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Abstract

In this Ph.D. thesis we present results on metastability of random modifications of Ising spin
systems which evolve with Glauber dynamics. Their Hamiltonians have random and possi-
bly inhomogeneous interaction coefficients. We study these models at fixed temperature, with
constant external magnetic field and in the large volume limit.

The stochastic modification adds a level of randomness to the models and makes the direct
study of metastability usually very difficult. Therefore, our main strategy consists in studying the
model with random interaction coefficients by comparison with the model where these coefficients
are replaced by their expectations. Here the latter model is called annealed model.

In the first part of this thesis we summarise a joint paper with A. Bovier and E. Pulvirenti
(2021). Therein we studied metastability of the Ising model on the dense Erdés—Rényi random
graph with constant edge probability, also called randomly dilute Curie-Weiss model (RDCW),
by comparing it with the well-known Curie-Weiss model. The main novelty in the proofs is the
application of Talagrand’s concentration inequality to characterise the randomness of a certain
generalised partition function.

In the second part we prove a simple unpublished extension to more general models of the
generalised partition function methods used in the first part.

The third part contains a summary of a joint paper with A. Bovier and F. den Hollander
(2022), in which we studied in detail metastability of an Ising model with random interaction
coefficients having a product structure. The model we analysed is the annealed version of the
Ising model on a Chung-Lu-like random graph with i.i.d. weights which have finite support
(ICL). We provided detailed information on the metastable regime and analysed the mean
metastable exit time, proving sharp asymptotic estimates and characterising its randomness up
to leading order.

In the last part we give an overview on how the results of the first part were extended to a
wide class of spin systems with more general random interaction coefficients, in a recent joint
work with A. Bovier, F. den Hollander, E. Pulvirenti and M. Slowik. This class of models
includes Ising models on various inhomogeneous dense random graphs (e.g. ICL) and randomly
diluted spin models. In addition to estimates on the tails of the random mean metastable exit
times (showed also in the first part for RDCW), we provided estimates on their moments and
conditions on metastability, always in comparison with the annealed model. The methods used
include McDiarmid’s inequality and novel localisation techniques developed by Schlichting and
Slowik (2019).
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Chapter 1

Introduction

This Ph.D. thesis contains the study of metastable behaviour of some particular spin systems,
which are random modifications of the Ising model and evolve with Glauber dynamics. It is
the result of joint works with Anton Bovier, Frank den Hollander, Elena Pulvirenti and Martin
Slowik.

In this chapter we give a general introduction of the topics with dealt with, present the models
we studied and discuss our results. More precisely, we introduce the concept of metastability in
Sectionand devote a separate section to the approach we use throughout this thesis: the
well-established potential-theoretic approach to metastability. Then we move our attention to
the models: we provide a brief introduction of the Ising and Curie-~Weiss models in Section
which gives us the foundations for presenting our models, quantities of interest and results in
Section An overview on the literature surrounding our work and some useful techniques are
given respectively in Sections and We conclude this introductory chapter in Section
with an outline of the reminder of the thesis.

1.1 Metastability

1.1.1 Basic introduction

Metastability is a phenomenon occurring in dynamical systems presenting multiple equilibria,
namely multiple states or sets to which the dynamics is attracted. When the system reaches a
local equilibrium it stabilises there, meaning it stays there for a very long time and it appears
stable as if it reached its global equilibrium. The peculiar feature of metastability is that the
system, after a long enough time, moves suddenly to a more stable equilibrium. We stress
that metastability is strictly linked with some randomness in the dynamics of the system, for
instance small random perturbations, and it cannot occur in purely deterministic systems, in
which exiting stable states is impossible.

This phenomenon of metastability appears often in nature. Examples range from physics
(e.g. supercooled liquids, supersaturated solutions, ferromagnets below Curie temperature, .. .)
to chemistry, economy and climatology. In the following we provide a few more details about
some of these phenomena.

Before diving more into the features of metastable behaviour, it is important to have in mind
that the dynamics of the systems we study is usually defined, according to physics laws, in terms
of some energy of the configurations, in a way which favours low energy configurations. Despite
both motion towards higher and lower energy configurations are possible, the probability of the
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metastable stable

Figure 1.1: One dimensional double well energy landscape.

system decreasing energy is much larger than the one of increasing. Therefore, the minimal
points of the energy are the equilibria, the attractors of the dynamics, and the smaller their
energy the more stable they are. In this framework, local equilibria will be called metastable
states, while the global equilibrium stable state.

In the following it is useful to have in mind Figure [I.I} which helps to understand various
basic features of the metastable behaviour. It represents the paradigmatic one dimensional
double well energy landscape of a metastable system, with two equilibria: the one on the left
is the metastable state and the one on the right is the (more) stable state. We stress that this
picture is much simpler than the landscapes usually studied, which are multidimensional, often
have more than two equilibria and might present various degeneracies or delicate cases.

When in an equilibrium state, what makes it difficult for a metastable system to move to a
more stable equilibrium (lower energy state) is the presence of an energy barrier. It consists in the
increment of energy that the system has to attain before reaching the more stable equilibrium,
namely it is the difference between a (suitably defined) “energy peak” and the starting energy.
For instance, in Figure the energy barrier is depicted in red. Since in every step it is much
more likely to move towards lower energy configurations than to higher energy ones, the time it
takes to overcome the energy barrier and to move to a more stable equilibrium, is very large. To
go more into detail, we can divide a path towards a more stable state into two parts, separated
by the maximum energy point in the chosen path. Having in mind the dynamics definition, one
can see that the second part of the path, from the peak of energy to the more stable state, should
be considerably faster than the first part of the path. Indeed, as we shall see later, the leading
order term of the mean time to go from a local equilibrium to a more stable one is essentially
given by the time to reach the energy peak. In practice, this is often reflected in a long time
in which the systems attempts many times to overcome the energy barrier, going unsuccessfully
back near the local equilibrium, followed by a very quick transition to a more stable equilibrium
after reaching a critical configuration.

We stress again that the one dimensional picture in Figure [I.1] is a very simple case: for
instance, while in a one dimensional landscape all paths go through the same maximum, in
higher dimensions there can be many paths with different maxima. Therefore, in general one
should carefully analyse the paths to define the relevant critical points with high energy that
must be be attained by the system for the transition to occur. In multiple dimensions those
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Figure 1.2: Magnetisation of the global equilibrium in the Curie-Weiss model, parameters (3, h.
[Image from [44]]
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Figure 1.3: Three sections of Figure with fixed increasing . [Image from [44]]

critical points are not maxima but saddle points of the energy.

From this heuristic description one can already notice that a feature of metastable systems
is the presence of multiple time scales: for each metastable state there is a time scale in which
the system is mostly trapped around it, and a faster one, in which the systems jumps to a lower
energy metastable state. Only in the case in which all the energy barriers have the same height
there is a time scale in which the system jumps among metastable states.

We mentioned examples, described heuristically the metastable behaviour and said that it
occurs when the system presents multiple equilibria, but when does this phenomenon occur?
In statistical physics it occurs in systems which are close to a first order phase transition.
The not expert reader could see this as follows. There is a set of parameters, for example
thermodynamical quantities (temperature, pressure, ... ), depending on which the energy of the
system, namely its behaviour, changes. A first order phase transition occurs when there is a
first order discontinuity in the global equilibrium landscape, considered as a function of the
parameters. An example can be found in Figure [[.2] It is the graph of the global equilibrium
magnetisation in the Curie—Weiss model, where the parameters are h € R and 5 > 0 and a first
order discontinuity occurs for h = 0 only (see sections in Figure . On the parameter region
in which the discontinuity occurs the system has multiple global equilibria that coexist (two in
Figure see Figure for an example of energy in this case). The relevant point for us
is that when looking closer at the energy landscape near the phase transition one notices the
presence of local equilibria (not visible in the global equilibria landscape) which smoothly reach
the same energy of the global equilibria, while approaching the discontinuity region (Figures
and .

Understanding this mechanism leads us to two important remarks. First of all, observe that
even physical systems that present metastable behaviour are not always metastable. Indeed, a

3
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Figure 1.4: Double well one dimensional energy landscape, close to phase transition.

system does not exhibit metastable behaviour per-se but it does when its parameters are in a
specific set, in which case we say that the system is in the metastable regime. Moreover, after
noticing that a modification of the parameters usually yields a change in the energy landscape,
and consequently in the stability of the equilibria and in the height of the energy barrier, we could
further appreciate the power of knowing the energy landscape and in particular the metastable
regime. In fact, by changing suitably the parameters within and out of the metastable regime
one could ideally encourage or dissuade systems from staying long time in specific equilibria.

The presence of local minima close to the phase transition explains the delay which occurs in
nature in the change of phase of certain systems. For instance, in the phenomenon of supercooled
water a delay in change from liquid to solid state of water occurs. The water, initially liquid
at temperature above zero Celsius, is cooled down below zero. Then, despite being at negative
temperature, the water stays in liquid state for long time and becomes all of a sudden solid,
after the creation of some critical, sufficiently large, “ice agglomerates”. The picture described
above helps to explain the phenomenon as follows (see again Figure for reference, think of the
temperature decreasing from to . Before being cooled the water is in its liquid global
equilibrium phase, then, while cooling, it reaches the phase transition. With further decreasing
temperature the liquid phase becomes the local equilibrium in which the water is trapped for
a long time, until it reaches the critical configurations corresponding to the energy peak and
then goes very quickly from that to the global equilibrium. In case some thermodynamical
quantity is suddenly changed, for instance by shaking the water, the energy landscape might be
subsequently modified (e.g. to a landscape with only one equilibrium) and the water may then
reach the solid state immediately, without waiting long time.

Something similar happens in ferromagnetic materials (that will be described in more detail
in Section below the so-called Curie temperature within the phenomenon called hysteresis
(which is present in many other areas of science [23]). A ferromagnet immersed in an external
magnetic field acquires a magnetisation which has the same sign as the field. Below the Curie
temperature, there is a first order discontinuity in the acquired magnetisation, when the magnetic
field vanishes (as in the right most graph in Figure . Similarly to the previous example, after
the external magnetic field is decreased from positive to negative the magnetisation does not
jump immediately to the negative “phase”, but stays for long time very close to the positive
value which was the global equilibrium for positive external field, and all of a sudden it goes
very quickly to the negative value. Also in this case the system is trapped in a local equilibrium
and, after long time, it reaches a critical high energy configuration from which it easily moves
to the global equilibrium.

4
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We have already encountered two of the main quantities of interest in the study of metasta-
bility: the metastable regime and the equilibria. More precisely, one is interested both in local
minima (the equilibria) and in local saddle points (maxima in one dimension) which are rel-
evant to the dynamics, as we have seen when talking about energy barrier. Furthermore, in
metastability one is particularly interested in quantitative estimates of the transition between
different equilibria. In particular, the interest focuses on the time it takes for such transitions
to occur and on the typical (critical) configurations that the system has to attain in the path
among equilibria. In this thesis, we do not deal with paths between equilibria, as the approach
we use does not allow so, but we focus on precise estimates on metastable transition times from
local equilibria to more stable ones.

1.1.2 Approaches to metastability

Different approaches to study metastability have been developed in the last decades. Freidlin and
Wentzell initiated in the late 1960’s the pathwise approach to metastability, developing a theory
which allows to control the metastable behaviour of dynamical system through large deviation
techniques. Cassandro, Galves, Olivieri and Vares in [26] started to apply the methods of
Freidlin and Wentzell to the study of metastability of interactive particle systems. The pathwise
approach uses large deviations to estimate the exponential leading order term of the transition
times and provides very detailed information on the metastable behaviour of the system: it allows
to characterise with much detail the typical trajectories of the transition between metastable
to stable states, often using combinatorial techniques, which make this approach very model
dependent and often complicated. A general reference for this approach and applications is the
book [64] by Olivieri and Vares.

In the 1980’s another approach was developed by Davies. He characterises metastability of
a Markov process in terms of spectral properties of its generator, in particular on the presence
of a cluster of eigenvalues which are much smaller than the others. The metastable exit times
are large and can be expressed in terms of inverses of eigenvalues. This approach is rarely used
because it is usually very difficult to verify its technical assumptions.

A third approach was developed in the early 2000’s, by Bovier, Eckhoff, Gayrard and Klein
([12, 13]). Called potential-theoretic approach, it derives its name from the central role of the
tools from potential theory it uses. A classical reference for its theory and applications is the
monograph [I8] by Bovier and den Hollander, published in 2015, where also many references for
the other approaches can be found. In the last years this approach found plenty of applications,
mainly in the context of reversible Markov processes modelling interacting particle systems, but
also in non-reversible cases (see for instance Gaudilliere and Landim [46], the recent work by
Seo [70] and further references in [I8, Section 7]).

In this thesis we study metastability using only the potential-theoretic approach, enlarging
the already large number of applications of its methods. We postpone the introduction and
more details to Section which is entirely devoted to it.

1.1.3 Quantitative estimates and definitions

We mention here some key facts from the historical survey on metastability made by Bovier and
den Hollander in [I8]. The study of quantitative aspects of metastability started at the end of
the nineteenth century with formulas on rates of chemical reactions. Molecules have to acquire
a certain activation energy E before reacting and the Arrhenius law

R = Aexp(—E/(kT)) (1.1)

5
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gives the reaction rate, in terms of F, of the so-called amplitude A and of the absolute tem-
perature T, where k is the Boltzmann constant (approximately k = 1.38065 x 10~2J/K).
Equation [I.1]is a formula by van 't Hoff, refined by Arrhenius who added the amplitude factor.
The inverse of R can be seen as the average reaction time in a system at temperature 7" with
activation energy E. The Arrhenius law is considered to be universal for systems where an event
occurs only after an energy barrier is exceeded.

Kramer provided in 1940 an explicit formula for the activation energy and the amplitude in
the Arrhenius law in a one dimensional diffusive system with a double well potential W. The
so-called Kramer’s formula (see [I8, Eq. (2.1.2)]) gives the mean transition time from a local
minimum a of the potential W to a global minimum b via a local maximum s: the exponent
(the activation energy in Arrhenius law) is the difference of potential between the starting point
a and the local maximum s. The prefactor is computed explicitly and depends on the second
derivatives of the potential in a and s.

Kramer’s formula was later refined and extended to further models. Its extension to multiple
dimensions is known as Eyring-Kramer’s formula, despite the fact that Eyring and Kramer gave
only heuristic arguments. Freidlin and Wentzell [43] derived rigorously the exponent in the
1980’s, while the prefactor was computed only later by Bovier, Eckhoff, Gayrard and Klein in
[14]. For a more detailed historical summary on the matter see for instance Berglund [4].

We proceed stating two formal definitions of metastability in the context of Markov processes.
In order to do that we need to introduce the following notation.

Let (X(t))i>0 be a continuous time Markov chain with countable state space S and gen-
erator L. Let P, denote the probability distribution of X conditioned on starting with initial
distribution v and let E, be the corresponding mean. With abuse of notation we will write P,
and [E; when the initial distribution is non-zero only on the state x € S. The first return time
to a subset A C S is denoted by

Ta=inf{t>0:X(t) e A, X(t-) &€ A}. (1.2)

Remark 1.1.1 (Continuous vs discrete time). In this thesis we deal not only with continuous
time Markov processes (Chapters @ but also with discrete time Markov chains (@ Since
the space we consider is discrete, the continuous time processes are piece-wise constant right
continuous and are characterised by the discrete time jump process and the exponential times
between two consecutive jumps. (See Stroock [72].) In this introduction we define quantities and
state results for continuous time Markov processes only (except in Section where we deal
with discrete time Markov chains), in order to avoid repetitions. Indeed, for the quantities we
deal with, switching from continuous to discrete time is usually natural and straightforward: it
is sufficient to use the proper definitions in the right context and to replace the index t > 0 with
n € N and the transition rates with the transition probabilities. However, if relevant changes
between the two settings occur we will notify the reader.

The following two definitions are taken from the book [I8, Chapter 8], but their origin can be
traced back to the earlier paper [I3], where a slightly stronger formulation of (|1.3|) is provided.

Definition 1.1.2 (Metastability and metastable points). If |S| < oo, a Markov process (X (t))t>0
on S is called p-metastable with respect to the set of metastable points M C S, if

sup, e Pa (TM\{x} < T;p)
infng Py (Tm < 1y)

|S

<pk Ll (1.3)
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For later purposes we define here the valley of a metastable Markov process with set of
metastable points M.

Definition 1.1.3 (Valley around a metastable point). The valley around a metastable point
m € M is defined by

A(m) = {a € S: Py(Tim = 7Mm) = sup Py(7, = TM)} i (1.4)
nemM

Schlichting and Slowik [68] extended Definition from metastable points to metastable
sets, allowing them to prove general results which allow easier control on some norms useful
to estimate mean metastable exit times with the potential-theoretic approach. We refer to [68]
Remark 1.2] for detailed comments on the extension. We shall see an example of application of
their results in Chapter [5

We quote here their [68, Definition 1.1] for completeness.

Definition 1.1.4 (Metastability and metastable sets). For fized p > 0 and K € N, let {M1,..., Mg}
be a set of subsets of S such that M; N M; =0 for all 1 < i # j < K. The Markov process
(X (t))t>0 with invariant measure p is called p-metastable with respect to the set of metastable

sets {My,..., Mk}, if

% maxje(1, . Kk} Puim; (TM\Mj < TMj)

minycg v Pujx (T < 7x)

<pkl, (1.5)

where M = Ui]il M, and p|X denotes, for any non-empty set X C S, the measure u conditioned

on the set X, namely p|X(x) = 5((;“;)) for any x € X.

This definition, as explained in detail in [68, Remark 1.2], is an extension of Definition m
and its main advantage is, as we shall see in Chapter [5, an easier control on some norms useful
to estimate mean hitting times using the potential theoretic approach to metastability.

The following definition of valley around a metastable set, which can be found in [68], is an
extension of Definition [[L1.3] to sets.

Definition 1.1.5. The valley around a metastable set M; is defined by
M; U {(f € M P, [TMi < TM\MZ} > mixIP’o [TMJ. < TM\M]} }, (1.6)
JFi

where M = U, M; is the union of all the metastable sets.

Both definitions of metastability provide, roughly speaking, information on the returning to
the starting point in the following different cases: starting from a metastable set (or point) the
probability of moving to a different metastable set (or point) before going back to the start is
very small, much smaller that the probability of being attracted to some metastable set before
going back to the start, when starting outside any of them. These definitions encode the fact
that metastable sets are attractors of the dynamics, and that moving among of them is very
unlikely.
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1.2 Potential-theoretic approach to metastability

The potential-theoretic approach to metastability was initiated in 2001 by Bovier, Eckhoff,
Gayrard and Klein in [I2] and [13], and further extended from Markov chains on a discrete space
to continuous diffusions in [14] by the same authors and in [I7] by Bovier, Gayrard and Klein. It
is based on the analogy between electrical networks and finite state Markov chains. This link is
thoroughly analysed in [39] by Doyle and Snell and reviewed by Gaudilliere in the lecture notes
[45]. The main idea is to identify an electrical network (meaning an undirected weighted graph
with positive weights, called conductances) with a finite state Markov chain whose transition
graph is the undirected graph of the electrical network and whose transition probabilities are
proportional to the conductances. Thus, notions from potential theory as resistance, current,
equilibrium potential, capacity and their properties can be used in the context of Markov chains.

The problem addressed in [12] [I3] was the lack of precise estimates on transition times
between stable points involving the passage through a neighbourhood of an unstable critical
point. The authors provide estimates on mean metastable transition times up to order constant,
in a multidimensional setting, largely improving previous results which were known either up to
leading exponential order or only for specific models in one or two dimensions.

In [12] estimates on transition times between local maxima of the invariant measure are
provided for Markov chains having as state space the intersection of some connected subset of
R? and a lattice of spacing O(1/N) in R%. In addition, they prove asymptotic (in the large
volume limit, N — 00) exponential distribution of the transition times divided by their mean
and give, as an example of application, a precise analysis of the metastable behaviour of the
random field Curie—Weiss model, with random field taking values in a finite set. The main tools
used are the Dirichlet principle from potential theory and renewal estimates.

In [13], after providing a definition of metastable points, the authors extend the results of
[12] to the setting of Markov chains with general countable state space and provide different
proofs with more tools from potential theory. They first prove asymptotic estimates up to order
one of mean exit times from metastable points, in terms of the invariant measure and of certain
transition probabilities. The latter can be written in terms of capacities, which can be estimated
by well-known dual variational principles (as we shall see more in detail later). Moreover, they
prove that each simple eigenvalue of the generator matrix can be associated to a metastable
point and it is essentially equal to the inverse of the mean exit time from that point. Finally,
they prove the exponential distribution of the rescaled metastable exit times.

The first detailed application of the new methods initiated in [I2} [I3] is provided by Bovier
and Manzo [21] for reversible Markov chains with finite state space, in the zero temperature
limit. In this setting they compute accurately the capacities, obtaining estimates on mean
hitting times which are precise up to a multiplicative error tending to zero exponentially fast.
Their results sharpen largely the ones obtained earlier on the same models with large deviation
techniques using the pathwise approach.

Since then, this approach has been successful for studying metastability in different models.
After introducing some notions from potential theory, later in this introduction we will focus
on models and well-known results which are relevant for this work. We refer again to the
monograph [I8] for a more extensive introduction on metastability and the potential-theoretic
approach applied to reversible Markov processes.
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1.2. POTENTIAL-THEORETIC APPROACH TO METASTABILITY

1.2.1 Dirichlet forms, equilibrium potential, last-exit biased distribution, ca-
pacity

We will define here the main tools of potential theory that are needed in this work. Let X be
a Markov chain with countable state space S, generator L, transition rates p(-,-) and reversible
invariant measure u. Recall that the first return time to any subset A C S is denoted by 74

and defined in (|1.2)).
Consider the following Dirichlet problem

{(Lf)(o) = 0, oeS\ (AUB)

flo) = 14(0), 0€ AUB, (1.7

where 1 4 denotes the indicator function of the set A. The first equation corresponds physically
to the Kirchhoff law. The solution of this problem is called equilibrium potential and is denoted
by ha . It can be shown that

P,(ta<718), 0€S\(AUB)
A8(0) = (1.8)
1 4(0), ocec AUB.
As in [18, (7.1.39)] the capacity of two disjoint sets A, B C S is defined by
cap(A, B) = Z w(o)Py (18 < 74) - (1.9)
oA

The capacity is an essential quantity in potential theory as we shall see in the next sections.
The main reason is the existence of variational characterisations of the capacity that are very
useful for finding upper and lower bounds. As explained in [45], the capacity cap(A, B) is, in
terms of electrical networks, the current associated with the equilibrium potential h 4 5.

