the same. One direction is easy (the
modified graph is more recurrent by our theorem), the other one is more subtle: we use our theorem to identify
a worst case scenario and then we only have to study this worst case scenario.

First we define the modification of the graphs we will use in our proof and some notations that will be useful
in the following.

Definition 49. Let 4 = (V, E) be a locally finite graph and (We)ecr a family of positive weights on the edges.
Let dg(-,-) be the graph distance on 4. Set 0 < m < n and let Sy, be the set of vertices at distance m of
xo and S, the set of vertices at distance n or more of xo. We define (4,, W,) as the quotient of (4, W) by
S, and (47, W™) as the quotient of (%, Wy) by Sp. We will write x,, and x,, for the points xs, and rg,
respectively. For instance, if we take & to be the graph below.

S
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The graph 9, will be given by:

4 9
1
Zo 7
Finally, the gmph s given by:
1

AN
N

If we look at the above definitions the graphs we will look at will be naturally split into three subsets: the
vertices at a distance less than m of the origin, the vertices at a distance m of the origin and the vertices at a
distance larger than m of the origin. Because we split the graph in 3 instead of 2 as in the previous proofs, we
will need a lemma that is a small variation on Schur’s decomposition for 3 blocs of vertices instead of 2.

Lemma 4.7.1.1. Let H be a symmetric, positive definite matriz. Let A=, AT, B=, B*,C be 5§ matrices such
that H can be decomposed in bloc as such:

A~ 0 B~
H= 0 AT Bt
‘B~ B~ C

Then, its inverse G has the following bloc decomposition (the blocs are the same as for H):

Gl,l G1’2 G1,3
G = H71 _ G2’1 G2’2 G2’3
G3,1 G3’2 G3’3

with G* = 'G%J. Furthermore, we have:
G1’2 :(A—)—lB—G3,3B+<A+)—1
GLS _ (Af)levaS,B’
G*3 = — (AN)™1BTG33.

Proof. By lemma we have:

(6 &)

G2 G

(3 ) G (s 2)

(U0 wh) (U0 wh) (B)er s m (YY) L)
(

A L) () e s mran .

Therefore:
G1,2 _ (Af)lefG3,3B+(A+)71
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Similarly, by lemma we have:
G1’3 A~ 0 -t B~ 3,3
c3) =0 a+) \B+)©
(A7)t 0 B™\ 33
0o (an1)\B+)¢

(e,

Finally we define a family of functions that will be useful in the following.

Definition 50. For any a > 0 let f, : [0,00) — [0,1] be the concave function defined by:

Wz € [0,00), fulz) = {ix ifz€[0,a],

1 otherwise

4.7.2 The proof

We have defined the graphs that we will look at. Now we will couple the various probability measures v on
those graphs. For the graphs (¢,)nen this is exactly what was done in [76]. For the graphs (4, )nen the
idea is similar but the proof uses theorem

Lemma 4.7.2.1. Let 4 = (V,E) be a locally finite graph with positive weights (We)ecr on the edges and
xo € V a vertex of this graph. Set m € N* and let V.7 := {x €,dy(zo,x) < m} be the set of vertices at a

distance less than m of xo. There exists random matrices (Hp+i)ien and (Hp,qi)ien such that:

m
~Wiii,0

0 T ie diatr :
‘ and H ,4; is distributed according to Vigm | s
m—41i

i

Vi € N, H,,y; is distributed according to Dg::;

Vie N, VYo € V,,, Hyyi(z,2) = Hppi(z,x) = Hp (2, 2),

)

. (Himti+1) " (@mtit1, To) (Hmti) ™ (Zmpi, 0)
( m+l+1) (xm+z+17xm+z+1) ( l) (merzymerz)
Hm 7 -1 m+1 I7 Hm 7 -1 m+i
Vi e N, ]E(é ,+_)1 (@ f’xO)‘ Hm+i>: it +21 @mtin0) g
( m—i—l) (-rnb-l-za-rnri-z) (Herz) (xm+i;xm+i)

H,, = Hp,.
Proof. This is a direct consequence of O

Now we look more specificatly at the modified graphs ¢ " that we have defined. In particular we will look
at the random variables %

theorem 1 of [76].

on these graphs because they are linked to recurrence/transience according

Lemma 4.7.2.2. Let 4 = (V,E) be a locally finite graph with positive weights (We)ecp on the edges and
xo € V' a vertex of this graph. Set m € N* and for any n € N let ™. = (V™ E™. ) be the graph defined

m—+n m—+n’ ~m+n

mn with weights . Le L= qx € , dgm (xg,x) < m} be the set of vertices at a distance less
in |49 with weights Wi, . Let Vo', Vinins dgm, be the set t t a dist !

than m of xg in 47, .. Let V;ln_ﬁl ={z € Vi, dygm, (xo,x) > m} be the set of vertices at a distance more

than m of xg in 47 ,,. Let (Hyim)nen be a sequence of random matrices respectively distributed according to
wm

m+4n?

0 . o
Vigm | with respective inverse (Gpim)neN such that:

Vne NVz e V"' Hyim(z,x) = Hpy (2, 20).

n—+m?
Then we have,
Gn+m (Io, xm) Gm(xma Io)

N = .
vn < ’ Gner(xmme) Gm(xnuxm)

Grnim (0, Tntm) ;o - Grtm(To,%m) Gnim(T0,Tntm) .
Furthermore, for alln € N, B i e Sl L independent of e and G (oo Converges in law

to a non-negative random variable Y o, when n goes to infinity. Finally, for any n > 0, the law of

Gn+m (-'EO a-'L'n+m)
Gn+m, (35() 7xm)

does not depend on the weights of the edges of which at least one endpoint is in V,ZL_;;.
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. . o . w0
Proof. Let (Hp+m)nen be a sequence of random matrices respectively distributed according to ulg;ﬁ*”l with
m+4n

respective inverse (Gy,4m)neN such that:

VneN,Ve e V' Hpym(z,2) = Hp (2, ).

n+m?

We decompose V™ in V7o V't and {2, }. The corresponding decomposition of (Hym )nen and (Gytm )nen
are given by:

- - 1,1 1,2 1,3
Hom 00 Waiem Cgm Cpim Ogim
Vn €N, Hyim =: 0 H W and Grym =: | Gotn Giim Go im
= ) 3,1 3, 3,5
rTerkm twvzf%; H(fEm, .’Em) Gn+m Gn+m Gn+m
By lemma 4.7.1.1
-1
Gt = Gt (G32) G
Then, by using that G*3 is a 1 x 1 matrix, we have that for all (z~,2%) € V" x V"0 ke
Gram (27, Zm) Grpm (21, T4
G (E_,{I?+ _ n+m s m n+m y4m )
n+m( ) Gn+m (xma xm)
We also have, as a consequence:
Gn+m(f€0, xn+m) — Gn+m($05 zm)Gn-&-m (xn-i-WH xm)
Gner(anxm) Gn+m($myxm)Gn+m(x07xm)
_ Gn+m(xn+mu xm)
Gn-l—m(xma -Tm)
= ((H:+m)7lwrﬁ;) (1'7L+7na33m)~
Similarly,
_ G T,x o _
va e vz, SmemlTn) (e e (5 a). (43)

Gn+m (’Iﬂlv xm)

We know that the law of H,' \m does not depend on the weights of the edges of which at least one endpoint is
in V', by definition of this set and proposition [4.1.2.1} Therefore, the law of Grim(@oTutm) 465 not depend

m Gnim(2o,Tm)
on the weights of the edges of which at least one endpoint is in V,'/,,. Since the §-field is 1-dependent, H, .

+ : Gn+'m(IO7fEn+7n) Gn+7n($07z7n) :
and H, ,, are independent so N and Gl are independent.