Another relevant quantity which will arise when characterising capacities is the Dirichlet
form of two functions f,g: S — [0, 1], defined by

£(f.9) = % Y > ulo)plo,a")[f(o") = f(o)llg(0") — g(o)]. (1.10)
ceSo’'eS

A crucial distribution in the potential-theoretic approach is the so-called last-exit biased
distribution v g of a set A C Sy with respect to a disjoint set B C Sy and it is defined by

w(o)Py (15 < T4)
, e A.
cea (P (5 <7a)

vaB(0) = > (1.11)

Notice that the normalising factor at the denominator is exactly the capacity defined in (1.9).

1.2.2 Variational characterisations of capacities

We state here some of the well-known variational principles characterising the capacity. These
are extremely important as they allow to easily obtain upper and lower bounds on capacities,
and obtaining sharp bounds reduces to the task of finding proper test functions. In addition
to references mentioned above, a summary on the interpretation of Dirichlet and Thomson
principles in terms of electrical networks can be found the appendix of [49], by den Hollander
and Jansen. Furthermore, Slowik’s Ph.D. thesis [71] contains a detailed introduction to the
variational principles with statements in the discrete state space setting.



CHAPTER 1. INTRODUCTION

Lemma 1.2.1 (Dirichlet principle). For any non-empty disjoint A, B subsets of S,

1
(A B)= i E(N)= min 5 3 ol o)) - SF, a
where
Hap={f:5—=[0,1] s.t. fla=1,f|s=0} (1.13)

and the minimum is attained for h4 g, the equilibrium potential defined in (1.8]).
See Bovier and den Hollander [I8), Section 7.3.1 and (7.1.29)] for further details.

Definition 1.2.2. ([71, Definition 1.17]) Given a space S and the transition rates p(-,-) of a
Markov chain on S, an anti-symmetric flow from A to B, disjoint subsets of S, is a real valued
function ¢: S x S — R such that the following conditions hold

1. fO?” any ZL‘,yGS, zfp(:v,y) =0, then ¢($,y) =0;
2. fOT’ any x,y € S7 QS(I’,y) = _qb(ya IE),‘
3. the Kirchhoff law holds for every x € S\ (AU B), i.e.

> d(x,y)=0 (1.14)

yeSs

(this condition is often called divergence free, as the divergence of a flow ¢ at x is the left

hand side of (1.14)));
4. the total flow out of A equals the total flow into B, i.e.

Z ola,x) = Z ¢(x,b). (1.15)

acA,zeS\ A beB,xeS\B

A flow from A to B is said to be unit if the quantity in (1.15) equals 1.
We are ready to state the Thomson principle in the version of Slowik [71].

Lemma 1.2.3 (Thomson principle). For any non-empty disjoint A, B subsets of S,

1
cap(A,B) = sup —,
p(A.5) ¢>eu§,g D(9)

where U g 1s the space of all unit anti-symmetric flows ¢: S x S — R from A to B, and D(¢p)
is the norm of ¢ defined by

(1.16)

1 (0, 0")*
D(p) = = 1(p(o,0’) #0)———"—. 1.17
®=3 3 10600) 20 C000 (117)
The supremum is attained for the so-called harmonic flow ¢4 5 defined by
[has(o') = hap(o)l, p(o)p(o,o)
¢A,B(Uv UI) = = ) (118)

cap(A, B)

for o,0’ € S, where [-]+ denotes the positive part.

10



1.2. POTENTIAL-THEORETIC APPROACH TO METASTABILITY

Dirichlet and Thomson principles are widely used throughout this thesis. Another important
characterisation of the capacity is given by Berman-Konsowa principle, proved by Berman and
Konsowa in [5] for discrete time Markov chains on a finite state space and then extended by den
Hollander and Jansen in [49] to continuous time Markov processes on Polish spaces.

In the literature not only anti-symmetric flows are used in this context but also non-negative
flows, as we shall see in the statement of Berman-Konsowa principle. Here we prefer to state
well-known results as they are most commonly found in the literature, therefore we define also
the notion of non-negative flows.

Definition 1.2.4. ([71, Definition 1.21]) Given a space S and the transition rates p(-,-) of a
Markov chain on S, a non-negative flow from A to B, disjoint subsets of S, is a non-negative
function : S x S — [0,00) such that the following conditions hold

1. for any x,y € S, if p(x,y) = 0, then ¥(x,y) =0;
2. for any x,y € S, if Y(z,y) > 0, then ¥(y,x) = 0;
3. the Kirchhoff law holds for every x € S\ (AU B)

Yo Wy = Y. Y(za), (1.19)

yeS\{z} zeS\{z}
namely the flow into and out of any point (not in A nor in B) is the same;
4. the total flow out of A equals the total flow into B, i.e. (1.15)) holds.

As above, a flow from A to B is said to be unit if the quantity in (1.15) equals 1. Moreover,

a non-negative flow from A to B is called loop-free when any finite path x1,...,x, of elements
of S, with ©1 € A, x, € B, satisfying ¥(x;,xiy1) > 0 for alli € {1,...,n — 1} is self-avoiding
(namely no element of the sequence x1,. ..,y is repeated).

Remark 1.2.5. Given a non-negative unit flow ¥ from A to B one can construct the corre-
sponding anti-symmetric flow ¢ from A to B by setting ¢(x,y) = ¥(x,y)—(y, z) and vice versa,
by setting ¥ (x,y) = [p(x,y)]+. The following results do not hold for both flows but equivalent
versions for non-negative flows can be found, for instance by slightly modifying some constants.

Given a non-negative loop-free unit flow ¢ from A to B, we can define a probability distri-
bution on the set of self-avoiding paths v = (z1,...,z,) from A to B by

S D

yeSs

Lemma 1.2.6 (Berman-Konsowa principle). [71, Proposition 1.11] Given two disjoint subsets
A, B of the state space S, it holds that

-1
cap(A,B) = sup Z]Pﬂ/’ ( Z 1/1(1‘,:(/))) , (1.21)

belas S e LG

where L_{A,B denotes the set of all the non-negative loop-free unit flows from A to B, and the first
sum is over all the positive self-avoiding paths v from A to B.

11



CHAPTER 1. INTRODUCTION

In this thesis we do not use the Berman-Konsowa principle directly. However, in [19] we
use a lower bound for capacities derived from that principle by Bovier and den Hollander in
[18, Lemma 9.4]. For completeness we state here the bound, after defining one more quantity.
A defective loop-free non-negative unit flow with defect §: S — R is a function ¢: S x S — R
satisfying all the conditions in Definition with replaced by

Z Pz, y) = Z P(z,z) + o(x). (1.22)

yeS\{z} z€5\{z}
We are ready to state [18, Lemma 9.4], for S finite.

Lemma 1.2.7 (Berman-Konsowa defective flow bound). Given two disjoint subsets A,B of
the state space S, for any defective loop-free non-negative unit flow ¢ from A to B with defect
function §, it holds that

i@ ] e vy |
~1 v€d; 3 es ¥(, )] ) ;P ) ((Z M(w)p(x,y))  (123)

x,Y) €Y

cap(A, B) > H(

where [+ denotes the positive part, the sum is over all the positive self-avoiding paths v from A
to B, P¥ is defined in (1.20) and (A;)1<i<nr is a partition of S depending on 1 defined in [18,
Eq. (7.3.31)].

1.2.3 Main formulas

We state here the two main formulas for metastable exit times, that are the core of the potential-
theoretic approach to metastability.

Let X be a metastable Markov chain with metastable set M and invariant measure u. Let,
for z € S, M(z) = {0 € S: p(z) < p(o)} and A(x) be the valley around z as defined in
Definition [I.1.3] Then for every z € M

Belrucn] = [+ o] A2 (1.24)
follows from [I8, Theorem 8.15].

Furthermore, for any two non-empty and disjoint A, B subsets of S, the following holds as
in [I8, Eq. (7.1.41)],

Yoes H(o)hap(o)

Eu (78] 0%;41/,43 8] = cap(AB) (1.25)
where v 45 is defined in and hgp is the equilibrium potential defined in . The
numerator will be often referred to as harmonic sum or ||ha s,

Despite one would like to estimate mean hitting times starting from a specific configuration
within certain sets, for general spaces is rarely used, because computing the capacity of a
single configuration at the denominator of is often very difficult. An exceptional case are
nearest neighbours random walks on a lattice in eZ? with ¢ positive and usually equal to 1/N
for N € N. In this case one can use the approximation techniques explained in [I8, Chapter 10],
and also used in [19] as mentioned later in Chapter

Regardless of being less precise than , what is often used for general spaces is ,
which characterises mean hitting times starting from a set A with the specific distribution v 4 3.

12



1.3. ISING AND CURIE-WEISS MODELS

The advantage of compared to is that it does not involve capacities of singletons
but only of sets. As mentioned above, estimates on capacities are usually obtained exploiting
variational principles (as the ones in Section and examples of those estimates are frequent
in this thesis. Therefore, obtaining estimates on the denominator of is usually not a
problem. The challenging part when applying consists in estimating the harmonic sum.
In [22] we use the same techniques as in 7] which are computationally involved and much model
dependent (see Chapter [2)). In [20] a general technique deriving from the work by Schlichting
and Slowik [68] is used. For further details see Chapter

1.3 Ising and Curie—Weiss models

In this section we introduce the concept of ferromagnetism and two well-known spin models, the
Ising and the Curie-Weiss models, which will serve as foundation for presenting in Section
the models we study in this thesis.

1.3.1 Ferromagnetism

All materials acquire a magnetic moment when immersed in a magnetic field. Most of them lose
their magnetisation when the external field vanishes: these are called either paramagnetic, when
the acquired field is aligned with the external one, or diamagnetic, when it is opposite [67].

Ferromagnetic (and anti-ferromagnetic) materials are an exception. They acquire as well a
magnetisation when immersed in a magnetic field but, below a specific temperature called the
Curie temperature (named after Pierre Curie’s studies in 1895), different for every material, part
of it remains when the external field is removed. This internal acquired magnetisation is often
called spontaneous magnetisation. Above the Curie temperature, ferromagnetic materials lose
their peculiar property and behave as paramagnetic ones. This change in behaviour can be seen
in Figure which shows the acquired magnetisation of a ferromagnetic material as a function
of the external magnetic field h at different temperatures (/5 is the inverse temperature of the
system, as we will see later): from left to right the paramagnetic, critical and ferromagnetic cases,
with temperatures above, equal and below the Curie temperature, respectively. More details can
be found for instance in Baxter [3]. The difference between ferromagnetic and anti-ferromagnetic
behaviour will be shorty explained later.

Similarly to the change of phase in supercooled water, the change in sign of the spontaneous
magnetisation in ferromagnets is not immediate. Indeed, if the external field is decreased to zero
and then reversed in sign, the acquired magnetisation of a ferromagnet decreases continuously,
changing sign only after having been immersed in the negative field for some time. This phe-
nomenon is called hysteresis and the graph of the magnetisation close to vanishing external field
is called hysteresis loop due to its peculiar shape (for more details on hysteresis see for instance
Brokate and Sprekels [23]).

1.3.2 Origin and definition of the Ising model

Pierre Weiss suggested in 1907 [77] that a ferromagnet could be thought as a set of elementary
magnets or interacting magnetic dipoles which can rotate ideally with any angle, and that the
spontaneous magnetisation is motivated by the spontaneous alignment of those dipoles. Based
on Weiss’s theory, Wilhelm Lenz suggested in 1920 [57] a model assuming that the dipoles could
take only two possible opposite directions (namely up and down, or as we will see later positive
or negative). Lenz did not specify the interactions among the dipoles [61].

13
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Ernst Ising, Lenz’s doctoral student, investigated in his Ph.D. thesis (1924, [51], 52]) the
model Lenz suggested with few additional assumptions: the dipoles interact only with their
nearest neighbours and they are placed on a one dimensional lattice (namely on Z). Starting
from Peierls’ paper [66], Lenz’s model with Ising’s hypothesis of the nearest neighbour interaction
is known as the Ising model.

The Ising model models a spin system. A spin in physics is the angular momentum of a
subatomic particle [75] and it provides the essential information to describe the magnetic dipoles
of Weiss’s theory. Here spins are assumed to be quantised and have only two possible values +1
and —1, following Lenz’s suggestion. Moreover, they are placed at the vertices of a graph so to
provide the nearest neighbour structure necessary to describe the interaction assumed by Ising.
Therefore, one might simply think of the Ising model as a model of particles, or any objects,
which are placed on a grid, can have only two values (4+1 or —1) and interact only with their
nearest neighbours on the grid.

Having in mind the up and down position of the dipoles, we say that a spin “flips” when it
changes its value and that two spins are “aligned” when they have the same value.

Let G = (V, E) be a graph with vertex set V' and edge set E, and assume that a spin is
placed on every vertex. A configuration specifies the values of every spin, namely it is an element
o = (0i)iev of the configuration space in S = {—1,+1}V, where each o; is the value of the spin
at vertex ¢ € V. As usual in statistical mechanics, given an Hamiltonian function H: S — R,
the system is described by the Gibbs measure which is defined, for any configuration o € S, by

A —— 1.26
plo) = —, (1.26)
where Z = 3}  cg e PH() is the normalising factor, called partition function, and

= % € (0,00) is called inverse temperature as T is the absolute temperature and k is the

Boltzmann constant (approximately k& = 1.38065 - 10723J/K). The Gibbs measure corresponds
to the Maxwell-Boltzmann distribution of statistical mechanics, which postulates that the value
p(o) defined in is the probability that a configuration with energy H(o) is present in the
system at temperature 7.

The Hamiltonian H of the Ising model is defined for each configuration o € {—1,+1}V by

H(o)=—-J Z ogio; —h Z oi, (1.27)

ij: (i.§)€EE i€V

where J > 0 represents the interaction strength and h € R the external magnetic field.

The first term of the Hamiltonian H is an interaction term, to which only nearest neigh-
bouring spins contribute. The parameter J is set positive in order to model the ferromagnetic
behaviour in which the configurations with aligned neighbouring spins are more likely. Taking J
negative would lead to a description of a system where pairs of neighbouring spins with opposite
signs are favoured: this is referred to as anti-ferromagnetic behaviour.

The second term of H encodes the influence of the external magnetic field on the system.
Notice that here and in the following the parameter h is independent of i € V', meaning that
the external magnetic field influences equally every spin.

We refer to Selinger [69] and Friedli and Velenik [44] for a more detailed introduction of the
Ising model at stationarity.
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1.3. ISING AND CURIE-WEISS MODELS

1.3.3 History and importance of the Ising model

Ising proved that no ferromagnetic behaviour, namely no first order phase transition, occurs in
the Ising model on the one dimensional lattice (Z) and inferred that the same would happen
in three dimensions. Later Ising was proved wrong: the Ising model presents ferromagnetic
behaviour in Z? and Z3 [66]. (For further mathematical history on the Ising model we refer to
Brush [24] and for a more recent overview to Duminil-Copin [40].)

Only few years after Ising’s work, Heisenberg showed that the energy function of ferromagnets
is more complicated that the one assumed by Ising and depends also on the speed of the spin
flips [66]. Therefore, the Ising model lost its physical interest and had been considered for years
interesting only for a purely mathematical point of view. However, in the second half of the last
century the Ising model became very relevant in modern physics and other sciences.

The importance of the Ising model nowadays is essentially threefold. First of all it is one
of the few models in statistical mechanics which is solvable (in dimensions one and two). In
addition, despite being not very realistic in describing ferromagnetism, the model describes a
system which exhibits a phase transition. Moreover, it can be naturally seen as a model of
cooperative phenomena which makes it suitable for many applications. For a deeper insight on
interpretations and importance of the Ising model from the 1920’s to the 1970’s we refer to a
series of three papers ([61 62], [63]) by Niss, where he reviews how the perception of the model
changed in those decades.

1.3.4 The Curie—Weiss model

Pierre Weiss introduced in [77] the mean-field assumption, trying to explain ferromagnetic be-
haviour, which was earlier studied by Pierre Curie, who identified the Curie temperature and
the Curie’s law. Weiss’s assumption led to what is nowadays known as the Curie—Weiss model.
It models a system of N € N spins, immersed in a uniform external magnetic field h € R, where
all spins interact with each other with uniform interaction strength, namely all in the same way.
The homogeneity of the interaction among all the spins is known as the mean-field property of
this model.
Let

Sy ={-1,1}¥ (1.28)

be the configuration space. The Hamiltonian of the Curie-Weiss model is defined, for any
o € Sy, by

N
Hy(o) = N Z o0 — h;ai. (1.29)

i1 1<i<j<N

Notice that the Curie-Weiss model can be viewed as the Ising model on the complete graph,
i.e. the graph with edges connecting each pair of vertices (with a rescaling 1/N so for the
Hamiltonian not to take values larger than order N). The Gibbs measure is defined as in
by
e BHN(9)
N

where Zy =, cs, e PHN() ig the partition function.

The mean-field property of the Curie-Weiss model makes it much easier to treat than most
of the models in statistical mechanics. Indeed, the homogeneity in the interaction allows one to
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rewrite the Hamiltonian as
Hy(0) = —Nmpy(0)* — Nhmy(o), (1.31)

where the function my: Sy — [—1,1] is called magnetisation and is defined, for any o € Sy,
by

N
my(o) = %Zoi. (1.32)
=1

Thus, Hy does not depend on the value of each spin but only on their mean. Therefore, as one
usually tries to do in statistical mechanics the focus moves from the microscopical configurations
Sy to the following mesoscopic subset of the interval [—1, 1],

2 2
I'y=9-1,-14+—,...,1—— 1, 1.33
v={-1-14 5 w1 (1.33)
which is the set of all possible magnetisations and it is more treatable than Sy. The Gibbs
measure on the set I'y turns out to be, for any m € I'y,

efBNFN(m)
Qn(m) = pn(my'(m)) = T v (1.34)

where Zn = > ,cq, e PHN(9) ig the partition function and the free energy Fy: 'y — R is

defined by
1 1 1 N
FN(m) = ——m?Z—hm + = _N log <(1+m)N>‘| , (1.35)
2

2 B
where the first two terms come from the Hamiltonian (see ) and the last one is the entropy
term.

We refer to Bovier [I1] or Friedli and Velenik [44] for an analysis of the Curie-Weiss model
at stationarity. The metastable regime and behaviour for this model with Glauber dynamics
is also very well known: we give a brief summary on the topic in Bovier, den Hollander and
Marello [19] and we refer for instance to Bovier and den Hollander [I8, Chapter 13| for further
details.

1.4 Models of interest and results

In this thesis we focus on metastability of reversible Markov chains which model spin systems.
The models we study are stochastic modifications of the Ising and Curie-Weiss models. More
precisely, we study spin systems of (large) size N at fixed inverse temperature § > 0, immersed
in a constant external magnetic field h € R. As for the Curie-Weiss model a configuration is
a sequence of N € N spins, namely an element o = (O‘i)ie{l’._.7 ny of the configuration space Sy
defined in . For every o € Sy we define the Hamiltonian Hy: Sy — R as follows

N
HN(O') = —— Z JijUZ'U]' — hZO'i, (1.36)
3,7 1<i<j<N =1

where h € R is fixed and (J;)1<i<j is a triangular sequence of random variables which will be
specified later. The J;;’s are usually called interaction (or coupling) coefficients. Moreover, J;;
as a function of the natural numbers ¢ and j is also called pair potential.
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One can immediately see that taking J;; = 1 for all 4, j € N, the Hamiltonian in turns
out to be equal to one of the Curie-Weiss model (see ([1.29)). Moreover, if all the variables
(Jij)ij have only the two values 0 and J > 0, then is the Hamiltonian of an Ising model
on the graph G = (V, E) with vertex set V = {1,... N} and edge (i, j) present in the edge set F
if and only if J;; = J. Similarly to the Curie-Weiss model, there is a rescaling of 1/N in order
for the Hamiltonian not to take values larger than order N, for instance in case of dense graphs.

It is important to notice that, if each J;; is, for instance, a Bernoulli random variable with
mean p;; € [0,1], then we are dealing with an Ising model on a random graph in which the edge
connecting two vertices 7 and j is present in the graph with probability p;;. This connection
with random graphs makes these models more interesting and increases the possible number
of applications. In this thesis the notions needed from random graphs theory are simply the
definitions of Erdés-Rényi [4I] and Chung-Lu [28] random graphs. However, if the reader is
interested in exploring the theory, a classical reference is the book by van der Hofstad [47],
where also further references on those two graphs can be found.

1.4.1 The three models

Depending on the choice of the random variables (J;;);; in (1.36]), the model will of course be
different. In this thesis we present three articles. In each of them we studied metastability of a
different model. All three models have the Hamiltonian defined in ([1.36) and differ in the choice
of the coupling coefficients as follows:

1. in Bovier, Marello and Pulvirenti [22] (J;;); is a sequence of i.i.d. Bernoulli random vari-
ables with fixed mean p € (0,1): the resulting model is the so-called randomly dilute
Curie—Weiss model, which can be seen as an Ising model on the Erd6s—Rényi random
graph with fixed edge probability p (discussed in Chapter ;

2. in Bovier, den Hollander and Marello [19] (J;;)i; = (J(i)J(J))i;, where (J())en is a se-
quence of i.i.d. non-negative random variables with finite support (discussed in Chapter [4);

3. in Bovier, den Hollander, Marello, Pulvirenti and Slowik [20] (J;;):; is a sequence of random
variables which are uniformly bounded and independent conditionally to a given o-algebra
(discussed in Chapter [f]).

1.4.2 Glauber dynamics and metastable exit times

We study metastability of Markov processes (X (t));>0 with discrete state space Sy = {—1, +1}¥
(see ), for large N. As the initial distribution will be specified later, for completing the
definition of the Markov process we are left to define the transition rates of those Markov pro-
cesses. We use the Metropolis transition rates py(-,-) defined as follows for any two 0,0’ € S

exp(—B[HN(0') — Hn(0)], ), ifo~o,

] (1.37)
0, otherwise,

pn(o,0') = {
where 0 ~ ¢’ means that ¢’ is obtained from o by a flip of a single spin and [-]; denotes
the positive part. This is a so-called Glauber dynamics: the only transitions occur between
configurations which differ exactly on one spin, namely only single spin flips are allowed. The
Markov process (Xn(t))i>0 has the Gibbs measure defined in as reversible invariant
measure. We denote with PY the law of (X (t))i>0 with initial distribution v and with EY the
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mean with respect to PY. Moreover, we abbreviate PY and EY when initial distribution is not
zero only on the configuration o € Sy.