Furthermore, by construction of the matrices (H,1m)neN and equality for all n € N:

m,— Grgm (T, Tm) _ G (T, Tim)

V€ Vindn: Grgm(TmyTm) G, Ty)

Now, by theorem we can have a sequence of random matrices (H,, 1 m )nen respectively distributed according

w, 0 . . .
to V|g7ff"| with respective inverse (Gy,4m )nen such that:

m+n

VneNVz e Voo Hyym(z,z) = Hy(z, ),

vneNveeym | Cnm@m) _ Gm(@,z0)
m(xmal'm)

e Gner(mm;mm) B é
Vne N,V e V't Grgm(Zm, Tm) = G (T, T

)

Gn+m (zn+m #Em)
Grtm(Tm,Tm)

Gnim(T0,Tntm)
Gntm(T0,Tm)

that W converges in law to a non-negative random variable when n goes to infinity. O
n-+m m

Since

which is a positive martingale by construction of (H, 1 m)neN, We have

Finally we will need this useful lemma to show that the behaviour of the VRJP on the graphs ¢, and ¥4
are not too different.

Lemma 4.7.2.3. Set n € N*. Let W,W’' € M,(R) be two symmetric matriz with non-positive off-diagonal
coefficients and non-negative diagonal coefficients. We assume that all integers in [[1,n] are W-connected. Let
G’ be the inverse of a matrixz distributed according to V,‘;V+W/’O. For any € > 0 there exists a constant C/V that
only depends on W and such that

P (3(i,5) € [1,n]?, G(i,j) <C¥) <e.
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Proof. Set € > 0. Let G be the inverse of a matrix distributed according to vV:°
function f, is convex, we have by theorem

V(i,j) € [1,n]*, E(fo(G'(i,5))) = E (fa(G(i, 4)))

Since all the coefficients of G are almost surely positive, there exists a. > 0 such that:

. Since for any a > 0, the

€

V(i j) € [Ln]* E(fo(G(,) 21— 55

2n2’
This in turns means that .
V(i,j) € [[1,71]]2, E(fae(G/(iaj))) >1- ﬁ
This implies that:
V(i, ) € [1,n]? ]P’(G’(z‘ j) < %) <<
) ) ) ) 2 — n2
Finally we get
. . a S o ac
P(36i) e Lnl, GG <5) <Y S P(Ghi)< ) <e
i=1 j=1

Now, we have all we need to prove the theorem.

proof of theorem[57. We will start by looking at the case of deterministic positive weights. The random case
will then follow by an application of Kolmogorov’s 0 — 1 law.
Wn+mao

Set m € N*. Let (Hy4n)nen be random matrices of respective law (V‘%M‘

) and (Gpan)nen their
neN
respective inverse such that

n €N, ]E( Grgnt1(20, Trmgnt1) |Hm+n> _ GGm+n(x[),xm+n)

Gm—i—n—i—l (xm-l-n-i-la xm+n+1) m—i—n(xm-i-ru xm—i—n) .

) . Wm0 . ..
Let (H,7,, )nen be random matrices of respective law (V %”Lnyl )neN and (G, )nen their respective inverse
such that

Gm+n(x071'm+n+l) |H N > _ Gm+n(x0;xm+n)
G%-ﬁ-n(xm-l‘n’ xm-}—n) e Gm+n(-rm+n7 xm—i—n)

VneN,]E(

m

Such matrices exist by theorem [59} Now, we want to compare G,

to Gppqn. The first step is to apply Schur

lemma. Let Vit = {z € Vi, dym,  (z0,2) < m} be the set of vertices at a distance less than m of zo in
e Let VIt = {aevn, dgm,  (x0,z) > m} be the set of vertices at a distance more than m of 2o in
g .- We will first decompose Vi, in V"0 VI J’:L and S,,. The corresponding bloc decomposition of H,,4p,
gives:
Hrrnn-’&-:z O L o 7;+n
Hm+n = B 0 I{:rr;—’&-n Wn;;—&-n
- + i
thJrn thJrn Hern

Similarly the inverse G+, of Hy, . has the same bloc decomposition:

1,1 1,2 1,3
G G G

e L T
N ; ;
I A =l
s t B 5
thz+7z Gm+n G77z+7z
Now we will decompose V7., in V7" V™ er,,rL and {2, }. The corresponding bloc decomposition of H,, gives:
m,— m,—
Hm+n 0 n Wn
m . m, m,—
Hm+n _' ~ 0 I—{ergz_ Wm+n ’
m,— m, m
thJrn th+n Hm+n (xmv xm)

where H™~ and H™7 are the same as defined previously and if 15 € R is the vector with only ones, then

W = Winls,, and Wt = Wilg . We have by lemma [4.7.1.1

m—+n

G1,2 _ (Hm,f )71W—+HG3,3 W$+H(Hm,+ )71'

m+n m+n m m+n m+n
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We are interested in the law of G=3 Let W° be the matrix —H>™ with all the diagonal coefficients set

m+n-* m—+n

to 0. Knowing H,»,, and H",, the law of G5, is the same as that of the inverse of a matrix distributed
W/

according to v Smflo where W’ is defined by:

1, ~
- - H™ 0 w:
1170 — m+n m+n
W=w°+ (W,,., Wi.) ( ()+ an";;) (W;;L)
WO G (H) Wi + W ()W

m—+n m-+n

By lemma4.7.2.3|there exists C. > 0 that only depends on Wn;+n(H$j‘_;L)’1W;+n and such that with probably
at least 1 —¢€/2, all the coefficients of G3 are larger or equal to C.. By using that all weights are non-negative

and all the coefficients of (H™)~' and (H})~! are also non negative we have with probability at least

m+n m+n
1 —€/2, knowing H,/, and H::ZL_’;Z

1,2 — 11— 3,3 7 -
Gm+n (370, xm"r’”) = ((H:nn+n) 1Wm+nGm+nW$+n(H:rrLl+n) 1) (330, x'm-‘rn)
>C ((Hro) ™ Wi Ls,, L, Wit () ™) (00, )

~Ce (o) T Wit Wi () ™) (0, @)

m—+n m—+n m—+n m—+n

C
:Gm (‘,E6 T )Gm+n($0; xm—&-n)
m-+n moy m

Knowing H,",, and H,," . the random variable G™ ,

parameter 1/2. This means that knowing H), there exists a constant C such that with probability at least
1—e

(T, Tm) is the inverse of a Gamma random variable of

Gm+n(x07 xm+n) > 6eGm+n (IO, zm-&-n)'

Since Grin (Tmins Tmtn) = G (Tmtn, Tmn) almost surely, we have that knowing H,)’",, with probability
at least 1 —e:
G7n+n (3307 xm—&-n) >0 Gm+n (.To, xm-i-n)
Grtn(Tmtns Tman) €G$+n (Tmtn, Tmin)

Therefore for any a > 0,

Gmnx,xmn m,— G%nﬂj,l‘mn m,—
E(fa<G enlo ”))le;n)zE(fa/cE(Gm+(° ”)le;n)e-

m+n(xm+na mern m+n(xm+na mern)

We also know by construction of the matrix H? ,, that:

Gl (20, Tman) _ Grtn (T, Timtn) _
E f ( m—+n Hm7 ZE f m—+n sy Ym~+n Hm, .
(a Gm+n(zm+m$m+n) | mn ¢ Gt (Tmtns Tmn) | men
By construction of the sequence of matrices:

E (fa <GGm+n($0’$m+n) )> |H$+n> =E (fa (GGm+n($o,33m+n) )) |H$_) almost surely

m-+n (xm+n7 Tm4n m+n(zm+na Tm+n

. _ G x . .. . .
and knowing Hj"™, the sequence r*&(ri’“fz) y is a positive martingale so it converges almost surely to a
mtn (Tmtn,Tmtn

limit value 9. Furthermore, the function f, is continuous and bounded so when n goes to infinity:

E (fa ( GGW”(”CO’M*”) ) |an”’+;> = E (fa(thoo) | H 7).

m-+n (l'ern ) xm+n)

By lemma [4.7.2.2] there exists a random variable 97} that does not depend on H'~ such that knowing H," ™,

Gmtn(0,Tmtn)
G7n+n (w7n+'rz 7w'm+n)

) converges in law to ¢} when n goes to infinity. This means that:

E (fa(WZH ™) 2 E (fa(oo) IH ™) 2 E (fayc, (WR)IH ™) — €.
By making a go to 0 we get:
P (1/10"3 > O\H;ZL”*) >P (1/100 > O|H$’*) >P (1/);”0 > O|H7”,f’*) — €.
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And finally by taking € going to 0 we get:
P (oo = O|H ™) =P (¢ = 0|H 7).