As we explained in Remark here we define all quantities only in continuous time, despite
in case [1| (Chapter 2, [22]) we deal with discrete time Markov chains.

The main quantity of our interest is the hitting time TéVN of a set By C Sy of the Markov
process (Xn(t))i>0 starting from a set Ay C Sy, disjoint from By. This hitting time is a
metastable transition time (often called also metastable exit time) if (Xn(¢))i>0 is metastable
and Ay and By are metastable sets for the process. We mainly focus on the mean of TéVN starting
from a specific configuration o € Ay or from the last-exit biased distribution I/%N’BN of Ay

(as defined in (T.11))): EY [TéVN] or ENy [TéVN]. The reasons why we focus only on these two
VAN.Bxn

conditions are embedded in the approach we use to study to metastability, potential-theoretic
approach (see Section for a discussion).

It is important to stress that by introducing some randomness (in the coupling coefficients)
in the Hamiltonian we add levels of randomness in the picture. Indeed, not only the process
we study (the Markov process (Xn(t))i>0 on Sy) is random, but also the transition rates py
defining the process are themselves random variables, bringing an additional level of randomness
or possibly more than one, as might happen in case Notice that, as a consequence, mean

hitting times as EY [74 ] are random variables: the mean EY averages out only one
VAN By By VAN By
level of randomness, the Markov process on Sy, but leaves untouched the randomness on the

transition rates, which comes from the random coupling coefficients (J;;);;.

Remark 1.4.1 (Notational remark). We warn the reader that in some of the papers presented
in this thesis the quantities P,,PN  EN are denoted in a slightly different way. However, the
notation should be consistent within each chapter of this work.

1.4.3 Results

In this section we summarise our results about metastability of the models introduced in the
previous sections, having in mind the definition of the three cases given in Section More
details will be given in following chapters.

Let us denote with P the (conditional in case [3) law of (J;;);; and with E the corresponding
mean.

Results on first and third models: a comparison with the averaged model

Clearly, the model with (J;;); as in [3| (paper [20]) is an extension of the model with (.J;;);; as in
(paper [22]). In both cases we study metastability of the system by comparing the model with
Hamiltonian [I.36] with the averaged model, assuming metastability of the latter. More precisely,
the averaged model (called also annealed model in [20]) is the model defined by the Hamiltonian
in in which we replace the random interaction coefficients (.J;;);; with their (conditional)
mean, i.e. the Hamiltonian Hy: Sy > R defined, for o € Sy, by

~ 1 N

Hy(o) =E(Hn(0)) = — Y. E(Jij)oioj—h)y o (1.38)
ij: 1<i<j<N i=1

Notice that in the model with Hamiltonian H N there is one level of randomness less than in
the one with Hamiltonian Hy. The model with Hamiltonian Hy will be often called quenched
model, when it is compared with the annealed model.
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1.4. MODELS OF INTEREST AND RESULTS

After taking two specific sets Ay and By which are metastable for the annealed model with
size N, we provide in both [22] and [20], estimates on the tail distribution of the mean hitting

time IEI]/\?X . [TéVN] divided by the corresponding quantity of the annealed (or averaged) model.
N>

In both papers we prove that, asymptotically in NV, the random ratio is of order constant times a
random factor which behaves like an exponential of a sub-Gaussian random variable. In formulas
our results have the following form

t—C E{’\i\ 5 [TévN] t+K kot?
]\}E)HOOP e_ YN S WM—J\IIZ”']\/] S e+ ThN Z 1 - kl e_ 2 5 (139)
VAy,By L'BN

where in both papers Cy and K are explicit values, related with the variance of the coefficients
(Jij)i; and of order at most constant in N. In [20] Ky is smaller than in [22], while it is not
clear which Cy provides a better bound because in [22] it has a quite complicated expression.
However, a clear improvement in [20] consists in the fact that k1 and ks are explicit constants,
while they are not provided in [22].

Both papers use the potential-theoretic approach to metastability (mainly Section and
(1.25)), but there are mainly two differences in the strategy. First, Talagrand’s concentration
inequality is used in [22] to deal with the randomness of the interaction coefficients, while
McDiarmid’s inequality is used in [20]. The latter gives the explicit constants k; and ke and
allows for more generality because, contrary to Talagrand’s, it does not require convexity checks.
The second difference is in the techniques to estimate the harmonic sum in : [22] uses the
same model dependent and computationally long techniques used by Bianchi, Bovier and Ioffe
in [7], while [20] exploits definitions and results by Schlichting and Slowik [68] which yield more
general estimates with less technicalities.

We have already pointed out that [20] contains results on more general models and with more
explicit constants than in [22]. Moreover, in [20] we provided two additional results, not present
n [22]. We proved that if the annealed model is metastable with respect to some sets, then also
the quenched model is metastable with respect to the same set. Furthermore, definitely in the
size N of the system, we proved in [20, Theorem 2.13(ii)] order constant upper and lower bounds

on the (conditional) moments of the mean metastable transition time ]EZ]/VN [TéVN], divided by
A By
the corresponding quantity for the annealed model.

Results on the second model: direct estimates and metastable regime

In paper [I9] (for the model with (J;;);; as in[2in Section [1.4.1]), we study directly the metasta-
bility of the system and provide explicit estimates, that hold with high probability, on metastable
exit times and metastable regimes, without comparing it to an averaged model. We found out
that, interestingly, the critical value of the external magnetic field might be not increasing in
B. Moreover, we found explicit sharp estimates on the metastable exit time and an explicit
characterisation, up to order 1, of the randomness of the exponent its leading order term.

Despite the fact the model might be interesting per-se as a model with random interaction
coefficients, our biggest motivation to study its metastability in [19] was the following. It is the
annealed model of the Ising model on a Chung-Lu like random graph, i.e. the model where (J;;);;
is a sequence of independent Bernoulli random variables with (random) mean J(i)J(j). As a
consequence, one can apply the results in [20] (see the general (J;;);; in [3) to the Ising model
on a Chung-Lu like random graph, because [19] provides explicit details on the metastability of
its annealed model.
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CHAPTER 1. INTRODUCTION

1.5 Context and literature

1.5.1 Disordered spin systems at equilibrium

The literature studying equilibrium properties of spin systems having randomness in the inter-
action coefficients is extremely large. Here we give a brief partial review on work which is related
with this thesis, focusing mainly on the Ising model on various different graphs.

Bovier and Gayrard proved in [I5] that the free energy and the law of the mean magnetisation
of the randomly dilute Curie-Weiss model (see case [I) converge to the ones of the undiluted
Curie—Weiss model for any fixed 8 > 0 in the thermodynamic limit, when the dilution parameter
p times the size of the system N diverges with N. Their paper was of inspiration for comparing
the metastable behaviour of those two models in [22]. In [I5] the results are proved also for
coupling coefficients satisfying Bernstein’s condition or normally distributed ones.

Recently, Kabluchko, Lowe and Schubert [53], inspired by [15], proved a central limit theorem
for the magnetisation of the same model, referred there as Ising model on dense Erdés—Rényi
random graphs, for high temperatures and zero external field. The same authors provided also
further results for the sparse case in [54] and [55]. In those three papers the reader can find
references for Ising spin systems on sparse random graphs at equilibrium. An additional overview
on the topic, until year 2013, and results on the ferromagnetic Ising model on power-law random
graphs are present in Dommers’ PhD thesis [34].

Moreover, Ising models on dense regular graphs (without external magnetic field) have been
studied very recently from a statistical point of view by Xu and Mukherjee [79].

At equilibrium, the model we considered in [19] (see case [2)) was studied by Tindemans and
Capel [76] and Dommers, Giardina, Giberti, van der Hofstad and Prioriello [36]. To the best of
our knowledge, these are the only two works in the literature which consider that model.

1.5.2 Metastability of the random field Curie—Weiss model with Glauber
dynamics

As a first attempt to approach metastability on random modifications of spin models, attention
was drawn to the random field Curie-Weiss model (RFCW). It is a spin model with Hamiltonian
as the one of the Curie-Weiss model where the external field h is a random variable and
might depend on the spin it is applied to (thus, the term hzij\il o; becomes Zi]L h;io;).

Mathieu and Picco [58] and Fontes, Mathieu and Picco [42] were the first to study metastabil-
ity of the RFCW, obtaining exponential asymptotics for metastable exit times, for large volumes
at fixed temperature, when the random field takes only the values 1 and —1. In the case when
the external random field can take a finite number of values, the metastable behaviour was fully
analysed by Bovier, Eckhoff, Gayrard and Klein in [I2], as an application of their new established
potential-theoretic approach. Using the same approach, Bianchi, Bovier and Ioffe [7] provided
sharp estimates on the mean metastable exit time of the RFCW with continuous distribution
of the random field. Their methods for estimating the harmonic sum were largely used in our
paper [22] (see Chapter [2). Later, the same three authors proved in [§] the exponential law of
the metastable exit time using coupling methods.

1.5.3 Metastability of the Ising model on sparse random graphs

Studying disorder at the level of the interaction coefficients turns out to be more complicated as
the Hamiltonian strongly depends on all the realisations of the random coefficients and various
techniques used for the RFCW cannon be used in this context.
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1.6. SOME USEFUL TECHNIQUES

However, in the last two decades various dynamical properties of Ising model on random
graphs with Glauber dynamics have been determined. The first results in this context were
given by Bianchi in her Ph.D. thesis [6], where she studied relaxation times of the Ising model
on regular random graphs with Glauber dynamics, for low temperatures. Later, Mossel and
Sly studied mixing times of the Ising model on sparse Erdds-Rényi random graphs [59] and on
random regular graphs [60], both for high temperatures.

Studies on metastability of the Ising model on Z¢ with dilution on the edges (called dilute
Ising model) have been carried out around the same time: see for instance Bodineau, Graham and
Wouts [9], Wouts [78] and references therein. Later, Dommers [35] and Dommers, den Hollander,
Jovanovski and Nardi [38] focused on random regular graphs and the configuration model,
respectively, and computed metastable transition times for finite volume and low temperature.
In both papers the pathwise approach to metastability is used.

Recently, Can, van der Hofstad and Kumagai [25] extended the results in [60] by studying
mixing times the Ising model on random regular graphs for low temperatures.

All these results are about the Ising model on sparse random graphs.

1.5.4 Metastability of the Ising model on dense random graphs and further
disordered spin systems

To the best of our knowledge, the papers included in this thesis are the first ones dealing with
metastability of the Ising model on dense random graphs, with one exception: the earlier work
by den Hollander and Jovanovski [50]. They studied metastability on the exact same model
we analyse in [22], the randomly dilute Curie-Weiss model (RDCW), at fixed temperature and
large volume, before us, using mainly the pathwise approach to metastability. They proved that
the leading order term of the mean transition time is the same as the one in the Curie—Weiss
and the random correction term is at most polynomial in the size of the system. Despite the
fact that we improved in [22] the precision of the correction term to order constant, their result
remains interesting because it is proved with more generality in the initial distribution: their
estimate is independent from the initial configuration within the starting set, while ours holds
only starting from the last-exit biased distribution.

Acharyya and Stefankovié¢ [I] were the first to study dynamical properties of Glauber spin
dynamics on dense random graphs. They considered a homogeneous ferromagnetic Ising model
on converging dense graphons. They studied phase transitions and estimated mixing times at
fixed temperature, but they considered random graphs only in a very special case. Moreover,
they did not study metastability.

Therefore, our results in [20] (see Chapter [5)) are the first on the metastable behaviour of
the Ising model on general dense random graphs (where the presence of edges is independent)
and of a much wider class of spin systems where the interaction coefficients are bounded and
(conditionally) independent.

1.6 Some useful techniques

In this section we introduce some relevant notions and techniques which were used in the papers
presented in this work.
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CHAPTER 1. INTRODUCTION

1.6.1 Coarse-graining

Coarse-graining, as the word suggests, is a technique which consists in considering only part
of the very fine available details of a system, especially when this is sufficient to have enough
information on the system. In practice the grained quantity is the configuration space: one looks
for a not injective function, say m, of the configuration space whose image provides sufficient
information to characterise the quantities of interest, usually the Hamiltonian of the system.

In statistical mechanics the grained quantity is the configuration space S and it is reduced to
some smaller I" which carries all the relevant information about the system. More precisely, one
looks for a not injective, surjective function m: S — I' such that the Hamiltonian H(:): S — R
characterising the system could be written as H(o) = E(m(o)) for any o € S, with some
E: "' — R. This means that the Hamiltonian does not depend on all the information carried by
the configuration o but it is a function only of m(o).

This technique is extremely useful when dealing with spin systems, because the analysis
is much simplified if the configuration space is reduced for instance from Sy = {—1,1}" to
a discrete smaller subset of R? where the critical points of the Hamiltonian can be found by
differentiation. The simplest example of our interest is the Curie-Weiss model in which the
function m is the magnetisation, a one-dimensional function which maps every configuration
o € S to the average of its spins in I'y C [—1,1] (see (1.32)).

Coarse-graining is very effectively used in more complicated settings, where finitely dis-
tributed i.i.d. random variables depending on a single spin are present in the Hamiltonian. This
is the case in the random field Curie-Weiss model (with finitely distributed field) (see [12]) or in
the model with “product” coupling disorder studied in [19] (Chapter |4) where i.i.d. random vari-
ables, say (V(7));en having values in a finite set I = {a1,...,ax} of cardinality k, appear in the
form YN, V(i)o;. In these cases the strategy is to first randomly partition the set {1,..., N}
into k sets (Agn) ¢e{1,...k} according to the realisations of the random variables, namely

Ay ={ie{l,....N}: V(i) = a}. (1.40)

The key point is noticing that one can rewrite

N k
Z:V(i)ai:z:ag > o (1.41)

/=1 iGAgVN

Notice that the right hand side is a sum of a finite number of terms (even in the limit N — o)
depending on ¢ only through a function of the spins. Thus, one defines the random magnetisation
my associated to o € Sy as the k-dimensional vector of averages of spins grouped according
to the partition in , as in below. Finally, using it is possible to rewrite the
Hamiltonian of the system as a function of the magnetisation my. An example of application
of this method and consequences of this procedure are explained in Section [£.3.1]

As it is shown in Bianchi, Bovier and Ioffe [7] for the random field Curie-Weiss model (with
continuously distributed field) coarse-graining can be used, in the same spirit, also when the
random variables (V' (i));en take values in an infinite bounded set I C R. In this case the set
I is partitioned in n sets (I¢)geq1,...n) of Lebesgue measure vanishing in n, where n is taken to
infinity later. The sets (I¢)¢eq1,... ny Play the role of the values {ay, ..., ax} above. Then, for any
fixed N the set {1,..., N} is partitioned in n sets according to the realisations of the random
variables, with respect to the sets (Iy)sc(1,... n}, as follows

A&N:{z’e {1,...,N}: V(Z) GIg}. (1.42)
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1.6. SOME USEFUL TECHNIQUES

As above, one defines the random magnetisation mpy associated to o € Sy as the n-dimensional
vector of the averages of the spins with indexes in that partition. Since I, is not a singleton
we cannot obtain something as concise as ([1.41). Instead, defining a, = m Yica,y V(i) as

reference value for V' (i), it turns out that

N n n
V(o= ar Y, oi+Y, >, (V(i)—ag)os. (1.43)
(=1

=1 ZIEAAN /=1 ZIEAZJ\]

Here the first term on the right hand side, similarly to , is a finite sum depending on o
only through its magnetisation while the second term is an error term, which turns out to be
treatable despite its dependence on the whole configuration o (see [7] or [I8, Chapter 15] for
further details).

Coarse-graining is particularly useful in processes which are lumpable with respect to the
function m, as we shall see in the next section.

1.6.2 Lumping

We provide here a slightly modified, but equivalent, version of the definition of lumpable process
given by Kemeny and Snell in [56, Section 6.3] and state the main properties. Let be X =
(X(n))nen be a Markov chain with state space S, with initial distribution 7. and let T" be a
finite set. Let m : S — I' be a surjective and not injective function and notice that m induces a
natural partition on S = e S[y], where we denote S[y] = m~!(7) (this notation will be used
throughout the thesis). Then, we define the lumped process Y = (Y (n))nen with state space
I' as Y(n) = m(X(n)), with initial distribution 7y (y) = w(S[y]), for any v € I'. Using this
notation we give the following definition.

Definition 1.6.1 (Lumpable process, discrete time). Let S be a finite state space. Then, we say
that X is lumpable with respect to the function m if the process Y = (Y (n))neny = (m(X (n)))nen
1s a Markov process for every initial distribution © of X and the transition probabilities of Y do
not depend on .

Proposition 1.6.2. As in [50, Theorem 6.3.2], a necessary and sufficient condition for X to
be lumpable with respect to m is that for any yo,y1 € I', n € N and any xo € S[yo], the quantity

Z P(X(n+1)=2z|X(n) =) (1.44)
z€S[y1]

is independent of o € Slyo]. Then, the transition probability P(Y (n + 1) = y1|Y (n) = yo) is
equal to the quantity in (1.44)).

Definition [1.6.1] and Proposition hold true also for continuous time Markov chains on a
finite state space, replacing n € N and n+ 1 with s > 0 and ¢ such that ¢ > s, and the transition
probabilities with the transition rates (recall Remark [I.1.1)). We refer to [I8, Section 9.3]) for
more general cases.

Applications to potential theory

If a Markov process X is lumpable with respect to a function m then mean hitting times,
equilibrium potentials and capacities of X are equal to the ones of the lumped process m(X).
More precisely, the following holds.
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CHAPTER 1. INTRODUCTION

Proposition 1.6.3. Let X be a Markov process on a finite state space S with invariant measure
M(X), lumpable with respect to a function m: S — I'. Let Y = m(X) the lumped process, with
invariant measure pY)(-) = X (m=1(.)). Then, for allb €T and o € S\ m=(b)

MA
COX) g0 0 _ p(A(m(o)))
E [Tmfl(b)] - Em(a) [Tb ] - [1 + 0(1)] Cap(y) (m(o_)’ b), (145)
where A(x) is the valley around x € T as in . Moreover, for any two non-empty disjoint
subsets A, B of S, such that there erist a,b € T satisfying A = m~'(a) and B = m~1(b), the
following hold for all o € S and x € m™ (o)

hGa(o) = hyly) (@) (1.46)
and
cap™ (A, B) = cap™) (a, b). (1.47)

The superscripts indicate with respect to which process the quantities are defined.

Proof. In (|1.45)) the first equality follows from Proposition while the second one directly
from ((1.24)). Equalities (|1.46)) (1.47) are proved for instance in [I8, Theorem 9.7]. O

These properties are very helpful in the study of metastability in case the metastable sets
can be written as counter-images of elements in I'. Equations and were used in [22]
on the Curie-Weiss model, while ((1.45]) and ([1.47) were used in [I9] where the model is lumpable
with respect to the k-dimensional magnetisation my mentioned in Section [1.6.1

Equation (1.45]) is very useful because, assuming that we are able to estimate capacities and
invariant measure of the lumped model, it provides mean metastable exit times starting from
any initial configuration in a metastable set. Estimating those quantities in the lumped model
is usually easier than in the original one because of the reduction to a smaller and simpler state
space, for example a subset of R?. This allows one to use, for instance, the approximation
techniques explained in [I8, Chapter 10] (which we used in [19] as mentioned in Chapter 4] and
obtain accurate asymptotic estimates.

When the Markov chain is not lumpable, is not necessarily true. Thus, in order to
obtain sharp estimates on mean metastable exit times, one uses either or . The first
one is hardly useful because computing capacities of single configuration is usually not feasible.
Therefore, the second one is the only tool left: we use it in [22] and [20], where the models are
not lumpable.

1.7 Outline

The remainder of this thesis is structured as follows. We summarise in three separate chapters
our three papers where we analysed metastability of the models introduced in Section [I.4.1/In
Chapter [2{our work on metastability of the randomly dilute Curie—Weiss model published in [22]
is summarised. The following Chapter [3] contains a short unpublished generalisation of some
results from [22]. In Chapter 4] we present the results published in [I9] on metastability of a
spin model having particular coupling coefficients with product structure. In Chapter [5| we sum-
marise our preprint [20] on metastability of a general class of spin systems with (conditionally)
independent coupling coeflicients.

Finally, a summary (Chapter @ will precede three appendices containing the publications
and preprints summarised in Chapters and [5f [22] is in Appendix [19] in Appendix
and [20] in Appendix
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Chapter 2

Randomly dilute Curie—Weiss model

We summarise here the content of the joint work with Anton Bovier and Elena Pulvirenti,
contained in the paper [22] which was published in March 2021 on the Electronic Journal of
Probability.

2.1 Summary

We considered a discrete time Markov chain o (n),en with state space Sy = {—1,+1}¥, where
we discarded the N dependence from the notation. We assumed it evolves with a Glauber
dynamics (defined in Section , in particular with the following Metropolis transition prob-
abilities
~ exp(=BHN(0') — Hy(o)l1),  ifo~d,
pn(o,0’)=<{1— > onto PN (0, 1), if o =o', (2.1)
0, else,

for 0,0’ € Sy, where, as usual, 0 ~ ¢’ means that ¢’ is obtained from o by a single spin flip
and # > 0 is fixed. The Hamiltonian Hy is defined for fixed p € (0,1) and for any o € Sy by

Hy(o) = —— Z Jijoio; —h Z o, (2.2)

P jelNyi< i€[N]

where (Jj;)i<jen is a triangular sequence of i.i.d. Bernoulli random variables with mean p. We
denoted with P; the law of the triangular sequence (J;;);; and with E the mean with respect
to it. Notice that, because of the normalisation by p, the mean of the random Hamiltonian
Hpy is equal to the deterministic Hamiltonian of the Curie-Weiss model H N , namely
E(Hn()) = Hn ().

Remark 2.1.1 (Notational remark). In the paper both quantities with superscript CW and ~
referred to the Curie—Weiss model. In this section, in order to be consistent with the rest of the
thesis and to uniform the notation, we replace the superscript CW with ~.