This means that for any m there exists a constant p,, that does not depend on the weights on the edges with
at least one endpoint within V,;; such that:

P (Yoo = O|thy) = pin, almost surely .

Since v, converges almost surely to 1. this means that p,, € {0,1}. From this we can conclude that the
VRJP with deterministic initial positive weights W is recurrent with probability 0 or 1. Furthermore this
probability does not depend on any finite subsets of weights so by Kolmogorov’s 0 — 1 law, this result is also

true for random independent positive initial weights.
O
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Chapter 5

A biased ERRW

This chapter, unlike the previous ones, is not based on an article. In this chapter we will look at a modification
of the ERRW. The study of this model led to the monotonicity behaviour of the previous chapter. This problem
of monotonicity seemed more important than the one we will be discussing here and for this my research was
more focused on the monotonicity problem. As a consequence, the problem we study here is not investigated
has deeply as for the previous chapters.

The idea of the modification is to introduce a small bias. If it is small enough then we might still observe the
exponential decay of some quantities. However by introducing this bias, we loose the partial exchangeability
so the techniques developed for the ERRW do not apply in this case.

5.1 A modification of the ERRW

Let 4 = (V, E) be a locally finite non directed graph and E := {(z,y) € V2, {z,y} € E} the directed edges.
Let 0 be a vertex of this graph. To each non-directed edge {z,y} we associate a positive weight ag, .3 and to
each oriented edge (x,y) we associate a non-negative weight ¢, ,). For the sake of simplification we will use
the following notation:

Vx € V, C; = Za{%y} -+ E(z,y)-

Y~z

We define the biased edge reinforced random walk (X;);en by:
XQ =0 a.s,

Uapyy T E@ny) T Nal{Zn, y})
st o) - g )

where for all edge {z,y} € E, for all i € N:
i—1
NZ({.%, y}) = Z 1{Xj1Xj+l}={x7y}'
3=0

We want to show the following result.

Theorem 61. Let 4 be a finite graph and set a > 0. To every non-directed edge e ofg; x Z we associate a
weight a. := a. There exists a constant c such that if to every directed edge of 9 X Z we associate a non-negative
weight € < ¢ then the biased edge reinforced random walk on G X Z is recurrent.

Remark 14. The link between this model and the result of the previous chapter is as follows: if the bias € is
the same in both direction of the edges (i.e (4., = €(y.2)) then the biased VRJP is just the VRJP with weights
a + €. This means that comparing the biased VRJP to the VRJP as implications when comparing the VRJP
with different weights.

5.2 A martingale

We will start with a few definitions.

Definition 51. Let P, . be the probability measure associated with the biased edge reinforced random walk with
weights (ae)ecr and (ge) We will write P, instead of Pq . when ¢ = 0. We define the following random
variables:

e€E"
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1 e (n) L a{Xn,Xn+1}+5(Xn,Xn+1)+N'n.({Xn7Xn+l})
- Dq T %, + > Nn({Xn,z})
2 Xy

L aix,, X, 13 TN ({ Xk, Xng1})
2. pa(n) = =0~ (D

Xn
~Xn

a,s .__ nt Pe(i)—pa(%)
3. M= 11 (1—1—3 Lo )

We will first show that M is a martingale.
Lemma 5.2.0.1. For any s > 0, M®*® is a martingale under P, for the filtration %, := o(Xo, ..., Xn).