The model defined above is the randomly dilute Curie—Weiss model (RDCW). As the name
suggests, the model is a result of a dilution of the Curie-Weiss model, by means of the random
variables (J;);;. With this dilution the strength of the interaction remains unaltered (up to the
1/p rescaling), while the interaction graph is changed from the complete graph to the Erdés—
Rényi random graph with uniform edge probability p. By interaction graph here we mean the
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CHAPTER 2. RANDOMLY DILUTE CURIE-WEISS MODEL

graph which sets the nearest neighbour interaction as in the Ising model (see Sections and
[.4), namely the one having vertices {1,..., N} and edge (i, j) present in the graph if and only if
Jij # 0. Notice that, since p is fixed and independent on N, the resulting Erdés-Rényi random
graph is dense because the expected degree of each vertex is Np.

The RDCW was studied at equilibrium by Bovier and Gayrard in [15]: they proved the
convergence of free energy and law of the mean magnetisation of the randomly dilute Curie—
Weiss model to the ones of the Curie—Weiss model (CW). In our paper we studied metastability
of the RDCW, improving, with special initial conditions, the earlier results by den Hollander
and Jovanovski [50]. We studied in particular the tail behaviour of some hitting time of the
RDCW compared to the corresponding one in the CW. In order to be more precise we need to
introduce some notation.

Let m_, my,m* be the critical points of the limiting free energy limy_,oc Fiv (see )
of the Curie-Weiss model (local minimum, global minimum and local maximum, respectively)
within its well known metastable regime, i.e. 8> 1,0 < h < h.(8) where h,. is defined explicitly
for instance in [19, Eq. (A.13)]. Moreover, let m_(N),m4(N), m*(N) be the closest points to
m_,m4,m* in I'y (defined in ) and my be the magnetisation function defined in ([1.32]).
The starting set for our dynamics is the set of configurations with magnetisation m_ (N), namely
the set Sy[m(N)] = my(my(N))~!, with the notation introduced in Section The initial
distribution is the last-exit biased distribution l/é'VN[m,( NS [ma (V)] defined similarly to

for the RDCW dynamics. We abbreviated it with v}
Our object of interest was the (random) mean hitting time E,~ {TSN[m o N)]} from the

set Sy[m—_(N)| (metastable set of CW) to the set Sy[my(N)] (the stable set of CW), where
E is the mean with respect to the law of the Markov chain o(n). To be more precise, our
main result in [22] is an asymptotic estimate on the tails of that hitting time divided by the
corresponding (deterministic) quantity in the Curie-Weiss model as follows. We quote here
[22, Theorem 1.4], with a slight modification in the denominator of (2.3), for clarity and to
avoid introducing additional notation. The statement is equivalent because of lumpability of
the Curie—Weiss model.

MA-*

Theorem 2.1.2. For 8 > 1, h > 0 small enough and for s > 0, there exist absolute constants
ki,ka > 0 and Ci(p, 8) < Ca(p, B, h) independent of N, such that

EVN TSN [my (N
}[im PJ e_25(1+h)_a+,€e_8(1+0(1)) < _ m_,m [~ N[m4( )]} < e26(1+h)+2aes(1+0(1))
foe Eo .. [Pntme (v
2 1-— kle_k282
(2.3)
where )
B“(1—p)
=0 v 7 24

and k > « is explicit (see [22, Eq. (1.27)]).

This means that the ratio in is asymptotically bounded from above and below by
quantities of order constant times the exponential of a sub-Gaussian random variable.

Definition and characterisations of sub-Gaussian random variables can be found for instance
in Boucheron, Lugosi and Massart [10]. The most relevant for us is the following. A real random
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variable X, with distribution P and expectation equal to 0, is sub-Gaussian if there exists v > 0
such that for every ¢ > 0

+2

max{P(X >1),P(X < —t)} <e . (2.5)

2.2 Discussion

Our paper is not the first work focusing on this: den Hollander and Jovanovski proved first in
[50, Theorem 1.4] that the same mean hitting time that we studied is, with high probability,
proportional to the Curie—Weiss one times a random unknown prefactor which is at most polyno-
mial in N. They used the pathwise approach to metastability and coupled the randomly dilute
Curie—Weiss model with two versions of the standard Curie-Weiss model (modifying suitably the
magnetic field). As a consequence of their detailed computations, the exponential distribution
of the hitting time follows. In [22] we gave a more precise estimate of the prefactor, losing in
generality because our results hold only for the specific initial last-exit biased distribution, while
their results hold uniformly in any initial configuration in the starting set.

2.3 Techniques and summary of the proofs

Remark 2.3.1 (Notational remark). In this chapter we use notation which is consistent with the
introduction and of this thesis. The notation in the paper [22] differs only in the free energy: here
we use Fy, I, there fn g and fg were used instead. Moreover, here we discard the dependency
on B also from the notation of the invariant measure puy, on the mesoscopic measure Qn and
on the partition function Zy.

The model defined above presents more difficulties compared to the well studied random
field Curie-Weiss (RFCW) model. Despite each random variable in the Hamiltonian has finite
support, our model is not lumpable, not even approximately (as happens for the RFCW with
compact support distributions). Indeed, the Hamiltonian cannot be written, for instance via
coarse-graining, in terms of a function of the configurations because it depends on the values
of every single spin and the model cannot be reduced. Therefore, as explained at the end
of Section we used to write mean hitting times as a ratio of harmonic sum and
capacity. Since dealing directly with these quantities is difficult, our strategy consists in studying
separately how close they are to the corresponding well known quantities of the averaged model,
the Curie-Weiss model.

Our paper is divided in three parts. In a preliminary section, [22] Section 2|, we compared
RDCW and CW at equilibrium by estimating what can be seen as a generalised partition
function having as Hamiltonian Hy(-) — Hy(-). Then, using those results together with well
known techniques, we gave estimates on the capacity in [22] Section 3] and the harmonic sum
([22, Section 4]). These estimates were formulated similarly to the one on the mean hitting time
in Theorem and, together with , they yielded our main result.

2.3.1 Some estimates at equilibrium

This part, summarises the most innovative part of the paper, i.e. [22 Section 2].
The strategy to estimate capacity and harmonic sum was to rewrite the random quantities of
interest of the RDCW (capacities, Dirichlet form, invariant measure, transition rates, ...) with
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CHAPTER 2. RANDOMLY DILUTE CURIE-WEISS MODEL

two terms, one containing the corresponding well-known CW quantities and the (random) error
term. Thus, we preliminary focused on estimates on the error term. The quantity we would like
to estimate is Ay (o) := Hy(o) —E(Hn(0)) = Hy(0) — Hy(o) or, more precisely, the following

sum
Zng= Y. glm) > e PN (2.6)

mel'y O'ESN[m]

for some ¢ : 'y — [0, 00) deterministic function which might very well depend on N. We recall
that I'y is defined in ((1.33)).

Remark 2.3.2. The reader might ask why we are mot considering the more general quantity
> oesy 9(0) e PAN() instead, with g : Sy — [0,00). The reason is that, since the E(Hy) is the
Hamiltonian of the Curie—Weiss model and it depends only on the magnetisation, we used only
the more specific Zn 4 defined above, for which the proof of our results is slightly simpler that the
general case. However, the techniques used in [19] can be extended to that more general case,
with little effort: this is unpublished work carried out by the author of this thesis (see Chapter@).

In [22] we proved that Zy, can be written as a product of the deterministic quantity
exp(E[log Zn,4]), which we bounded asymptotically with quantities of order constant, and the
random variable exp(log Zn 4 — E[log Zn 4]), which we characterised to be an exponential of a
sub-Gaussian random variable. More in detail, we proved in |22 Proposition 2.1] that for any
t>0

P;(|log Zn,g — Ellog Zn ]| > t) < c1exp < - 7752), (2.7)
and in [22, Lemmas 2.2 and 2.3]
k+logGy+o(l) <Eflog Zng) < a+logGy+o0(1), (2.8)
where oo and k are the same as in Theorem and here we abbreviate

Gy = Z g(m)exp (—NIy(m)), (2.9)

mel N

where Iy(m) is exactly the entropy term appearing in the square brackets in the Curie—Weiss
free energy .

The bound was proved directly using Talagrand’s concentration inequality (see )
The upper bound in was proved using Jensen’s inequality and estimates of EZy 4, obtained
via Taylor expansion. The lower bound in is obtained in a more involved way, following
a technique used by Talagrand in [73, Theorem 2.2.1], exploiting Paley-Zygmund inequality
(see ), an upper bound on EZJQV g obtained via Taylor expansion, and again Talagrand’s
concentration inequality.

Finally, combining and we obtained [22, Corollary 2.5] which states that, for any
s> 0,

Py (™ Gy (1+0(1)) < Zi,y < ™Gy (14 0(1))) < 1— kyexp (—kat?) , (2.10)

where kq,ko > 0 are absolute constants independent of s and N coming from Talagrand’s
concentration inequality. This result, largely used in the paper, allowed us to quantitatively
compare the mesoscopic measures Qn = un(Sy[m]) of the randomly dilute Curie-Weiss model
and Qn = Jin(Sn[m]) of the Curie-Weiss model in [22, Corollary 2.7].
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2.3. TECHNIQUES AND SUMMARY OF THE PROOFS

2.3.2 Capacity estimates

In [22), Section 3] we obtained estimates on the capacity cap(Sy[mi], Sn[mz]), for any m; #
mg € I'y. We quote here upper and lower bonds ([22, Theorems 1.5 and 1.6]). For any s > 0,
there exist absolute constants ki, ko > 0 such that

P, (ZNN cap (Sy[m], Snlmal) _ s+2p1+ny+ay 4 0(1))> > 1 — ke ke, (2.11)
Zn cap (Sny[m1], Sn[ma])
and
P, (ZNN cap (Sylma], Snlmal) o~ (s+2801+0)+0) () 4 0(1))> > 1 — ke ke, (2.12)
Zy cap (Sy[m1], Sn[ma2])

asymptotically as N — oo, where « is defined in .

As usual within the potential-theoretic approach to metastability the well-established strat-
egy to estimate capacities is via the variational principles presented in Section [1.2.2]

For the upper bound we used the Dirichlet principle , rough estimates of the ratio of
the transition probabilities of RDCW and CW, and for a suitably chosen g. The term Iy
in Gy (see (2.9)) provided the needed entropy part to reconstruct the CW free energy.

For the lower bound we applied the Thomson principle using as test flow the optimal
flow of the Curie-Weiss model. Moreover, rough estimates of the ratio of the transition prob-
abilities of RDCW and the CW, together with , allowed us to obtain the desired lower
bound in terms of the CW capacity.

2.3.3 Harmonic sum estimate

The last section of the paper is devoted to estimating the “harmonic sum”

> un(@)hh o, (0) (2.13)

ocESN

which is the numerator of (1.25). px(-) is the invariant measure of the process (o(n))nen and
hN ,m,. is a short notation for the harmonic function hgym_j.sym.] Of (0(n))nen (see (L.3)).
We quote here upper and lower bonds on ([22, Theorems 1.5 and 1.6]). For any s > 0, there
exist absolute constants ki, ko > 0 such that

g ea+5 eXp( ﬁNF( —)) o _k e_k282 14
(iéi“N W ey “”) > 1 ket (214)

and

o) > oi-s P EBNFm-) 4 o )>1—ke—k282, 2.15
Lng )2 ey U o) | 21k, 1

asymptotically as N — oco. « and k are defined in Theorem and F' = limy_o Fy the
limit of the CW free energy Fny (1.35).

The proof is an involved computation following [7, Section 6]. We summarise here the main
idea. We first partitioned the magnetisation space I'y in the three sets Us n(m—), Us n(m), U§7N,
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CHAPTER 2. RANDOMLY DILUTE CURIE-WEISS MODEL

according to the value of the free energy F. Usy(m—) and Usn(m4) are neighbourhoods
of m_(N) and m4(N), respectively, in which the free energy F' is bounded from above by
F(m_)+9, with 6 > 0 chosen sufficiently small. (For a more details of the construction of these
sets we refer to [22, Section 4.1].) Then we partitioned the configuration space Sy according
to the magnetisation my of the configurations, following the partition of I'y. Thus, we studied
separately the contribution of each set of the Sy partition to the sum in and proved
that the only relevant contribution to the harmonic sum is given by the configurations with
magnetisation in Us y(m_). Estimating the relevant contribution on Us x(m—) was done using
the saddle point method (see, for instance, de Bruijn [29][7, Chp 5.7]), after approximating the
RDCW mesoscopic measure Qpn with the explicit expression of CW one @N, using results in
Section Proving that the contribution of the third set is negligible was simple: it was
sufficient to bound the equilibrium potential by 1 and use that the invariant measure is small
there, by definition of the sets. The most challenging part was to prove that also the contri-
bution on Us y(m4.) is negligible. For that we followed the strategy of [7, Proof of Proposition
6.3], where one finds a function which is super-harmonic in a specific interval and uses Doob’s
optimal stopping theorem to obtain bounds on some transition probabilities.

This strategy was simpler in our case. Indeed, while we used the one-dimensional Curie—
Weiss magnetisation my, in [7] the magnetisation was n-dimensional due to coarse graining,
with n taken to infinity at the end, implying that many quantities were n-dimensional.

2.3.4 Two inequalities

We state here for completeness two inequalities we used in our proofs.

Talagrand concentration inequality, in the version of Tao [74, Theorem 2.1.13], states that if
G :RM — R is a 1-Lipschitz and convex function, and X = (X1,..., Xa/), a sequence of M € N
independent random variables uniformly bounded by K > 0, then, for any ¢ > 0,

P(|G(X) ~ EG(X)| > tK) < crexp (= eat?), (2.16)

with positive absolute constants ci, co.
Paley—Sygmund inequality states that for any non negative random variable X, with law P
and expectation E, and any n € (0, 1)

2 (EX)?
EX?

P(X > nEX) > (1—n) (2.17)

2.4 Contribution

My contribution to this paper consisted in helping carrying out the proofs and writing them
down, thanks to the other authors’ ideas. I largely contributed in simplifying and adapting the
techniques used by Bianchi, Bovier and Ioffe [7] to our case, which lead to the proofs in Section 4
of the paper concerning estimates on the harmonic sum. Moreover, I created the figure and gave
a major contribution in structuring the paper.
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Chapter 3

Some generalisations

In this chapter we present some unpublished results which generalise Sections 2 and 3 [22],
which were presented in Chapter This work has been carried out by the author of this
thesis, with the supervision and some ideas by Anton Bovier and Frank den Hollander.

3.1 Setting

For N € N, consider a discrete time Markov chain (ox(n))neny on Sy = {—1, 1}, which evolves
with Glauber dynamics, defined by the Metropolis transition probabilities py in . We
consider a more general Hamiltonian Hy than the one in [22] (Chapter [2): we take Hy as
in with A > 0 fixed and (J;;);; sequence of independent random variables, defined on
an abstract probability space (Q2,P,F). We assume that the variables (J;;);; are absolutely
uniformly bounded by a constant k; > 0. The invariant measure of (ox(n))nen is denoted by
un and the expectation with respect to P by E. Moreover, we denote with Hy = E(Hy) the
averaged Hamiltonian, as defined in (1.38). Let (65 (n))nen be the annealed Markov chain, with
Metropolis transition probabilities. We will denote with a superscript ~ the quantities referring
to the process (x5 (n))nen-

Remark 3.1.1. For consistency with [22] we consider discrete time Markov chains, but our
results hold with no modification also for continuous time processes.

3.2 Estimate on a generalised partition function

In this section we extend or [22 Corollary 2.5] to the more general setting defined above,
namely to models with random interaction coefficients (not necessarily identically distributed).
This generalisation was announced in Remark
For any deterministic function g: Sy — [0,00), we are interested in studying the random
quantity
Z 9(0) e BN (0)-E[HN (o)) (3.1)

g€SN

which can be seen as a generalised partition function with Hamiltonian Hy (o) — E[Hy(0)]. In
the same spirit of our results in [22] and [20], we prove that it is equal to the same quantity in
which that Hamiltonian is replaced by its expectation times a prefactor. We characterise the
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CHAPTER 3. SOME GENERALISATIONS

prefactor to be, asymptotically, bounded by constants times the exponential of a sub-Gaussian
random variable (see ([2.5)) for a definition). More precisely, we prove the following.

Proposition 3.2.1. There exist absolute constants ki,ko > 0 and c1,co > 0 such that, for any
deterministic function g: Sy — [0,00), with Y 2,cg, 9(0) < o0, and for any s >0

Y oesy 9(0) e PN (@) =ElHn (o))

lim P <e_5+”N[1 +o(1)] < <eSTON[1 + 0(1)]>

N-yo0 Yoesy 9(0) (32)
>1- kleik2527

where )
p

anN = W Z Var(,]ij), (3.3)

1<i<j<N
2aN4Jog((f%5§)
KN = an + nlgl(%,}i) logn — [1<Iin<%'§N |Jij — EJU|] o5 . (3.4)

where c1,co > 0 are the constants appearing in Lemma below.

Notice that ay in (3.3)) is exactly the one defined in (5.3)) (i.e. in [20]) and it is an extension
of the quantity a defined in (2.4) (i.e. in [22]) for not identically distributed random variables

(Jij)ij-

Remark 3.2.2. We neglect the N-dependence in the g notation, despite the function g depends
on N in the domain and possibly also in its values.

Remark 3.2.3. (3.2)) also holds replacing 5 with —f.

Notice that an immediate application of Proposition [3.2.1] is the comparison between Zy
and the annealed correspondent Zy, taking g(o) = e PEHN()],
Before starting the proof we introduce some more notation. As in [22] we abbreviate

An(o) = Hy(o) — E[Hyn(0)]. (3.5)
Moreover, for consistency with the notation in Section we name the numerator in (3.2)

Zng= Y glo)e PAN0) (3.6)

ocESN

and the denominator in (3.2))
Gy = Z g(0). (3.7)
oESN
To prove Proposition we go exactly along the lines of [22, Section 2]. Here we indicate
only some steps and the slight modifications we made to extend those proofs. In order to follow
the notation in [22, Section 2] the reader could replace + log Zn 4 by Fi,, and +E[log Zx ]
by pn,y. However, here we decided not to use Fy 4 and py 4, in favour of more clarity in our
arguments.
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3.2. ESTIMATE ON A GENERALISED PARTITION FUNCTION

Proof of Proposition|3.2.1 After rewriting

ZNg — eE[logZN,g]e(logZN,g*]E[IOgZN,gD’ (38)
the proof proceeds in two steps. First, we prove concentration of log Zx 4 i.e. we characterise the
random variable (log Zy 4—E[log Zy 4]) as a sub-Gaussian random variable (Lemma below).
Second, we derive upper and lower bounds on E[log Zy 4]) in terms of log Gy (Lemma

below). Thus, combining these two steps we obtain estimates on the ratio Zé\’ 4 concluding the
g

proof of Proposition [3.2.1 O

The following lemma extends [22], Proposition 2.1]

Lemma 3.2.4. For N € N, there exist absolute constants c1,co > 0 such that for any t > 0

2t
P (Jlog Zy 4 — Ellog Zng]| > t) < crexp | —ca——575 | - (3.9)

Sketch of the proof. Use Talagrand’s concentration inequality as in the proof of [22, Proposi-

tion 2.1], with G = log Zn 4 (%)_ as a 1-Lipschitz function of the random variables {(.J;; —
EJij): 1 <i < j < N}. Moreover, here |J;; — EJ;;| < 2k; =: K, while K was equal to 1 in
[22]. O

The following lemma extends [22] Lemmas 2.2 and 2.3] and our proof is a slight generalisation
of those proofs.

Lemma 3.2.5. As N — oo,
kn +1log Gy +o(1) < Ellog Zn 4] < ay +log G4+ o(1), (3.10)

where an and ky are defined in (3.3) and (3.4), respectively.

Proof. Step 1. E[Zx g4].
We first calculate

E[e7#5 ] = 1+ o(1)] exp [?V > Varwm]]—[ +o(D)]e™,  (3.11)
1<i<j<N

which motivates the definition of ay in . Here, we used the independence of the J;;’s
and followed the argument in [22, Proof of Lemma 2.2]. In particular, we used that, for any
random variable J with E[.J] = 0, E[J?] > 0 and all higher moments finite, we have E[e”ﬁj | =
exp[ E[J?]+o0(22)], 2 — 0. Here we set J = Jij—E[J;j] and x = %o—ioj, because {J;; —E[J;;]}i 5
are 1ndependent with mean 0 and variance Var[.J;;].

From (3.11]), we obtain

E[Zng] = > g(0)E [ PANO] = [1 4 o(1)] ¥ Gy, (3.12)

ocESN

Step 2. Estimate on E[Zzzv,g] in terms of E[Zy 4)%.
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CHAPTER 3. SOME GENERALISATIONS

We first estimate the covariance for any 0,0’ € Sy

E e_BAN(”)e_BAN(”/)] = H exp {QNQ 2+ 2010] ] Var[J;;] + o (ﬁ)}
1<i<j<N
<[+o0)] JI exp|d53n VarlJ]] (3.13)
1<i<j<N

=[1+4+0(1)|E {efﬁﬁN(U)} E [e*BAN(Gl)} 2N

where we used (3.11)) and the bound [2 + 20;0;0707] < 4, in addition to the same argument used
in (3.11), now with z = %[O'idj + ojo’]. Thus,

E2Z,)= Y g0) 3 g()E [efﬁAN(a)efﬁAN(a’)] < [1+ o(1)] E[Zy,4]%**N. (3.14)

gESN o'eSN

The upper bound in (3.10]) follows from Jensen’s inequality and (3.12)). The lower bound in
(3.10]) follows as in the proof of [22, Lemma 2.3] after replacing p by ﬁ (namely replacing the

26%2 in the exponent of [22, Eq. (2.22) and (2.37)] with the 462k2 in (3.9)), a by ay, and using

(3.14). The motivation for the definition of xx in (3.4)) is given in the proof of |22 Lemma 2.3]
as well. 0

3.3 Capacity estimates

As a consequence of the Proposition [3.2.1] in this section we extend to our more general setting
the capacity estimates stated in [22, Theorems 1.5 and 1.6] or in Section and proved in
[22, Section 3.

Proposition 3.3.1. For any two disjoint A,B C Sy, asymptotically as N — oo

ZN cap (A B) s+2ﬁ(max1§i<j§N|EJijH—h)—&-ocN(1 + 0(1)) >1— kle_k2827 (315)
Zncapy (A, B) ~ N

and

P ZN capy (A B) e_(5+25(maxlgi<j§N‘EJij|+h)+HN>(1 4 0(1)) Z 1— k;lefk;zsz7 (316)
Zycapy (A, B) ~

where an and ky are defined in (3.3) and (3.4)), respectively.

3.3.1 Upper bound

Proof of (3.15)). This proof is similar to |22, Section 3.1].
We have the uniform bound

2
—Bloe( D, .up Jikoi+2h
—BIH (KNY—H N Zai: i#k
e BlHN (™) —Hy(0)]+ e [ ( )}+ Se26(maX1§i<j§N|]EJij‘+h)' (3.17)

—BIE[HN ()] —E[HN (o o 2
e AEHN (™) -E[HN (2)]]+ e*ﬂ[‘ﬂc(ﬁii:i;ék]EJikO'i+2h)}

+
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3.3. CAPACITY ESTIMATES

We apply the Dirichlet principle (1.12)) and replace the term E(m(+)) in [22], (3.4)] with E(Hn (-)).
Moreover, using (3.17) and the fact that the dynamics is single spin flip (see (2.1))), we obtain
the bound

Zy capy (A, B) = fénﬂifg ZNEN(S, f)

N
_ : —BHy (o) —B[Hn (c™)—Hy (0)]+ (k)y _ 2
fgl?"li‘lﬁgegs e kE_le [f(a) = f(o)]

e BHN (")) ~Hy (o)) +

—BHN (o —BE[HN (c®)]-E[Hy (0)]] (k)y _ 2
fén#fs Z ¢ kzle—mE[HN<a<k>)1—E[HN<am+e ) = flo)]

N
< min e2B(maxicici<n|BJijl+h) —BHN (o) —BE[Hy (")) ~E[Hx (o)]]+ (k)y — 2
< min o > I S £ = (o))

)

O'ESN k=1
(3.18)

where H 4 s is defined in ((1.13)) and o®) is the configuration in Sy obtained from o by flipping

(k)

the spin oy, i.e. 0,7 = oy for all ¢ # k, and U]E;k = —0.

~ Now, let f be the minimizer of the Dirichlet principle for capy (A, B). After recalling that
Hy(-) = E[Hn(")], we apply Proposition to the right-hand side of (3.18]) with

N
g(0) = e PEHN ()] 3 e PEHN (@ -EHN @+ [F(o*)) — ()2, (3.19)
k=1

and use the Dirichlet principle for capy (A, B) to obtain that there exist absolute constants
k1, ke > 0 such that for any s > 0

lim P

N—oo

ZN CapN(-A B) < [1 + 0(1)] eQB(maxngjSNﬂEJij\+h)+s+a1\1 >1— kle*k282_ (3.20)
ZNcapN(A,B) o o

O]

3.3.2 Lower bound

Proof of (3.16)). This proof follows the same idea of [22, Section 3.2]. In order to recover
capy (A, B) from capy (A, B), we use the Thomson principle ([1.16) for capy (A, B) using the
harmonic flow of capy (A, B) as test flow.

_ Recalling (1.17), denote with Dy (1)) the norm of 1 for the process (on(n))nen and with
Dy () the norm of ¥ for the (Gnx(n))nen.

We use the Thomson principle (I.16) for capy (A, B), choosing as test flow ¢ € U, 4,8 the
harmonic flow for capy (A, B) (see (1.18)). Thus, using (2.1) and the definition of the Gibbs
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invariant measure we write

1 1 1 al *)
- < Dy - 2 eBHN (o) —HN (0)]+ o8 HN (o)
ZNcapN(.A B) — ZnN QUGZS g
- Z )—E[HN (0)]] oBE[HN (0)]
O'ESN
3.21)
N Hy (e ) —Hy (o (
y e to ) Hin ol D(o, k)2 BELHN (o) Bl N ()] +

—~ eBIE[HN ()] —E[H N (o)]] +
e2B(maxi<;<j<n|Jij|+h)

< ePAN(0) BE[HN (o
- 2

ceSN

BIEHN ()]~ E[HN (o))+

HMZ

because

ok — o 2 )
eB[HN( M —Hpy(0)]+ < eﬁ[HN(U(k))—HN(U)]+ _ eﬁ |:0'k (N ZZ itk Jmm-i—?h)}_F
o—BIE[HN ()] ~E[Hy (0)]]+ — (3.22)
< e2Bmaxi<ici<n|Jijl+h) — o2B(ks+h)

Recall that, since Hy(-) = E[Hx(-)], by the Thompson principle (I.16) for cap (A, B) and
our choice of 1

1 1 =~

7 oD ~E[HN (0)])+
_ N (D) eBEHN (o) w 0,0 k))2 BIE[HN (%]~ (3.23)
Zncapy (A, B) ZN Z ;;

oESN

Now, after changing the sign of 5 (see Remark , we can apply (3.2) to the right-hand side
of (3.21]) with
N
g(o) = BN (@)] Z 1[)(0-7O—(k))Qe/B[E[HN(U(k))}*E[HN(U)H+7 (3.24)
k=1

implying =~—1

Zncapn (AB) = sesy 9(0). Thus, we obtain

Jim P (ZN&;I)N(A, B) 3 g(o) P HN@OEHN @ < 11 4 o(1)] es+aw) > 1—ke ™% (3.25)
—00

cESN

Using (3.21) and (3.23) we get

. Zncapy (A, B) 28(ky+h)+s+ k82
lim P| ———~ <1 1 7 STAN ) >1—k 28 3.26
Noso (ZNcapN(A,B) < [1+o(l)]e - 1€ ’ (3:26)
concluding the proof of (3.16)). O
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Chapter 4

Curie—Weiss model with product
coupling disorder

In this chapter we introduce and summarise the joint work with Anton Bovier and Frank den
Hollander, which appears in the paper [19], submitted in July 2021 and published in the journal
Communications in Mathematical Physics in February 2022.

Remark 4.0.1 (Notational remark). In this chapter we use notation which is consistent with
the introduction and the other chapters of this thesis. The notation in [19] is slightly different.
We provide here a list of the main differences, showing on the right the notation we use here
and on the left the one used in the paper: N w— n,o = (0;); — o = (0(i)); (spins), o(t) — o¢
(Markov process), pn(-,-) — (- ).

4.1 Setting and motivation

We studied metastable regime, metastable sets and random mean metastable exit times for the
following random modification of the Curie-Weiss model. For N € N we considered the contin-
uous time Markov process (o (t));>0 on Sy = {—1,1}"V which evolves with Glauber dynamics
with Metropolis transition rates as in and has Hamiltonian Hpy defined in . We
denoted with P, and E, law and expectation of (o(t))s>0 starting at o(0) = o, discarding the
N dependence from the notation.

In the Hamiltonian we introduced a coupling disorder, replacing the identically 1 interaction
coeflicients in the Hamiltonian of the Curie—Weiss model with a product of i.i.d. random
variables with finite support. This means that the Hamiltonian Hpy of our target model writes,
o€ Sy,

N
Hy(o)=—— > J(@)J(j)oio; — hZai, (4.1)

1<i<j<N

where h > 0 is fixed and (J(7));en is a sequence of i.i.d. random variables which have finite
support {ai,...,ar} C [0,00) of cardinality ¥ € N and law P defined through the values
{wi,...,wp} by P(J(i) = ar) = wy, for any £ € {1,...,k} and i € N. We assumed w.l.o.g.
that a1 < as < -+- < ay.

The interest in studying metastability on this model is motivated by the fact that the Hamil-
tonian in is the mean (with respect to P) of the Hamiltonian of the Ising model on a
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CHAPTER 4. CURIE-WEISS MODEL WITH PRODUCT COUPLING DISORDER

Chung-Lu-like random graph, defined by the Hamiltonian in where the coupling coef-
ficients (J;;)i; are a sequence of independent Bernoulli random variables with mean J(3).J(j).
Therefore, paper [19] provides details on the metastable behaviour of the annealed version of
the Ising model on a Chung-Lu-like random graph. Thus, thanks to [I9], the latter became
an example of model to which apply the results appeared in paper [20] (see Chapter . This
example is particularly relevant because it is the first, to the best of our knowledge, in which
the annealed model has an Hamiltonian with random interactions ((J(7));en in are random
variables) and its metastability has been studied in detail.

4.2 Results

4.2.1 Metastable regime

As we explained in Section [I.1.1]an important quantity of interest in the study of metastability
is the regime of parameters in which the system exhibits metastable behaviour, the metastable
regime. In [I9] the parameters are (3,h) € (0,00) x [0,00) and the metastable regime has the
form 8 € (B¢, 00),h € [0, he()). We recall that the metastable regime of the Curie—Weiss model
is B € (1,00), h € [0, he(B)), where h, is an increasing function of § defined explicitly for instance
in 19, Eq. (A.13)].

-1
We found the value of the critical inverse temperature 5, = {Zlgzl a?wd and the following
limits of the continuous critical external magnetic field h. : (5., 00) — R

/—1
lim h.(8) =0, lim h.(8) = min (Z ap Qp Wpr — Z ap agp WW) , (4.2)

BLBe B—ro00 86 [k]* =1

where ming¢,)- is the minimum over all £ € {1,...,k} such that the quantity in brackets is
positive. Moreover, in [20, Lemma 3.6] we proved the upper bound

sup  h.(B) < ( max ag>2agwg (4.3)

BE(Be,o0) te{l,...k

Contrary to what we expected and what holds in the Curie-Weiss model, h.(-) is not nec-
essarily an increasing function. In other words this is equivalent to the presence of a so-called
“re-entrant” phase transition, meaning that there exist three values 8. < 1 < B2 < 3 and a
h > 0 such that the pairs (81, h) and (83, h) are in the metastable regime, while (82, h) is not.
Finding analytical proof of this fact was too complicated, but we found an explicit numerical
example of that (see [19, Appendix C] for details).

Noteworthy, similarly to what stated in [I2, Lemma 7.4] for the random field Curie—Weiss
model, the metastable landscape has an underlying 1-dimensional structure, meaning that the
critical points of the k—dimensional free energy, which are relevant for the metastable behaviour,
correspond to the critical points of a 1-dimensional function. The reduction to a 1-dimensional
problem explained below in the proof summary motivates this fact at an intuitive level.

Furthermore, we found numerical evidence of the presence of multiple metastable states, for
some choice of parameters and law of the coupling coefficients (see [19, Appendix B]). Hence,
we conjectured that for any finite k, and any ¢ € {0,1,...,k} there exist a pair (8, h) and a law
‘P such that the free energy has exactly 2¢ + 1 critical points. Thus, due to the 1-dimensional
structure, if £ > 1, there would be £+ 1 metastable magnetisations separated by ¢ saddle points.
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4.2.2 Metastable exit time

We summarise here in words the main results concerning metastable exit times which can be
found in [19, Theorems 1.1, 1.2, 1.3]. Recall Remark

In [I9] Theorem 1.1], we found an explicit expression, precise to order 1, of the random mean
metastable exit time, namely the time it take to the process o(t), starting in a configuration
within a metastable set, to hit a metastable set with lower free energy (i.e. more stable). Exactly
as in [I8, Theorem 10.9], it turns out to be exponential in NV with a prefactor of order constant.
The exponent is proportional to the inverse temperature 8 times the (random) free energy gap
between the metastable starting set and the saddle point. Our result holds the same hypotheses
of [I8, Theorem 10.9], in the metastable regime, uniformly in the starting configuration within
the metastable set and with P-probability tending to 1.

Since the Hamiltonian is random, also the free energy appearing in the exponent of the mean
metastable exit time is random. In [I9, Theorem 1.3] we gave a characterisation of that random
free energy gap. It turns out to be equal, in distribution, to its deterministic limit plus a random
correction term, which is LN times a centered normal random variable. The variance of this
Gaussian random variable can be explicitly computed and depends in a complicated way on the
values {a1,...,a;} and {wi, ..., wi}.

Furthermore, with P-probability tending to 1, as in [I8, Theorem 10.11], the considered
metastable exit time divided by its mean turns out to be exponentially distributed ([19, Theorem
1.2]).

4.3 Main ideas of the proofs

4.3.1 Preliminary model reduction

The product structure of the random coupling coefficients simplifies very much the model, be-
cause the randomness depends on single spins and not on pairs of spins (or edges). Indeed, one
can rewrite the Hamiltonian in (up to add the diagonal term which is a constant shift) as
follows, for o € Sy

A 2 N
Hy(o) = ~oN (Z J(i)cri> - hZO'Z'. (4.4)
i=1 i=1

Hence, a model reduction is possible through a finite coarse-graining as explained in Sec-
tion We defined the random level sets Ay n, ¢ € {1,...,k} as in (1.40) (replacing V(z)

with J(i)). Then we set the level magnetisations my (o) = (mg,N(U))EE{1 Ly to be the average

of spins in Ay n, namely for £ € {1,...,k} and 0 € Sy

1
myn(0) = —— Z g;. (4.5)
|AE,N’ Z‘eAZ,N
Thus, my (o) takes values in the set
_ _ 2 2
In= X Ten,  Ton={-1-1+p2 ... 1- 21} (4.6)
Le{1,....k}
Using this notation and abbreviating wy v = ‘A]Z\’,N’ , one can rewrite the Hamiltonian as follows
1 [k 2 k
Hy(o) =—=N B (Z agwe, N m&N(a)) + th&N myn(o)| = NEn(mpn(0)). (4.7)
(=1 (=1
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CHAPTER 4. CURIE-WEISS MODEL WITH PRODUCT COUPLING DISORDER

Then it is clear that Hy depends on the configurations o € Sy only through the magnetisation
my (o)

Remark 4.3.1. In [18, Section 14.4] a very similar coarse-graining is carried out for the random
field Curie—Weiss model. The only two differences are in the notation and in the rescaling in
the definition of my N , which is % in [18]. The choice of the rescaling affects of course the
set 'y, but consistency with the choice yields the same results.

From (4.7) and the fact that, for any two 0,0’ € Sy satisfying my (o) = my(c’), the sets
my' (o) and my'(0’) have the same cardinality, one proves that the process (o(t))i>o is lumpable
(see Section [1.6.2)) with respect to the map my : Sy — I'y. Hence, we studied first the lumped
process, namely the Markov process on I'y with transition probabilities

k
/ 1-— 1
FN(m,m') _ e—BN[EN(m )—En(m)]+ Z ’AE,N| [ 2m€ ]l(m/ _ mf,-‘,—) + + my ]l(m/ _ mf,—)
/=1
(4.8)
for any m € 'y and m’ € T'y equal to m in all component but one, say ¢ € {1,...,k}, in which

2
[Ane]’
capacities and invariant measure at the magnetisation level, we proved our results on Sy using
the properties presented in Section [1.6.2]

For later reference we add here few more details on the lumped process. With the nota-
tion Sy[] introduced in Section its invariant measure is the Gibbs measure Qn(m) =
un(Sn[m]) = %e_BNFN(m), m € I'y, where Fy(m) is the free energy given by

1 (& k 11 P A
FN(m):_i Zaz&)g,]\]mg —hz w€7ng—EN10g }T 1+2m£’A£N‘ . (49)
=1 ’

/=1 /=1

my = my £ All other transitions have zero probability to occur. Then, after estimating

2

4.3.2 Metastable regime

Since we were interested in the large volume setting and motivated by [I8, Theorem 10.6],
we studied the metastable regime at the limit NV — oco. Differentiating the limit of the free
energy ([4.9), we obtained the following system of equations for the k-dimensional critical points

m = (me)ee{l,.u,k}

k
my = tanh <,6 [CL[ <Z Qg Wer mZ/> +h

=1

>, tefl,... k) (4.10)

Looking at (4.10f), we noticed that a further reduction is possible. Indeed, any solution m €
-1, 1]’“ of the system of equations in (4.10)) is characterised by the 1-dimensional quantity

k
K:K(m) :Zagngg. (4.11)
(=1
Thus, (4.10) reduces to the 1-dimensional fixed point equation
k
K=T3,(K), Tap(K)=>_ apwy tanh(Bla;K + hl). (4.12)
(=1

Therefore, since (4.12]) characterises the critical points of the free-energy, we obtained our results
on the metastable regime by studying the conditions for T3 (K’) to have more than three fixed
points not tangent to the diagonal.
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4.3. MAIN IDEAS OF THE PROOFS

4.3.3 Mean metastable exit time

We recall that, by lumpability and model reduction described in Section we focused on
the Markov chain on I'y with transition rates in . In [19, Hypothesis 1] we imposed on
free energy the same assumptions in [I8] Section 10.1]. Thus, we used the techniques explained
in [I8, Chapter 10] which have already been applied in a similar way in [I8, Chapter 14] to
the random field Curie-Weiss model. Our contribution in this part was to find that a slightly
modification of the matrix By was needed to adapt the methods of [I8, Chapter 10] to the
random interactions and to the continuous time setting.

We summarise here the main idea of the proof on the mean metastable exit time, which
follows the line of proof of [I8, Theorem 10.9]. We used the potential-theoretic approach to
metastability, in particular . For estimates of the numerator in we used Taylor
expansions, [I8, Lemma 10.12 and Eq. (10.2.33)]. In [19, Section 5] we provided estimates of
the capacity at the denominator: we used the Dirichlet principle for the upper bound and
the Berman-Konsova principle for the lower bound, as explained in [I8, Sections 10.2,
10.3]. Matching upper and lower bounds were obtained via the construction explained in [I8|
Sections 10.2] and implemented in [19, Section 4]. The procedure consists in two steps: first
define a suitable function § to be used as test function in the Dirichlet principle and to build
the test flow for the Berman-Konsova principle, second construct a linearised approximated
dynamics, whose Dirichlet form E (+,-) in g could be explicitly computed. That will be used as
an approximation of the original £(g, ) in the Dirichlet principle.

The exponential law follows directly applying [18, Theorem 8.45].

The characterisation of the random exponent followed from a computation which uses mainly
the Central Limit Theorem for the quantity wy ¢ (defined below ) and the equations char-
acterising the critical points of the free energy.

4.4 Contribution

I carried out the detailed computation for the proofs of the main theorems, finding that few de-
tails of well-known had to be adapted to study metastability in our model of interest. Moreover,
I largely contributed in finding the metastable regime. Since the number of metastable points
and the properties of the critical curve . were not clear to us, as they depend in a complicated
way on all the parameters involved I used the software Mathematica® to produce some plots,
some of which appeared in [19, Appendices B,C]. These allowed us to understand better the
behaviour of the model and to have numerical evidence of two facts: the presence of multiple
metastable states for some choices of (3, h) and the re-entrant phase transition for some choices
of the distribution of J(-). Finally, I contributed in typing and structuring the paper.
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Chapter 5

Ising model with inhomogeneous
coupling disorder

In this chapter we summarise the content of the preprint [20]: Metastability of Glauber dynam-
ics with inhomogeneous coupling disorder, joint work with Anton Bovier, Frank den Hollander,
Elena Pulvirenti and Martin Slowik. The preprint was submitted to arxiv.org/in September
2022.

5.1 Setting and summary

We fixed an abstract probability space (2, F,P) and fix G a sub-o-algebra of F. The model we
considered is a continuous time Markov process (Xx(t))i>0 with state space Sy = {—1,+1}V,
modelling a spin system of size N, evolving with Glauber dynamics (defined in Section ,
determined by the Hamiltonian Hy in . We took the coupling coefficients (J;;)i; in Hy
to be uniformly bounded random variables (i.e. there exists k; > 0 such that |J;;| < k; for all
i,7 € N) that are independent conditionally to the given o-algebra G. We denoted with Pg a
regular conditional distribution for the sequence (J;;);; with respect to G, and with Eg and Varg
the expectation and the variance with respect to Pg.

We proved two theorems which compare the metastable behaviour of this model (called
quenched) with the one of the model (called annealed or averaged) with Hamiltonian Hy in which
the coupling coefficients (J;;);; of the Hamiltonian Hy are replaced by their conditional mean
EgJi; (see ) Our strategy is based on the potential-theoretic approach to metastability.
In addition, we used the McDiarmid’s inequality and results and techniques from Schlichting
and Slowik [68].

5.2 Examples

Our results are very general. They apply to a wide class of Ising spin systems on (possibly
inhomogeneous) random graphs, in which the presence of the edges is independent. Of particular
interest, due to the rescaling of the interaction term, is the case of dense random graphs.

A first example is the randomly dilute Curie-Weiss model, which is an Ising model on an
Erdés—Rényi random graph with edge probability p. It is obtained by taking (.J;;);; distributed
as i.i.d. Bernoulli random variables with fixed mean p € (0,1). Its metastability was studied
already in [22] (see Chapter [2)), which we extended, and earlier in [50].
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Taking instead the coupling coefficients (J;;)i; distributed as independent Bernoulli random
variables with (random) mean J(7).J(j), with (J(7));en i.i.d. random variables which have finite
support, leads to the Ising model on a Chung—Lu-like [28] random graph. The metastability of
that model can be effectively studied using our results and the information about the metastable
behaviour of its annealed model which we studied, for this very purpose, in [I19] and explained
in Chapter [4]

Our general model includes many randomly diluted models. With our results their metastable
behaviour can be studied by comparing it with the one of the corresponding undiluted models.
An example in this category is the randomly diluted Hopfield model. It is obtained by taking as
(Jij)ij the usual coefficients of the Hopfield model multiplied (namely diluted) by i.i.d. Bernoulli
random variables with mean p, and as G the o-algebra generated by the coupling coefficients of
the Hopfield model. In spite of the fact that the metastable behaviour of the undiluted Hop-
field model is not known yet (except for a small regime of parameters), this example is already

relevant as it motivates why we chose to study the general case of conditional averaging (see
discussion in Section [5.5)).

5.3 Results

In the first theorem ([20, Theorem 2.10]) we provided conditions for metastability. More pre-
cisely, we proved that if, for some k; > 0, the annealed model is e %" -metastable with respect
to a finite number of sets (in the sense of Definition by Slowik and Schlichting [68]), defi-
nitely in N with probability 1, then the quenched model is e~“N-metastable for any ¢ € (0, k1),
definitely in N with probability 1, with respect to the same metastable sets of the annealed
model.

In order to give estimates on metastable exit times, we required a non-degeneracy hypothesis
([20, Assumption 2.11]), similar to the one in [I3], Definition 1.2}, as in [68, Theorem 1.7], and
assumed in addition the annealed model to be e ¥1¥_-metastable definitely in N with probability
one.