Proof. We just have to do the calculations:

P (Xpa1 =yl %) — Po(Xna1 = y|Zn
Eq® (Mp1|Fn) = Mi* Y7 Pa(Xntr = yl.F0) (1+s a(Xnt1 = ylFn) (Xns1 =1yl ))

Pa(Xm-l = y|<¢n)

y~Xnp

= My* Z (Po(Xns1 = y|Fn) + sPo(Xnp1 = ylFn) — sPa(Xnp1 = y|lFn))
y~Xn

=M*(1+s—5)

— Ma,S.

n

O

- s
The martingale M®* is a first order expansion of ((H) ). To see how close both are, we introduce

the process A defined by:

¥n e N, A, = M>* (Pa(xoxn))

Pe (Xo, .., Xn)
We will also need to define R,, := #{(X;)i<n} the range of X at time n.

Lemma 5.2.0.2. Let ¥ = (V,E) be a graph with bounded degree. If for every (z,y) € E, €34 < 0{ny}-
then there exists a constant C' that does not depend on either € or a such that for all s € (0,2]:

2
VYn € N, |log (AY*?®)| < CR,, sup max (65’%) a.s.
ecE Qe

e e 5 )
() (-2

We see that at order 1, all the terms of the product are equal to 1. Let e, be the random edge defined by
en = (Xpn, Xpt1) and Ny (2) := > Np({z,y}). We have:

y~T
5 (1) — pa(i) - (aen + €e,, + Nn(en) Qe + Nn(en) ) Cg(n, + Nu(Xn)
Pa(i) N &, + Nu(X,) &, +Nu(Xn)) ae, + Nu(en)
aen + Een + Nn(en) Cg(n + Nn(Xn) aen + Nn(en) Cg( (Xn)

Proof. We have:

,_.o

3 s

Cg(n + Np(Xn)  @e, + Na(en) - cg(n + Nn(Xn) e, + Nnlen)
_aen + Een + Nn(en) Cg(n + Nn(Xn) o aen + Nn(en) CX (Xn)
Cg(n + Np(Xn)  @e, + Na(en) c}n + Nn(Xn) e, + Nnlen)

e (B NalX0)) — (¢, — &) (e, + Nalen)
(Cg(n + Nn(Xn)) (ae, + Nn(en)) .

Since e, and (¢ — %, ) are non-negative, we therefore have the following bounds:

_ C§<7L B COXn pi(l) - pa(z) Een
c())(n + Nn(Xn) o pa(i) T Ge, T Nn(en)
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Pa()—pa(d)

For every edge e € F, e, < iae’ S0 Pa(i)

< i. Since 0 < s < 2 then there is a constant C such that:

" e (14 DB | O3 | (20D) | 250l
Pal?

We therefore have the following bound on A:
[ log (A7) |

<o (10t

n—1 < 7 CO 2 e 2
< 20 Xn X, en
7; ((C())(n_FNn( n)) N <a6n+N7z(e7z)> )
0 2 2

s 0N2 2
< ¥ zc(crcoc>+zc(c;-cg)“;+ 3 20(56> r20(? T

z€{(Xi)i<n} * ec{(Xi,Xit1)i<n} e

€e 2 c w2 c 2
< —
< jzgmax (ae7€e> E 2 (1—1— 6>+ E 2 <1+6>

r€{(Xi)i<n} ec{(Xi,Xit1)i<n}

Then by using that the graph is bounded we get the result we want. O

We can use this result to compare P% and P,(A)

2
Lemma 5.2.0.3. Let 4 = (V,E) be a graph with bounded degree. Let n. be defined by n. := max <Z—Z,5e) .

Let T be a stopping time for the filtration %, P, a.s finite. Let ¢ be a constant such that R; < c P, a.s and let
A be the event A := {X; # 0}. If for every (x,y) € E, €(3,) < %a{x,y}, then there exists a constant C that
only depends on the degree of the graph and such that for all s € (0,2]:

(PZ(A))" < Pa(A)" " exp(Crpec).

Proof. We have:

= (Ba (14 (urzeazee)))

A
—P,(A)° (Ea ((M?SA?E*S)%

4))

We can now prove the theorem.

proof of theorem[61] For any vertex x let 7, be the first time at which the walk X attains z. Similarly let 7,
let the first time after 0 at which the walk X returns to 0. To prove the recurrence we will use the exponential
decay of the conductances under P, on ¥ x Z:

vn € N, Z P,(: < 757) < Cexp (—cn),
z,d(0,z)=n
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for some constants C, ¢ that only depend on a and ¢. Let 7, be the first time such that |X| = n or the walks
returns to 0 for the (exp (gn))th times. We find:

Po (1Xr,| =n) < Cexp (~5n)
We also have R, < 2|%4|n. Now by lemma [5.2.0.3, by taking s = 2 we get:
P; (1Xr,| = n) < Cexp (~2n) exp (C'n29n)

where C” is the constant C' of lemma [5.2.0.3 If 7. is small enough, by Borell-Cantelli the walk is recurrent (or
it stays on a finite subset of the graph but in this case it is easy to see that it is recurrent). O
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Comportements asymptotiques et transition de phase
pour des marches aléatoires en milieux aléatoires
et des marches renforcées

Résumé. Cette these a pour but d’étudier certains comportements de marches aléatoires en mi-
lieux aléatoires et de marches renforcées. Nous regardons d’une part les marches aléatoires en
milieu de Dirichlet et d’autres part deux modeéles de marches renforcées : la marche aléatoire
renforcée linéairement par aréte et le processus de saut renforcé par sommet.

Les marches aléatoires en milieux de Dirichlet sont un cas particulier de marches aléatoires en
milieux aléatoires présentant une importante propriété simplifiant leur étude: 'invariance statis-
tique par retournement du temps. Dans une premiere partie nous utilisons cette propriété pour
caractériser le comportement limite de ces marches en dimensions 3 et supérieures dans le cas
ou elles sont transitoires a vitesse nulle. Dans ce cas nous montrons que leur comportement est
caractérisé par un processus stable. Dans une seconde partie nous montrons que la propriété
d’invariance statistique par retournement du temps est caractéristique des marches aléatoires en
milieu de Dirichlet.

La marche aléatoire renforcée linéairement par aréte et le processus de saut renforcé par sommet
sont deux modeles de processus renforcés intimement liés. Dans ces deux modeles la marche
a tendance a revenir vers les zones déja visitées. Nous montrons que certaines quantités car-
actéristiques de ces deux modeles présentent une certaine monotonie en leurs parametres. Cela
induit un certain nombre de conséquences notamment une unicité de la transition de phase entre
récurrence et transitivité, la récurrence en dimension 2 et une loi du 0—1 pour la récurrence. Dans
un second temps on s’intéresse également & une version biaisée du modeéle de marche aléatoire
renforcée linéairement par aréte pour lequel on montre qu’il conserve un comportement similaire
pour certains types de graphes.

Asymptotic behaviour and phase transition
for random walks in random environments
and reinforced random walks

Abstract. In this thesis, we study some behaviours of random walks in random environemnts
and reinforced random walks. We will first look at random walks in Dirichlet environment and
then at two models of reinforced walks: the linealry edge-reinforced random walk and the vertex
reinforced jump process.

Random walks in Dirichlet environment are a special case of random walk in random environ-
ments that exhibit an important property simplifiant leur étude: the statistical invariance by
time reversal. In chapter [2| we will use this property to characterize the asymptotic behaviour of
these walks in dimensions 3 and higher when they are transient with zero speed. In this case we
show that their behaviour is characterized by a stable process. In chapter [3] we show that this
property of statistical invariance by time reversal is actually characteristic of random walks in
Dirichlet environments.

The linearly edge-reinforced random walk and the vertex reinforced jump process are two closely
linked models of reinforced processes. In both models the walk tends to come back to areas
it has already visited. In chapter [ we will show that some characteristic quantities exhibit
some monotonicity in their parameters. This induces some consequences: unicity for the phase
transition between recurrence and transience, recurrence in dimension 2, and a 0 — 1 law for
recurrence. Then, in chapter [5| we will look at a biased version of the linearly edge-reinforced
random walk for which we show that its behaviour stays similar to the original model on some
infinite graphs.
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