Let iy be the invariant measure of the annealed model. We fixed as starting set Ay, one
of the metastable sets (satisfying the non-degeneracy assumption), and as target set By, the
union of all metastable sets which have measure jiy not smaller than iy (Ay). Here, following
the notation in [20], we denote with PY the law of (Xx(t))i>0 starting in o € Sy, and with

E,]/\;N By the mean with initial distribution v 4, 5, . Note that the same quantities were denoted

instead by IP’Z,V and IEIJJVN in Section Moreover, quantities with a superscript ~ will refer
‘AN*BN

to the annealed model (namely they are defined via the Hamiltonian Hy).
For the reasons explained in Section in our results the starting distribution of (X (%))¢>0
is always the last-exit biased distribution

un (o) PY (< 7X,)
Vay By (0) = N NN oe A (5.1)
Yoedy 1N (o) (TBN < TAN)

as it is defined in (1.11)).
Therefore, the mean hitting time El],\;N By [TéVN] studied in our second theorem is the mean

metastable transition time from the set Ay (with distribution v4, s, ) to one of the more stable
metastable sets.
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We are ready to present in detail the results of |20, Theorem 2.13]. In the first part of the
theorem we provided the following estimates on tails, which are formulated similarly to the ones
in [22, Theorem 1.4]. For t > 0, P-a.s.,

El]/\.,[A B [Tév]\]} 2 2 28k 2
lim Pg [ e !7oN < AN L < etH2aN | > et/ (PR (5.2)
N—roo UAn B [TB }
NBN N
where
5 S Vi 53)
aN = PYND) Var Jij . 5.3
2N ,5=1
1<j

Notice that, in the case of (J;;); i.i.d. Bernoulli random variables with fixed mean p, namely for
the randomly dilute Curie-Weiss model, ay is exactly « defined in ([2.4)), as in [22] Theorem 1.4].
The result in (5.2) shows that the mean metastable exit time E}Y [TéVN] is mainly con-

— VAN By
centrated around Eé\;N - [%VN] (the corresponding quantity for the annealed model) up to
multiplicative constants and random prefactors which are concentrated as exponential of sub-

Gaussian random variables (see (22.5)) for a definition).
In the second part of [20, Theorem 2.13] we showed that the ¢-th conditional moment of

the mean metastable exit time Ei\; 5 [Tl]g\] } is P-a.s. bounded both from above and below
N N>BN N
by constants times El{lYAN!BN [%éVN]. More precisely, we proved that for any fixed ¢ > 1 and
c € (0,00),
1/q
Eg |EYN N 11 (w
e—OcN (1 _ L) S |: NAN,BN[ BN] :| S e4an (1 + L) (54)
VN EY. [T (W) VN
N:BN N

holds, definitely in N for P-almost every w € €2, where ay is defined in (5.3)).

5.4 Summary of the proofs

5.4.1 Key idea: control set on the Hamiltonians

One of the main issues in our proofs was the control on the quantity |Hy(-) — Hy(-)|, which is
random and might very well be huge for some realisations of the random coupling coefficients.
Our strategy to overcome this problem consists in defining the set Z(ay) ([19, Eq. (3.1)]) as
the subset of Q in which that quantity is uniformly bounded by a positive real ay. Then we
proved fine estimates within Z(ay). On the complement Z(ay)¢ we were able to obtain only
rough estimates. However, choosing suitably the sequence (an)nen (for instance to be of order
V/N) yields nice estimates within the set Z(ay) and makes P(Z(ay)¢) vanish sufficiently fast as
N — oo for our rough estimates within Z(ax)¢ to be precise enough in the limit.

5.4.2 Proof of metastability

By applying the Dirichlet principle, we proved the result on metastability [20, Theorem 2.10]
on the intersection of the set Z(ay) (with some (ax)yen of order v/N) and of the set where
metastability of the annealed model holds. We proved the asymptotic result using Borel Can-
telli’s lemma together with the assumption of metastability definitely in N of the annealed
model.
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5.4.3 Mean metastable exit time estimates
Capacity and harmonic sum

The first step in the proof of [20, Theorem 2.13] consists in writing the mean hitting times
as a ratio of harmonic sum and capacity, using , as usual within the potential-theoretic
approach. Hence, we first focused separately on estimating those two quantities, then combined
them, and finally took the limit N — oco: only there, at the very end, we used that the annealed
model is assumed to be metastable definitely in N with probability 1.

Two types of estimates

We computed the following two kinds of estimates both for capacities and harmonic sums, more
precisely in the next formulas, both for Yy = Zy capy(X,)) (for any two disjoint X', C Sy)
and Yy = Z N”h%N,BN | un- As we shall see later the estimates on the latter will hold only when
the process (Xn(t)):>0 is metastable, with the ones on the capacities hold on the whole Q.

We use the ~ notation as mentioned above.

1. Concentration estimates of sub-Gaussian type of the logarithms, i.e. bounds of the follow-
ing form, with explicit ¢ > 0, for any t > 0

Pg|[log Y — Egllog Yi]| > t] < 2¢7 + o(N). (5.5)

The right most term (vanishing for N — oo) on the right hand side of (5.5) is not present
for the capacity estimates.

2. “Annealed estimates”, namely estimates comparing conditional means of quantities of the
quenched model with quantities of the annealed model. Two types of annealed estimates
are needed:

o Difference of logarithms (needed for the result on the tails (5.2)):
Eg[log Yn] — log Y. (5.6)

We proved that the quantity in (5.6 for the capacity is equal to apv ([5.3]) in absolute
value and with an error of order Tlﬁ’ while for the harmonic sum it is contained in

[0, ] with an error of order +;

o Ratios of powers (needed for the result on the moments (5.4])). For any ¢ € [1,00)
there exists a ¢ € (0, 00) such that

—an C Eg [Y](\ﬂ v qoN ¢
e (1_W>§T§e <1+m>, (5.7)

where u = % for the capacities and u = 1 for the harmonic sum, and the constant ¢
is different in the two cases. ay is defined in ([5.3)).

Combining estimates of these two types, which hold for any finite N € N sufficiently large, and
taking the limit N — oo yields our final results.
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Two main technical tools

McDiarmid’s inequality. The main tool used to prove both concentration inequalities is
the McDiarmid inequality. Its conditional version provides almost sure sub-Gaussian type con-
centration for functions of conditionally independent random variables which satisfy a bounded
differences condition. The exact statement can be found in [20, Appendix A].

The fact that, contrary to Talagrand’s concentration inequality used in [22], no convexity is
required allowed us to prove concentration directly on logarithms of capacities, whose convexity
is hard to prove. In addition, remarkably, the constants in this inequality are given explicitly,
which is an improvement compared to [22].

Invariant measure and transition rates. In [20, Lemma 4.2] we proved two results. First,
the conditional expectation of invariant Gibbs measure is equal to e*¥ times the invariant Gibbs
measure of the annealed model. Moreover, the conditional expectation of the transition rates of
the quenched model is equal to e*V¥ times the invariant Gibbs measure and the transition rates
of the annealed model. These results hold up to an error vanishing in N. In the proofs we used
conditional independence and boundedness of (J;;);;, Taylor expansions and Jensen’s inequality
(E[¢(X)] > ¢(E[X]) for integrable real random variables X and convex real functions ¢).

Capacity estimates

The capacity estimates we provided do not require any assumption on metastability and hold
for any pair of disjoint sets X', C Sy. Moreover, in the proofs we did not use the set E(ay).

We proved concentration by applying McDiarmid’s inequality, using the hypothesis
of conditional independence of the sequence (Jj;);;. The required bounded differences for
log (Zn capy (X, ))) were proved using boundedness of the coupling coefficients and the Dirichlet
principle .

To prove the annealed estimates ((5.6),(5.7)) we used [20, Lemma 4.2], Dirichlet and Thom-
son principles, together with Jensen’s inequality. For we used also Minkowski’s
inequality (E[(X + Y)9)Y/¢ < E[X9]'/ 4 E[Y9]'/9, for any ¢ € [1,00) and any two g-integrable
random variables X,Y).

Harmonic sum estimates

We stress that all the estimates we proved for finite N for the harmonic sum hold, contrary to
the generality of the capacity estimates, only in the subset of €2 in which the annealed model is
metastable for that N.

The core of our harmonic sum estimates and main novel technique of this paper (together
with the idea of Z(ax) and the use of McDiarmid inequality) is [20, Proposition 5.2], which
strongly relies on definitions and results of Schichting and Slowik’s [68]. In this proposition
we proved that, on the event Z(ay), the harmonic sum of the quenched model localises on
the metastable valley of Ay (see Definition , if the annealed model is metastable, ay is
sublinear in N and N is large enough. In order to prove this we followed mostly the line of proof
of |68, Lemma 3.3] which uses reversibility, [68, Lemma 3.1] and the non-degeneracy assumption.
This is the only point in which we used that assumption.

Similarly to the capacity case, to show concentration ([5.5) we proved first bounded dif-
ferences, using the localisation of the harmonics sum on Z(ay) for some ay of order v/N, in
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addition to boundedness of the coupling coefficients. We concluded the proof by McDiarmid
inequality using conditional independence of (J;;);;.

To prove the annealed estimates ((5.6),(5.7)), in addition to the localisation of the harmonic
sum on Z(ay) for some ay of order V/N, we applied [20, Lemma 4.2], together with Jensen’s
and Minkowski’s inequalities.

5.5 Discussion

This paper represents a large development in the study of sharp asympotics on metastability
of systems in inhomogeneous random environments. Before our paper this field was largely
unexplored mainly due to technical difficulties in the computation of harmonic sums. These
problems are related to the fact that those models are not lumpable because the inhomogeneity
involves pairs of spins and thus the Hamiltonians depend highly on every spin and on the
realisation of the random environment. Dealing instead with inhomogeneity on single spins, as
in the random field Curie-Weiss model or the “separable” model studied in [19] (see Chapter
(4.4)), is much easier via coarse-graining techniques (see Section [1.6.1]).

The generality of our theorems is remarkable because in the literature most results for
metastability in random environments are given for specific models. The breakthrough to achieve
this generality was given by the results by Schlichting and Slowik in [68], which allow one easier
and much model independent estimates of the harmonic sum which was the bottleneck in the
application of the general potential-theoretic approach (in particular formula .

We conclude our discussion explaining why we dealt with conditional independence and
expectations, instead of the simple ones as in [22]. We made this choice for our results to hold
for a wide class of models, including randomly diluted models. Looking at the example of the
randomly diluted Hopfield model (RDH) helps visualising why. One would like to compare
RDH with the undiluted Hopfield model, which has random interaction coefficients which are
not independent. Conditioning to a non-trivial o-algebra in our setting had two consequences.
Defining the annealed model using a conditional mean on the random couplings allowed us
to average only partially on the randomness of interaction coefficients. Thus, we obtained an
annealed model which is “less random” than the quenched but not necessarily fully deterministic,
as it was in [22], where the annealed model was the Curie-Weiss model. Moreover, assuming
conditional independence of the interaction coefficients allowed us to include models whose
dilution terms are independent but the coupling coefficients of their annealed version are not.

5.6 Contribution

I largely contributed in merging two independent original projects which dealt with the randomly
dilute Hopfield model and with the Ising model on inhomogeneous random graphs, respectively,
and in obtaining the current general formulation which includes both models. Moreover, I gave a
contribution in structuring of the paper, writing introduction, explanations and remarks. I also
helped in checking, simplifying and writing hypotheses and proofs, especially for metastability
and harmonic sum estimates.
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Chapter 6

Summary

This Ph.D. thesis contains results on metastability of a large class of Ising-like spin models with
random interaction coefficients, obtained using the potential-theoretic approach.

We started this thesis with a basic introduction to the phenomenon of metastability, which
included two formal definitions and a brief overview of the main approaches used to study it.
Subsequently, we focused on the potential-theoretic approach to metastability, established by
Bovier, Eckhoff, Gayrard and Klein starting with the paper [12]. We gave a sketch of the first
developments in the approach and provided essential elements of potential theory. The most
relevant quantities are capacity and equilibrium potential. We presented the main formulas we
used in our research, including some well-known variational principles characterising capacities,
which represent a core element in the potential-theoretic approach.

We proceeded by introducing the Ising and Curie-Weiss models. After providing a brief
review on the origin of the models for describing ferromagnetism, we dived more into detail
of their mathematical formulation. This set the basic ground for presenting our models of
interest and our results. Afterwards, we mentioned some previous related work which constitutes
the context of our research. We concluded the introductory chapter presenting two relevant
techniques, coarse-graining and lumping, which were essential at various levels in this work.

In this thesis we summarised the work contained in three papers. The first two papers have
been published, while the third one has appeared only on arxiv.org as a preprint and it has
not been peer-reviewed yet:

1. [22) Metastability for the dilute Curie—Weiss model with Glauber dynamics, joint work with
Anton Bovier and Elena Pulvirenti;

2. [19] Metastability for Glauber dynamics on the complete graph with coupling disorder, joint
work with Anton Bovier and Frank den Hollander;

3. [20] Metastability of Glauber dynamics with inhomogeneous coupling disorder, joint work
with Anton Bovier, Frank den Hollander, Elena Pulvirenti and Martin Slowik.

Furthermore, we added an unpublished slight extension of some techniques used in [22].

In our papers we studied metastability of random modifications of Ising models. More in
detail, we studied reversible Markov processes which model the evolution of spin systems of
size N, which are immersed in a constant external magnetic field at fixed temperature. These
Markov processes evolve with Glauber dynamics (with Metropolis transition rates), which allows
only one spin to flip at a time, and have a Gibbs measure as invariant measure. Our results
hold for systems of large size.
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The Hamiltonian which characterises our models of interest is a random modification of the
Ising model Hamiltonian. We modified only the spin interaction. We took random, possibly
inhomogeneous, interaction coefficients (J;;)i;, with a % rescaling as in the Curie—Weiss model,
to avoid the Hamiltonian to attained values larger than order N. The only earlier work in which
metastability of these models was studied is den Hollander and Jovanovski’s [50].

A peculiar feature of these models is the presence of more than one level of randomness. The
first one, present also in the Curie-Weiss and Ising models, is the randomness of the Markov
process which is by definition random. An additional level is added by having random coefficients
in the Hamiltonian, which characterises the transition rates of the Markov process. Depending
on the definition of the random coefficients, more randomness could be added, e.g. using random
coefficients having random mean. Such cases are included in [20].

The Hamiltonian depends highly on all the spins in a configuration because the randomness
is placed in its interaction terms (namely “on the edges”, if we think in terms of the interaction
graph). Hence, in most cases coarse graining techniques cannot be applied and, even if the
random coefficients have finite support, the models we consider are usually not lumpable. For
these reasons well-established techniques, which rely on model reduction, cannot be used and
studying metastability of those models directly is very difficult.

To overcome these problems, our main strategy in [22] and [20] consisted in studying those
models by comparison with simpler models, meaning models which have less randomness in their
Hamiltonian. Indeed, we compare the metastable behaviour of models which have interaction
coefficients (J;;);; with the one of models with interaction coefficients (E[J;;])i;, where E is some
(possibly conditional) mean. Our results show how close these two behaviours are for large
systems.

We conclude this summary with brief reviews of the results presented in the central chapters
of this thesis.

Review of [22] and partial extension

As summarised in Chapter [2| in the first paper [22] we studied the metastable behaviour of
the randomly dilute Curie-Weiss model (RDCW), which can be seen as the Ising model on the
Erdds-Rényi random graph, with fixed edge probability p € (0,1). In this case the interaction
coefficients are i.i.d. Bernoulli random variables with fixed mean p, multiplied by %. We com-
pared this model with the well-known Curie-Weiss model (CW), whose Hamiltonian is the mean
of RDCW. Assuming metastability of the Curie-Weiss model, we provided asymptotic estimates
on the mean time it takes to the RDCW, starting in the metastable set of the CW with last-exit
biased distribution, to hit the stable set of CW. This quantity can be written as a product of the
corresponding well-known deterministic mean hitting time of CW times a prefactor. We proved
that, asymptotically as N — oo, this prefactor is bounded by terms of order constant times the
exponential of a sub-Gaussian random variable.

Den Hollander and Jovanovski studied in [50] the same model and quantities, using the
pathwise approach to metastability. They proved a weaker result on the random prefactor:
they showed that it is at most polynomial in N. However, their result is uniform in the initial
configuration within the starting set.

Following the potential-theoretic approach, to obtain our estimates we first wrote the mean
hitting times as a ratio of harmonic sum and capacity. The main novelty in our paper consists in
writing capacity and harmonic sum in terms of the corresponding deterministic quantities of the
Curie-Weiss model and in being able to isolate and characterise the random correction term.
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In order to do that we estimated a generalised partition function, involving the difference of
the Hamiltonian of RDCW and CW. Using Talagrand’s concentration inequality and a second
moment method, established as well by Talagrand, we proved that the generalised partition
function is a product of an exponential of a sub-Gaussian random variable and an order constant
factor.

We concluded our proofs using this fact together with well-known methods. Upper and lower
bounds on capacities were obtained via Dirichlet and Thomson principles, using as test function
and test flow the optimal ones of the Curie-Weiss model. To estimate harmonic sums we used
the technique by Bianchi, Bovier and Toffe [7], which consists in proving that the most relevant
terms of the harmonic sum are concentrates around the local minimum of the Curie-Weiss model
free energy.

The unpublished work presented in Chapter [3|extends the results on the generalised partition
function to a more general setting. This extension yields, together with Dirichlet and Thompson
principles, to bounds on general bounds on capacities similar to the ones obtained in [22].
However, it is important to stress that these results are of no help to estimate harmonic sums.
Hence, more sophisticated techniques are needed to fully extend [22], as was done later in [20].

Review of [19]

In our second paper [19], summarised in Chapter 4} we studied metastability of the averaged (or
annealed) model of the Ising model on a Chung—Lu-like random graph. The interaction coeffi-
cients of the latter model are independent Bernoulli random variables with mean the product of
weights on vertices. Thus, in [19] we considered a model with product interaction coefficients.
More in detail, we choose J;; = J(i)J(j), where (J(%))ien is a sequence of i.i.d. random variables
with finite support.

The interest in studying metastability of this model comes from the project of extending the
results of the first paper [22] to the Ising model on further random graphs. Such an extension,
carried out later in [20], allows one to have information about metastability of the Ising model on
a random graph from knowledge on the metastable behaviour of its averaged model (the model
obtained averaging its Hamiltonian). Thus, [I9] makes the Ising model on a Chung-Lu-like
random graph a new example of model to which the results in [20] can be effectively applied.
Notice that this example is more interesting that the one of the Ising model on Erdés-Rényi
random graph because of the inhomogeneity of the interactions and the double randomness of
the averaged model.

In [19] we proved results on metastable regime, mean metastable exit times and distribution
of the metastable exit times.

Studying the mean metastable exit times and their distribution was done with well-known
techniques which explained in the monograph by Bovier and den Hollander [I8, Chapters 9, 10,
14] and were used already by Bovier, Eckhoff, Gayrard and Klein [12, 13]. Besides providing a
new example of their application, the contribution of this part of the paper consists in adapting
those methods for use on models with random interactions and in continuous time.

Besides this, which is standard, we managed to characterise asymptotically, up to order
constant, the leading randomness of the exponent in the mean metastable exit time. We proved
that it is equal, in distribution, to its deterministic limit plus \/% times a centered normal
random variable, whose variance can be explicitly computed.

The most interesting results in [19] are related to the metastable regime. We found the critical
inverse temperature, and limit and upper bound of the critical external magnetic field. Moreover,
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we showed numerically that, in some cases, the system presents multiple metastable states, up
to k + 1, where k is the cardinality of the support of J(-). Furthermore, we found numerical
evidence of a re-entrant phase transition. This means that the critical external magnetic field
can be not increasing, which, for instance, does not happen in the Curie—Weiss model.

These results show that the metastable regime and its analysis become more complicated
already when a simple product structure disorder is added to the system. As a consequence, we
infer that the development of new more accurate and computationally efficient techniques might
be needed to analyse in detail more complicated systems.

Review of [20]

As summarised in Chapter [5} in our third paper [20] we studied metastability of a large class of
Ising-like models, extending the results obtained on the Ising model on an Erd6s—Rényi random
graph in our first paper [22]. In [20] the interaction coefficients are assumed to be independent,
conditionally to a given o-algebra G, and uniformly bounded. The models considered include
Ising models on (dense) random graphs, with independent edge probabilities, like the Ising
models on Chung—Lu-like random graphs and on the Erdés—Rényi random graph, and randomly
diluted models, like the randomly diluted Hopfield model.

Our results compare the metastable behaviour of a model, called quenched model, with the
one of its averaged (or annealed) model, asymptotically in the size NV of the system. The annealed
model is the model obtained by averaging (conditionally with respect to G) the interaction
coefficients in the Hamiltonian of the quenched model.

We proved three results. First, if the annealed model is metastable with respect to some sets,
then the quenched model is metastable with respect to the same sets. In addition, we wrote the
mean metastable exit times of the quenched model as the same quantity of the annealed model
times a prefactor, which we proved to be asymptotically of order constant times the exponential
of a sub-Gaussian random variable. These estimates are similar to the ones in [22] for the
particular case RDCW, with the advantage of explicit constants. Furthermore, we estimated
upper and lower bounds of order constant on the conditional moments of the mean metastable
exit of the quenched model divided by the mean metastable exit time of the annealed model.

We stress that in [20] we use the definition of metastability given by Schlichting and Slowik
in [68] and continue this review by mentioning the techniques used in our proofs.

After applying the standard formula to write the mean metastable exit times as harmonic
sum divided by capacity, our strategy consisted in finding two types of estimates on both those
quantities. We proved concentration estimates and so-called annealed estimates (comparing
conditional mean of a quantity of the quenched model with the same quantity of the annealed
model).

In this paper, in addition to well-established variational principles for capacities and standard
inequalities, we used the following three innovative techniques.

The main tool used to prove concentration inequalities is a conditional version of McDi-
armid’s inequality, which has milder hypothesis and higher precision than the Talagrand’s in-
equality used in [22] for similar purposes.

Moreover, for results on metastability and estimates on the harmonic sum we used the
following scheme to overcome difficulties on controlling the random difference of the annealed
and quenched model Hamiltonians. We first proved fine results for finite large N on a specific
control set, in which that difference is bounded by an N-dependent sequence. For diverging
sequences, the probability of being in the control set tends exponentially fast to 1 in limit
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N — oo. Thus, choosing suitably that sequence, very rough estimates on the complement of
the control set turn out to be sufficient to obtain sharp results in the limit.

Furthermore, to estimate the harmonic sum we widely used the results and model-independent
techniques by Schlichting and Slowik [68]. The key point is the localisation of the harmonic sum
on the valley of the starting metastable set. The generality and precision of our results in [20]
show how powerful their methods are for finding estimates on the harmonic sum, which were
the main issue in studying metastability of non-lumpable spin system.
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Appendix A

Publication: Metastability for the
dilute Curie-Weiss model with
Glauber dynamics

This appendix reproduces exactly the content of the paper [22] with title “Metastability for
the dilute Curie-Weiss model with Glauber dynamics”, authored by Anton Bovier, Saeda
Marello and Elena Pulvirenti, and published in Electronic Journal of Probability, Institute of
Mathematical Statistics and Bernoulli Society, 2021, 26, 1-38, https://doi.org/10.1214/
21-EJP610.

This paper was summarised in Chapter

A.1 Introduction and main results

The randomly dilute Curie-Weiss model (RDCW) is a classical model of a disordered ferromag-
net and was studied, e.g. in Bovier and Gayrard [15]. It generalises the standard Curie-Weiss
model (CW) in that the fixed interactions between each pair of spins is replaced by independent,
identically distributed, random ferromagnetic couplings between any pair of spins. In Bovier
and Gayrard [I5] it is proven that the RDCW free energy converges, in the thermodynamic
limit, to that of the CW model, under some assumptions on the coupling distribution. Their
result relies on the fact that the RDCW Hamiltonian can be approximated by that of the CW
model up to a small perturbation which can be uniformly bounded in high probability. In the
last decade the RDCW model have gained again some attention and various results at equilib-
rium have been proven, both in the annealed and quenched case. De Sanctis and Guerra [31]
give an exact expression of the free energy first in the high temperature and low connectivity
regime, and then at zero temperature. The control of the fluctuations of the magnetisation
in the high temperature limit is addressed by De Sanctis [30], while recently Kabluchko, Lowe
and Schubert [53] prove a quenched Central Limit Theorem for the magnetisation in the high
temperature regime.

One of the features which make these random systems with “bond disorder” very appealing
is their deep connection with the theory of random graphs, which attracted great interest in
the last years due to their application to real-world networks. Indeed, if the random couplings
are chosen as i.i.d. Bernoulli random variables with mean p, one can view the model as a spin
system on an Erdés—Rényi random graph with fixed edge probability p, which makes it a dense
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graph. There has been an extensive study of the Ising model at equilibrium on different kinds of
random graphs, e.g. in Dembo, Montanari [32] and Dommers, Giardina, van der Hofstad [37],
where several thermodynamic quantities were analysed when the graph size tends to infinity.
These results were all obtained for sparse graphs which have a locally tree-like structure. We
refer to van der Hofstad [48] for a general overview of these results.

In contrast to the substantial body of literature on the equilibrium properties of the RDCW
model, much less is known about its dynamical properties. The present paper focuses on the
phenomenon of metastability for the RDCW model where, for simplicity, the couplings are
Bernoulli distributed with fized parameter p € (0,1), independent of the number of vertices
N, and the system evolves according to a Glauber dynamics. In particular, we give a precise
estimate of the mean transition time from a certain probability distribution on the metastable
state (called the last-exit biased distribution) to the stable state, when the external magnetic
field is small enough and positive and when N tends to infinity. We obtain asymptotic bounds
on the probability of the event that the average time is close to the CW one times some constants
of order 1 which depend on the parameters of the system.

In the context of metastability for interacting particle systems on random graphs, progress
has been made for the case of the random regular graph, analysed by Dommers [35] and for
the configuration model, studied by Dommers, den Hollander, Jovanovski, and Nardi [38], both
subject to Glauber dynamics, in the limit as the temperature tends to zero and the number
of vertices is fixed. Both are dealing with sparse random graphs. In [50] den Hollander and
Jovanovski investigate the same model considered in the present paper and obtain estimates
on the average crossover time for fixed temperature in the thermodynamic limit. They show
that, with high probability, the exponential term is the same as in the CW model, while the
multiplicative term is polynomial in N. Their analysis relies on coupling arguments and on the
pathwise approach to metastability. This method uses large deviations techniques in path space
and focuses on properties of typical paths in the spirit of Freidlin-Wentzell theory. We refer to
the classical book by Olivieri and Vares [65] for an overview on this method.

In contrast, in the present paper, we use the potential theoretic approach initiated by Bovier,
Eckhoff, Gayrard and Klein in a series of papers [12], [13] [14] (see the monograph of Bovier and
den Hollander [I8] for an in-depth review of this as well as other approaches). This method
gives less information on the evolution of the system, but leads to more precise estimates of
the metastable transition time. It has been successfully applied to a large variety of systems
such as the random field CW model, where the external magnetic field is given by i.i.d. random
variables, first by Bovier, Eckhoff, Gayrard and Klein in [I2] and later by Bianchi, Bovier and
Ioffe in [7]. Furthermore, inspired by the results of Bovier and Gayrard [15], namely that the
equilibrium properties of the RDCW model are very close to those of the CW model, we observe
that, using Talagrand’s concentration inequality, the mesoscopic measure can be expressed in
terms of that of CW.

Before stating our results we give a precise definition of the model.

A.1.1 Glauber dynamics for the RDCW model

Let [N] = {1,..., N}, N € N, be a set of vertices. To each vertex i € [N] an Ising spin o;
with values in {—1,41} is associated. We denote by ¢ = {o; : i € [N],0; € {-1,4+1}} a
spin configuration and we define the state space Sy = {—1,+1}" to be the set of all such
configurations 0. We fix a probability p € (0,1). Then the randomly dilute Curie—Weiss model

o6



A.1. INTRODUCTION AND MAIN RESULTS

(RDCW) has the following random Hamiltonian Hy : Sy — R

Hy(o) = S Z Jijoio; —h Z oi, (A.1)

Np iGen i€[N]

where h € R represents an external constant magnetic field, while J;;/Np is a ferromagnetic
random coupling. In particular, {Jij}i,je[N] is a sequence of i.i.d. random variables with J;; ~
Ber(p) and Jij = in.

Let us denote by IP; the joint probability distribution of the the random couplings .J;; with
i,7 € [N] and by E the corresponding mean value.

The RDCW model can be seen as the Ising model on the Erdés—Rényi random graph with
vertex set [N], edge set E and edge probability p € (0,1) (see van der Hofstad [47] for a general
overview on random graphs). In this picture the Hamiltonian can also be written as

Hy(o)=—— Z ogio; —h Z o;. (A.2)
p{z,]}EE i€[N]

The Gibbs measure associated to the random Hamiltonian Hpy is

e sesh, (A3)

psn(o) = Zom

where 8 € (0,00) is the inverse temperature and the partition function is defined as

Zgn =Y e Pln), (A.4)

geSN

The Gibbs measure pg n is the unique invariant (and reversible) measure for the (discrete
time) Glauber dynamics on Sy with Metropolis transition probabilities

v exp(=BlHn(0") = Hy(0)l1),  ifo~d

pn(0:0") = 4 1= E,p pr(0,m), if o =0, (A.5)
0, else,
where o ~ ¢’ means ||oc — ¢'|| = 2 with || - || the ¢;-norm on Sy, i.e. o ~ ¢’ if and only if ¢’ is

obtained from o by a single spin flip. We denote this Markov chain by {o(t)}+>0 and write P,
for the law of the process o(t) with initial distribution v conditioned on the realisation of the
random couplings. Analogously, E, is the quenched expectation w.r.t. the Markov chain with
initial distribution v. Moreover, we set P, = Ps_ . For any subset A C Sy we define the hitting
time of A as

T4 =inf{t > 0: oy € A}. (A.6)

Notice that Hy, pg n and py are random variables, with respect to the random realisation
of the random variables {J;;}; je;n]- In this paper the results involving these random variables
hold pointwise, namely for every realisation of {J;; }’iJE[ N, unless we specify it differently, as in
our main theorems.
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A.1.2 The Curie—Weiss model

Before stating the main results, we recall some results for the mean-field Curie-Weiss (CW)
model (see e.g. Bovier and den Hollander [I8] Section 13] and Bovier, Eckhoff, Gayrard and
Klein [12]). The CW Hamiltonian Hy can be obtained taking the mean value of (namely,
the first equality in below). A simplifying feature of the CW model is that its Hamiltonian
depends on the configuration o € Sy only through the empirical magnetisation my : Sy — I'y
defined as

N
1
mN(J):NZUiEI‘N:{—1,—1—|—%,...,1—%,1}. (A7)
i=1
From now on we will drop the dependency on N from the magnetisation. Then we can write
- 1
Hy(@)=-~ Y. oioj—hY oi=-N (3m(0)? + hm(o)) (A.8)
1<i<j<N 1€[N]

and we can define, for any m € I'y,

E(m) = —im* — hm, (A.9)
obtaining
Hy(o) = NE(m(0)) (A.10)
The associated Gibbs measure is
3 e~ BNE(m(c))
fpgn(c) = ——=——, 0€Sn, (A.11)
ZB7N

where Z~5’N =2 seSy e=PHN(9) is the normalising partition function.
We denote the law of m (o) under the Gibbs measure by

Qﬁ,N = [ZB’N (e] m_l. (A12)
Then
B efﬁNE(m) eﬁNE(m)( N ) efﬁNfgyN(m)
Qsnim) = ——— L= = ——=—— m = A.13
s (m) Z3 N %;N “ Zon  \HEN Zg N (8.13)
where )
m
fan(m) = E(m)+ B_IIN(m) =5 hm + [3_1IN(m) (A.14)

is the finite volume free energy, while the entropy of the system is given by the following com-
binatorial coefficient
1 N
In(m) = N log Lim (A.15)
and it has the following properties: as N — oo,

1-m 1-m 14+m 14+m
1 1 Al
5 1l0g —5— + —5—log ——, (A.16)

In(m) — I(m) =

more precisely,

2
1 1-m +lnN—Hn(27r)+O<1) (A7)

2N 4 2N N2
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As reference see for example Bovier, Eckhoff, Gayrard and Klein [12] (7.18)].
Notice that the previous definitions imply

fipN(0) = Qg n(m(a)) NN, (A.18)

We use the notation fg(m) = limy_,o0 f3,n(m). We refer to Bovier and den Hollander [I8|
(13.2.6)] for more details on the following result.

Lemma A.1.1. Form € (—1,1),

2

—BNfg,n(m) _ —BNfg(m) _«
e e (1+0(1)) TN = m?)

(A.19)

and for m € {1,—-1}, fan(m) = fz(m).

Remark A.1.2. Comparing our definitions and the literature (e.g. Bovier and den Hollan-
der [18, Section 13.1]), one notices that the Gibbs measure is often defined with an addi-
tional factor 27N, corresponding to the reference measure. More precisely, the Gibbs measure

would be fig n(0) = Zﬁ#Ne_BNE(m(”)Q_N, where the partition function would be defined by

> oeSy e PHN(@)9=N  We preferred to discard the 2N from our definitions. Therefore, for con-
sistency, our definition of Ix differs from the classical one by a factor 2= inside the logarithm,
yielding a difference oflog(2) in the limit in with respect to Bovier and den Hollander [18,
(13.1.14)] or Bovier, Eckhoff, Gayrard and Klein [12, (7.17)].

We consider the Glauber dynamics associated to the CW Hamiltonian in analogy with
and with transition probabilities py (o, 0’). A particular feature of this model is that the image
process m(t) = m(o(t)) of the Markov process o(t) under the map m is again a Markov process
on I'y, with transition probabilities

exp(—BN[E(m') — E(m)| ) 55™ it m/ = m + 2,
n(m,m') = exp(~AN[E(m') — E(m)]) 5™ it ! = m — 2, (A.20)

0 else.

The equilibrium CW model displays a phase transition. Namely, there is a critical value of
the inverse temperature 8. = 1 such that, in the regime 8 > (., h > 0 and small, the free energy
fs(m) is a double-well function with local minimisers m_, m4 and saddle point m*. They are
the solutions of equation m = tanh(8(m + h)). Since fz(m_) > fg(my), the phase with m_
represents the metastable state, while m represents the stable state for the system. Define
m—_(N),m*(N),my(N) as the closest points in I'y to m_, m*, m_ respectively, with respect to
the Euclidean distance on R. {m_(N), m(N)} form a metastable set in the sense of Definition
8.2 of Bovier and den Hollander [I§]. Let Egl\iv( ) be the expectation w.r.t. the Markov process

m(t) with transition probabilities 7y and starting at m_(N). Then the following theorem holds.

Theorem A.1.3. For > 1 and h > 0 small enough, as N — oo,

EGY o Ty ] = exp (BN [f5(m”) = fa(m-)] )
ST . (E TR
" By g (=1m)
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As a reference see Bovier and den Hollander [I8, Theorem 13.1]. The difference of sign in the
denominator with respect to our statement is due to the fact that their result holds for A < 0,
while ours for h > 0.

We conclude this section by giving the explicit formula of the capacity for the CW model.
The definition of capacity is given in , while its relation with the mean hitting time is
given by the key relation . Let us denote, for any subset U of I' v, the set of configurations
with magnetisation in U by

SnlU] ={o €Sy :m(o) e U} (A.22)

and for simplicity, for any m € I'y, the set of configurations with given magnetisation m by
Sn[m]. Notice that Sy[m] has cardinality e~ N~ wwhere Iy(m) is defined in (A.15).
Then, the following formula,

o/ B(=fz(m* m*
cap™ (Sl ()], Sylm (N)]) = e PN | ]@( ! (o)), (A23)
B8,N s m

follows from standard arguments (see e.g. techniques used in the proof of Bovier and den
Hollander [18, Theorem 13.1]).

A.1.3 Main results

For any A, B C Sy disjoint, we define the so-called last-exit biased distribution on A for the
transition from A to B as

ps,N(0)Py(TB < TA)
YoeatipN(0)Ps (TR < Ta)

va(o) = oe A (A.24)

Since we are going to use v4 p on the sets Sy[m_(N)], Sy[m4 (V)] defined above, we introduce
the following simplified notation

Vim_my = VSylm— (V)] Sylm (V)] (A.25)

The following theorem gives a description of the dynamical properties of the RDCW model
in the metastable regime where h is positive and small enough, § > 8. = 1 (f. is the critical
inverse temperature for the RDCW model) and N is going to infinity. We provide an estimate
on the mean time it takes to the system, starting with initial distribution Vf,\{ﬂmy to reach
Sn[m+(N)]. More precisely, we estimate, in the limit as N — oo, its ratio with the mean
metastable exit time for the CW model to go from m_(N) to m4(N), providing constant upper
and lower bounds independent of V. Because of the random interaction, the result is given in
the form of tail bounds.

After recalling that notation P; and E, was introduced in Section while ESL( N) Was
introduced in Section [A-T.2] we are ready to formulate our main theorem.

Theorem A.1.4 (Mean metastable exit time). For 8 > 1, h > 0 small enough and for s > 0,
there exist absolute constants ki, ko > 0 and Cy(p, 5) < Ca(p, B, h) independent of N, such that

By [TsN [m+<N>ﬂ

m_,m

< Che(1+0(1) | >1— ke ™. (A.26)
ESY ) [T )]

]lfi%?oPJ Cleis(l + O(l)) <
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The quantities C; and Cy in the previous theorem can be explicitly written. Set

eamn o e e () .
4p ne(0,1) 7 pV2¢2 ’ '

where ¢1, c2 > 0 are absolute constants coming from Theorem[A.2.8] It is easy to see that k < a.
With this notation
Cl = Cl(/87 hvp) - e—2ﬂ(1+h)—o¢+/€7 (A28)

Cy = Cy(f, h,p) = 2P0 Fh)+2a (A.29)

A.1.4 Proof of the main theorem

The proof of Theorem is based on the potential theoretic approach to metastability, which
turns out to be a rather powerful tool to analyse the main object we are interested in, i.e. the
mean hitting time of Sy[m. (N)] for the system with initial distribution »/¥ .- The general
ideas of this approach were first introduced in a series of papers by Bovier, Eckhoff, Gayrard and
Klein [12], 13, [14]. We refer to Bovier and den Hollander [I8] for an overview on this method.

The crucial formula in the study of metastability is given by the following relation linking
mean hitting time and capacity of two sets A, B € Sy, which can be found in Bovier and den
Hollander [18, Eq. (7.1.41)]

I/ == h A
anlTB) = %VAB 73] capAB gg pp.n (0 )hap(a'), (A.30)

where the capacity, as in Bovier and den Hollander [I8| (7.1.39)], is defined by

cap(4, B) Z pa,N(0)Ps(TB < Ta). (A.31)
c€A

The function hap is called harmonic function and has the following probabilistic interpretation

Py(14 < 7B) oceSv\(AUB),

hap(o) = { 1(o) o€ AUB. (A-32)

We refer to Bovier and den Hollander [I8] Section 7.1.2] for further details on the latter quan-
tities.

By , in order to estimate mean hitting times one needs estimates both on the capacity
and on the harmonic function.

We prove bounds on the capacity of two sets Sy[mi], Sy[ma], stated in the two following
theorems.

Theorem A.1.5. For any mi # mo € I'ny and any s > 0, there exist absolute constants
ki,ks > 0 such that

Zg,n cap (Sn[ma], Sn[ma]) +2B(1+h)+ kps?
P — <eé’ *(14o0(1 >1— ke ™%, A.33
(et S et 1 .

asymptotically as N — oo, where « is defined in (A.27]).
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Theorem A.1.6. For any mi # mo € I'y and any s > 0, there exist absolute constants
ki,ks > 0 such that

P ( Z N cap (Sy[mi], Sn[ma))
J Zg N capWV (Sn[ma), Sn[ma]) ~

e_(5+25(1+h)+0¢)(1 + 0(1))) >1— kle_k&sQ’ (A.34)

asymptotically as N — oo, where « is defined in (A.27]).

We state asymptotic upper and lower bounds on the sum over the harmonic function in the
numerator of (A.30)) in the following proposition. We used the simplified notation

My = Pyl (V)] Syl (V)] (A.35)

Theorem A.1.7. For any s > 0, there exist absolute constants ki, ko > 0 such that

o e ts exp (— ﬁNfﬁ( )) o _ ko g—hes?
(UGES:NMN Vi () < Z,BN\/ = ) (1+ (1))) >1—k 7
(A.36)

( S s o (o) 2 s P /azvfﬁ( >> " +0(1))) —
0ESy Zg, N\/ (1- (m-)

(A.37)
asymptotically as N — oo, and where o and k are defined in .

We conclude this section using Theorems to prove the main theorem. First, we
introduce the following notation which will be extensively used:

P

—~

)

A B is equivalent to P;(A ; B)>1- ke k2’ (A.38)

AV

for all s > 0 and for some absolute constants ki, ko > 0, whose values might change along the
paper.

Proof of Theorem[A.1.]]. We prove here only the upper bound, as the lower bound follows
similarly. More precisely, we prove

< Cpe’. (A.39)

We start from (A.30)), which in our case reads

Y oesy 1N () iy, (0)

E 717\{ smy [TSN[va(N)]} = cap (SN[m_ (N)],SN[m+(N)]) (A40)
From we obtain
Ex .. [Tswimeov] 7 e exp (ZAN f5(m-)) (1 + o(1)) (A1)

Zg,n cap(Sy[m—(N)], Sy [m(N)]) /(1 = m2)Bf(m_)
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Via the lower bound on the capacity from Theorem we obtain

PGS) ostop1+n) ZQWWN exp (BN [fg(m™) — fz(m-)])
Bl [Povtmsinl] S 20 [ 51— w2 ppm gy

_ e25+25(1+h)+20¢ ESXV(N) [Tm_,_(N)]?

(A.42)
where we used ((A.23]) and Theorem O

A.1.5 Outline

The remainder of this paper is organised as follows. In Section we use the powerful Ta-
lagrand’s concentration inequality to obtain bounds on the equilibrium measure of the RDCW
model. These bounds allow us to write the RDCW mesoscopic measure in terms of the deter-
ministic CW one, times a random factor which is the exponential of a sub-Gaussian random
variable. In Section we give the proof of Theorems[A.1.5 and [A.1.6] via two dual variational
principles, the Dirichlet and the Thomson principles, which are the building blocks of the poten-
tial theoretic approach to metastability. In obtaining upper and lower bounds on the capacity,
the main strategy is to use the results of Section in order to recover the capacity of the
CW model. In Section we prove Theorem i.e. we compute the asymptotics of the
numerator in the formula for the mean hitting time using estimates on the harmonic function.

A.2 Equilibrium analysis via Talagrand’s concentration inequal-
ity

In this section we prove that the equilibrium mesoscopic measure of the RDCW model is in

fact very close to that of the CW model. This is done in two steps. First, we prove that

the difference between the random free energy at fixed magnetisation and its average can be

controlled via Talagrand’s concentration inequality. Second, we find upper and lower bounds on

the aforementioned average by estimating first and second moments of the partition function of
the RDCW model at fixed magnetisation.

A.2.1 Mesoscopic measure and closeness to the CW model

We start by analysing the equilibrium measure of the RDCW model. The aim is to express the
equilibrium measure g y, defined in , in terms of the empirical magnetisation in order to
obtain a mesoscopic description, as we did for the CW model in Section Let us define
the measure Qg n on I'y, and let the partition function be its normalisation

n()=ppnom ()= Y psn(o),  Zgn= ), Qsn(m). (A.43)
O'GSNH mel' N

A priori the Hamiltonian of the RDCW model is not only depending on m, but it depends
of course on the whole spin configuration. Nonetheless, we will see later in this section that
the mesoscopic measure Qg n can be written in terms of the mesoscopic measure ngy ~ of the
standard CW model.

E[Hy (0)] = —vap 3" Eligloio; ~hY i = —Nﬂp Yoo —hY o= Ax(o).  (Add)

i<j 1<j
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Therefore, we can split the Hamiltonian into the mean-field part and the remaining random part
obtaining
Hy(o) = E[Hn(0)] + Anp(o), (A.45)

where, introducing the notation jij = Jij — D,

AN@(O’) = HN( ) HN ZJUO'ZUJ (A46)
z<]

Note that Ay, is a random variable with zero mean. In order to simplify the notation, we drop
from now on the dependence on N and p, from Ay ,. Next, we write the mesoscopic measure
as

1
Qp n(m) = ——e PNE(M). > e PAO), (A.A4T)
7 Zs.N c€SN[m]

where E(m) is defined in ((A.8]).

We will now focus on proving bounds for functions of > cs, [m] e~P2@) more general than
Qp n(m). These results will be fundamental to prove our main theorem in the following sec-
tions. We will come back to Qg n at the end of this section, proving its closeness to the CW
correspondent Q,gv ~ as a consequence of those general results.

Let us introduce the following notation, where we drop the dependence on 3 for simplicity

ZNg = Z g(m) Z e PR = exp (Npn,g) exp (N [Fy g — PN gl) s (A.48)
mel'y oceSN[m]
1
FN@ = N log ZN,g, (A49)
PNy = E(Fnyg), (A.50)

where g : I'y — [0,00) is a function which may depend on N.

We are interested in finding precise estimates on Zy 4 by writing it in terms of the entropic
exponential term e~ VI~ (™) times some random factor which takes into account the randomness
of the couplings. We notice that Zy 4 is the product of a deterministic factor eNPNg and a
random factor eV N.o=PN.g),

We first characterise the random variable N(Fn 4 — pn,g) in the following Proposition.

Proposition A.2.1. For any 3, t > 0,
PJ< IN(Fxng — pag)| = t) < ¢1 exp ( - 7752), (A51)

where v Z—z.

The previous result intuitively means that the random Fy 4 is in fact very well concentrated
around its mean py 4.

As a second step we provide asymptotic bounds on the average of Fiy 4, i.e. the deterministic
term py 4.

Lemma A.2.2. Asymptotically, as N — oo,

PNg < N Nlog ( Z g(m)exp ( NIN(m))) +o0 (N)’ (A.52)

mel N

where In(m) is defined in (A.15)) and o in (A.27).
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Lemma A.2.3. Asymptotically, as N — oo,

PN N N log ( Z g(m)exp ( NIN(m))) +o (&) , (A.53)

mel N

where In(m) is defined in (A.15)) and k in (A.27)).
Proposition together with Lemmas [A.2.2] and [A.2.3] imply the following result.

Proposition A.2.4. Asymptotically, as N — oo, we have

Zng < e ( Z g(m)exp ( NIN(m))) exp [N(Fn,g —png)] (1+0(1)), (A.54)
mel'n
and
( S g(m)exp( NIN<m>>> exp[N(Fyy—pvg)l (1 +0(1),  (A55)
mely

where Zy 4 is defined in (A.48), a and k in (A.27), and In(m) in (A.15). Moreover, N(Fy 4 —

PN,g) s a sub-Gaussian random variable with variance

Var [N(FN,Q - pN,g)] <

2
cp@, (A.56)

where ¢ is a positive constant.

We prove Proposition [A:2.1]in Section [A:2:2] and Lemmas [A2.2] and [A-2:3]in Section [A:223]

We are ready to state the main result of this section, as a corollary of Proposition and
Proposition

Corollary A.2.5. Asymptotically, as N — oo, using notation (A.38)), the following bounds hold
for any B > 0 and any function g : T'n — [0, 00)

Yo oglm) Yo 7A@ D st ( > g(m) eXp(—NIN(m))) (1+o(1)),  (A57)

mel'ny cESN[mM] mel'y

TN R _
Y ogm) > e > e > g(m)exp (=NIn(m)) | (L+o0(1)), (A.58)

mel'y ge€SN[m] mely
where « and k are defined in (A.27), In(m) in (A.15) and A(o) in (A.46]).
Proof. By Proposition [A.2.1] we obtain, for any fixed s > 0,

P(s) P(s)
exp [N (Fyg —png) < ¢ and  exp[N(Fyg —prg)l = ¢, (A.59)

where k1, ko > 0 are absolute constants.
To conclude the proof it is sufficient to use the definition of Zy 4 (A.48]) and Proposition
O
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Remark A.2.6. The exact same statement of Corollary holds replacing e PA) with
eP2)  The proof remains the same: the Lipschitz constant for the Talagrand concentration
inequality (in Section is the same and the change of sign, being squared, disappears from

(A.72) onwards.

We conclude this section with an immediate application of Corollary [A.2.5] which states
the closeness of the random mesoscopic measure Qg n to the correspondent deterministic CW
quantity Qg n. This result will be widely used in Section

Corollary A.2.7. Asymptotically, as N — oo, using notation (A.38)), the following bounds hold
for any fized s > 0 and any function g : T'n — [0, 00)

> g(m) Qan(m) S e Zon ( > g(m) QB,N(m)) (1+0(1)), (A.60)

mel' N Zﬂ’N mel' N

Pis) o1 ) - 2
— —m2
> §(m) Qan(m) < e > gm) exp (= BNSm)) )| gy | (L e(1)

mel Z8N \permii-1y

sora L ( > gm) exp (- BNfﬁ(m))) (1+0(1)).

me{l,—1}
(A.61)
where a and k are defined in (A.27)).
Proof. Using (A.47) we obtain
37 gm) Qs n(m) = —— > G(m)e PNEM N o=AA@), (A.62)
mel N BN mel N O'GSN[m]
Now we can apply the upper bound in Corollary |A.2.5) with g(m) = —g( ) e ANE(M) t6 the

right hand side of (A.62] - We conclude the proof of ({A.60)) using the deﬁnltlon of Qg N
and (A.14)).

(A.61)) follows by (A.60) simply applying Lemma O

A.2.2 Sub-Gaussian bounds on the random term

Proposition [A:2.1] follows from Talagrand’s concentration inequality, which we cite for complete-
ness in the version of Tao [74] Theorem 2.1.13].

Theorem A.2.8 (Talagrand concentration inequality). Let G : RM — R be a 1-Lipschitz and
convex function. Let M € N, X = (X1,...,Xn), with X; be independent r.v., uniformly bounded
by K >0, i.e. |X;| <K, for every1 <i < M. Then, for anyt >0,

P(|G(X) ~ EG(X)| > tK) < erexp (— eat?), (A.63)

with positive absolute constants ci, co.
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Proof of Proposition . We can apply Theorem [A.2.8to the free energies Fiy 4 as a function
of the N2 coupling constants JZJ Indeed it is standard to see that Iy 4 is convex and Lipschitz

continuous with constant W (see e.g. Talagrand [73, Corollary 2.2.5] ). Thus, applying

-1
Theorem |A.2.8 for G = Fiv 4 (%) and K = 1, after defining ¢’ = N;f\/i we obtain, for
some positive constants c1,cs and for any ¢’ > 0,
/ 2p2 12
]PJ (N‘FNg—pN,g’ 21:) Scl exXp —Cgﬁt (A64)
concluding the proof of (A.51)) and hence Proposition O

A.2.3 Asymptotic bounds on the deterministic term

In this section we prove first the upper bound on py 4 (Lernrna and then the lower bound
(Lemma . The upper bound is obtained by estimates on the first moment of the random
partition function Zy 4, while the lower bound is in the spirit of Talagrand [73, Theorem 2.2.1]
and is more delicate. We will see that it involves also estimates on the second moment of the
random partition function.

Proof of Lemma[A.2.9 Observing that {jij}i,je[ 1 defined in (A.46) are i.i.d. random variables
such that Ejij = 0, we easily obtain

E[ZN,Q] = Z g(m Z E (exp [ ZJZ]O'ZO']])
mel'y o€Sn[m)] z<] (A65)
= > gm) > JIE (exp [ Jz]UzO']:|)
mel'y g€SN[m] <]
In order to find estimates for (A.65), we first define
O (x) := Elexp(zJi;)], (A.66)

which is a function independent of i, j, being {jij}i,j i.i.d., with first and second derivatives

?'(0) = EJ;; =0, (A.67)
o"(0) = EJ = p(1 — p). (A.68)
Performing a Taylor expansion of & we get
/ 372 " 2 :E2 2
O(x) = P(0) + 2 P'(0) + ?Q) (0)+o(z®) =1+ ?p(l —p) +o(z?). (A.69)
Thus, we can exponentiate ®(x) to obtain
2

®(z) = exp (log (@(w))) = exp (a;p(l —-p)+ 0(:1:2)>, (A.70)

67



APPENDIX A. METASTABILITY FOR THE DILUTE CURIE-WEISS MODEL WITH
GLAUBER DYNAMICS

where we used the expansion log(1 + x) = x + o(z). Therefore, for any sequence of coefficients
x?j which are independent of ¢, j and o, we have the following

Z g(m) Z HE[GXP Lij ’U] Z g(m Z H(I)(l’ij)

mel'ny c€SN[m] <] mel'y UGSN[m] 1<j
= Z Z HGXI)(pl >+ (zg))

mel'y aeSN[ 1<y

22 N(N-1)/2 (A.71)

= Z g(m) o~ NIn(m) exp (2”]9(1 —p)+ o(:r%))

mel'n

_ m N(N -1

= Z g(m) e NN exp (x?jp(l —p)(4) +o (m?jN(N - 1))) ,

mel' N

asymptotically, for z;; — 0, where the third equality holds only if x?j is independent of 4, j and
o. Moreover, we used that the cardinality of Sy[m] is e N/N(™) where In(m) is defined in
(A.15), and the cardinality of {(i,7) € [N)?:i < j} is N(]\;l).

We can apply (A.71) with z;; = J\é 0;0; because :z:?j is independent of 4,j and o. Indeed
x%j = N2 3, being 0;,0; € {—1,+1} for any i, j € [N] and 0 € Sy. Thus, we get, asymptotically
as N — oo,

E[Zng = Y glm)e NN exp (Mw(l))

4
mely b (A.72)
= exp (a + o<1>) S g(m)exp(~NIy(m)),
mel'y
where « is defined in (A.27)).
Therefore, by Jensen’s inequality and (A.72)), we have
E|log Zn4| < log (E[Zn,]) = a + o(1) + log ( 3 g(m)exp (NIN(m))) (A.73)
mel'n

which proves the upper bound. O

Proof of Lemma[A.2.3. A key ingredient in the proof is to control the upper bound on the
second moment of Zy 4, i.e. prove that the following bound holds

E|2},] < e E[2Zn,]* (1+0(1)), (A.74)

where « is defined in (A.27)).
We estimate E {ZZQV,Q} using the first two lines of (A.71)) with x;; = Nip (UZ(I) () 4 0(2)a§2)),
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2

which hold also when z7; is not independent on ¢, j and o,

E [212\7 } =E Z g(m)g(m”) Z exp ( ]\i)ju (ai(l)aj(-l) + 052)05-2)))
i<j

= 2 glmg(m)E >, exp (Z ]\épjij <a§1)a§1) + 01(2)0](2)))

m,m/el N cMWesSy[m], 1<j
o eSy[m!]
1 /32 9 ,82
= Y amem) Y Tlew (555000 +0P0®) p - p)+ o 5
L4 2 N4p N
m,m’€l y oMeSy[m], 1<J

o €SN [m’}

? 1
< Y gtmg(m) Y Jlexp (J@zu —p)+o <N2>>
m,m’ el U(l)GSN[m],i<j p
o eSym’]
_ _ ) N(N —-1) | p? 1
= / NIn(m) ,.—NIn(m') B 1
ZG:F g(m)g(m’)e e exp < 5 N2p2(1 p)+o (N?)
m,m N
= > glm)g(m!)e” NN NINGT exp (/32(11’) + 0(1)>
m,m/ el N p
— eXp (4a + 0(1)) Z g(m) eiNIN(m) Z g(m/) e*NIN(m/)
meFN m’EFN

= E[Zn,)* (1 +0(1)),
(A.75)

where, similarly to the last steps in (A.71]), we used that the cardinality of Sy[m] is e NIn(™),
the cardinality of {(i,7) € [N]?:4 < j} is w Moreover, in the last line we used (A.72).
We recall the Paley—Zygmund inequality, which states that

2 (EX)?
EX? '

for any non negative random variable X and any n € (0,1). Using (A.76) with X = Zy 4, (A.72)
and (A.75) we get, asymptotically as N — oo,

Ps(X > nEX) > (1-n) (A.T6)

PJ (]17 log ZN,g > %log (’I’}EZN,g))
=Py <1logZNg > ilog (EZng4) + 110g77)
N 9= N 9N (A.77)
(1—n)?
exp (204 + o(l)) '

Moreover, using (A.64) together with (A.49) and the change of variables t' = Nt”, we obtain
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Vi >0,

2 NZ 2t1/2
> t”) < c1exp (_0217) . (A.78)

1
Py (‘N log Zn g — PNy 7

Thus, taking the complementary event, we get

1 2 NZ Qt//2
P, (—t” N log Zn,g —PNg < 75”) >1—crexp <—6252p> - (A.79)
Now, using
P ! log Z <t"|>P " ! log Z " A
s ylog2ng —png ST ) 2Py (17 < log Zng —prg <t (A.80)
and the change of variable ¢t = %‘/ﬂt” we obtain
P (11 Zny < g+ —P )>1 (—12) (A.81)
—lo —_ — c1 exp(—t°). )
J N gZNg = PNyg Np\/E 2 1 €Xp

Next we prove that the intersection of the events in (A.77) and (A.81)) is non empty. Assuming,
for n € (0,1), that

1 tp (1-n)?
Py <logZN, <PnNg+ ) >1-— (A.82)
N ! ! Npv2e exp (204 + 0(1))

and comparing (A.77)) and ((A.82), we notice that the sum of the probabilities of the two events

1 tp
—log Zn, < T — A .83
{N Og N,g_pN,g"i_Np\/%}a ( )
and ) ) )
{N log Zn,4 > N log (EZn4) + N log 77} (A.84)

is strictly greater than 1. Therefore, they intersect in the not empty event

1 1 1 tg
— log (EZ —1 < —logZn 4 < — A.85
{N 0g (EZn,g) + 57 logn < - log N,g_PN,ngNp\/%} (A.85)
which is contained in the deterministic set
1 1 tg
— log (EZ —1 < — . A.86
{N og ( N,g>+N0gn_pN,g+Np\/E} (A.86)
As a consequence, the latter set is non empty and, being deterministic,

1 1 t
PNg 2 57 log (BZN ) + <7 logn — o

— A.87
N Np\/262 ( )

holds with probability 1.
It remains to choose a suitable ¢t > 0 for assumption (A.82) to hold. A sufficient condition
is, for every n € (0, 1),

e1 exp(—t?) < — = ) (A.88)
exp (204 + 0(1))
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namely

C1
t2 > 20+ log (>+0 1). A.89
o) o) (A59)
Therefore, by (A.87) and (A.89), using (A.72)) we obtain, for every n € (0, 1),
B\/2a + log ((127177)2) +o(1)

1 1
PNg > ~log (EZn ) 4+ — logn — =
= Liog[ 3 glm)exp (—NIy(m)) | + 2 + <1>
=N g g\m)exp N{m N o N/
mel'n
where
ﬂ\/Qa + log ((12177)2)
ky = o +logn — . (A.91)

pV2e
Notice that x, < a. In order to obtain the best lower bound, namely the closer to the upper
bound proven in Lemma we choose n € (0,1) s.t. o — Ky, is minimised and we conclude
the proof. This choice motivates the maximum in the definition of %, in . O

A.3 Capacity estimates

This section is entirely devoted to obtain upper and lower bounds on capacities between sets
with a fixed magnetisation. These bounds are obtained via two dual variational principles,
i.e. the Dirichlet and Thomson principles which are extensively discussed in Bovier and den
Hollander [I8, Sections 7.3.1, 7.3.2]. The result will be expressed in terms of the capacity for

the Curie-Weiss model, see (A.23)). In particular, we prove Theorem in Section and
Theorem [A.1.6] in Section [A.3.2]

A.3.1 Asymptotics on capacity: upper bound

In this section we prove Theorem [AT.5] obtaining the upper bound on the capacity of the
RDCW model in terms of the capacity of the CW model.

Proof of Theorem[A.1.5, The main idea of the proof is to find an upper bound on the capacity
via the following Dirichlet principle (see Bovier and den Hollander [I8, Section 7.3.1 and (7.1.29)]
for details)

cap (Sny[mil, Sn[me]) = min > npn(o)pn(o,o)f(o) — fo))], (A.92)
o,0'€SN
where
H={f:Sn = [0,1] st flsym) =1 Flsyms =0} (A.93)

Later it will be clear that we can restrict the previous variational principle over the functions
on the space 'y, hence it is useful to define

H=1{v:In —[0,1] s.t. v(my1) =1,v(my) =0}. (A.94)

In order to simplify the notation we will often neglect the dependency on my, mo when this will
not generate confusion.
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From (A.92)), in view of (A.5) and since [f(c) — f(o’)] vanishes for 0 = o/, we are left
only with the terms such that o ~ ¢’ and obtain the following first equality in (A.95)). The

second equality in follows by (A.10), (A.44), (A.45) and multiplying and dividing by
exp (—BN [E(m(c’)) — E(m(a))]+> The inequality in is obtained restricting the min-
imum on A to the minimum on {f € H : f(n) = f(n') Vn,n' € Sy st. m(n) = m(n')} and
noticing that the latter is in bijection with H.

Zg N cap (Sn[mi], Sn[ma2])
1

—ain b S 4 (8RN exp (<5 [Hx(o) ~ Hx(0)],) [f(0) ~ £(0)F
o,0'ESN
= %171{1 ZsN Z Z [P &P (_givfjsfm(a))) exp (—,BN [E(m(d")) — E(m(a))]+)

mm/€l'ny oeSy[m],
UIESN[m/}

exp (=B [Hy(o") — Hy(0)],)
exp (—BN [B(m(a") ~ E(m(0))],.)

x [f(0) = f(o")? exp (~BA(0))

exp (— o ,eXp(_ﬁ[HN(U/)_HN(U)]Jr)
X geg[m] p (= BA(0)) a/eg[m/] Tons exp (= BN [E(m) = B(m)], )’

(A.95)
We turn now to the last sum in (A.95)) and call this quantity G(o,m’). If 0 ~ ¢’, then ¢ and
o’ differ on a single vertex, say ¢ € [N], i.e. Vi € [N]\ {¢}, 0; = 0} and oy = —0o). Thus, setting

m = m(o) and recalling (A.46|) and (A.8]), we can write

2 N 2 A
A(o'/) — A(O‘) = —N—p Z JMO'QO'E = N—p Z Jiwo;i0p, (A96)
IREZ) IREZ)

Hy(o") — Hx(0) = oy []%7 Z i +2h| =0y L%T(Nm—og) +2h] . (A.97)

B:0£L
Moreover, using (|A.44])), (A.45)), the definition of jij below ([A.45)), the second equality in (|A.96))
and the first equality in (A.97) we can write

HN(O") — Hyn(o) = F[N(g/) — _E[N(O') + A(o'/) —Ao) =0y []\3}? Z Jiwoi + 2h | . (A.98)
1:0£L
Due to the presence of the indicator function 1,.,/, G(o,m’) vanishes if m’ ¢ {m + %}. More-
over, we can rewrite the sum 3 /g jm/] Lo~o’ in terms of the single vertex ¢ € [N] on which o
and o’ differ. Notice that if m(¢’) = m + % then oy = —1 = —07 and if m(o’) = m — % then
op=1=—oy.
Therefore, calling i* (o) := {j € [N] : 0; = £1}, and using (A.10), (A:97) and (A-98), we

obtain

< NIZ™ s, (A.99)
t€i~(oc) exp <—B [—%(Nm +1)— 2h]+)

- 2
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exp(—pf = > iite Jieoi +2h| )
Glom—%)= > [NZ z L <N HTmem(Hh). (A.100)
Leit (o) eXp(—,B |:N(Nm - 1) =+ 2h:| +)

To obtain the inequalities we used the fact that, for any o in Sy, the cardinalities of i~ (o) and

it (o) are respectively N 17#«') and N H#(U) Moreover, for the inequality in (A.99)) we used
the following elementary facts holding asymptotically in N,

B:iF£L

exp (—5 [—]\fp > Jioi — 2h] ) <1, (A.101)
+

exp (ﬂ {—;(Nm +1)—2h

2
< ex —9m — — — 2h < e?8, A.102
+> < exp <B[ = L) < (A.10)

Similar inequalities were used to prove (A.100]).
Thus, using (A.95)), (A.99), (A.100) we obtain

Zg N cap (Sny[mi], Sn[ma])
Z exp (=N E(m))

< min Z = exp (—BN [E(m') — E(m v(m) — v(m')]?
sminZoy 3 SN p(~BN [E(m') ~ E(m)].,) [v(m) — v(m)
x e N7 exp (~BA(0)) [NH521,, o (m)) + N1521,,, 2 (m)]
oeSn[m]
(A.103)
Using the upper bound in Corollary with
exp (—SNE(m
gmy= ¥ (Z N( ) exp (=8N [E(m') = B(m)], ) [v(m) — v(m')]?
m/'el'y BN (A.104)
% eQﬁ(l-‘rh) [NH_Tm]]-m,%(m/) + Nl—Tm]lm+%(m/)}

we obtain

Zg N cap (Sny[mi], Sn[ma])

P e exp (~BNE(m) — NIy(m) :
< s t2B+R)+ Zsn f)rélg mﬁmz/G:FN ZWVN N exp(—0BN [E(m') — E(m)]+)
x [v(m) — v(m)]? [Nl—;m]lm_]%](m’) + Nl_Tm]ler%(m’) (14 0(1))
_ es+25(1+h)+azﬁw min Z Q(m) #(m,m’) [v(m) — v(m')]? (14 o(1))
veEH m,m'e€l
= e5+2'8(1+h)+a ZﬁvN CapCW(SN[m1]7SN[m2D (1 + 0(1)) )
(A.105)

where we used the notation (A.38) and in the middle step we used (A.13)), the first equality in
(A.14) and (A.20]). Furthermore, we noticed that the variational form appearing in the previous
formula is the Dirichlet principle (see Bovier and den Hollander [I8], (7.1.29), (7.3.1)]) applied to
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the random walk performed by the projection of the CW model dynamics onto the magnetisation
space. See Section [A.1.2] for the CW model.

We conclude that the minimum equals the capacity of the CW model using lumping tech-
niques. More precisely, here we used Bovier and den Hollander [I8, (9.3.6)], stating that the
capacity for the dynamics projected onto the magnetisation space equals the capacity for the
CW dynamics on the configuration space, which holds because of the CW model mean-field
property. For reference on lumping see Bovier and den Hollander [I8, Section 9.3]. O

A.3.2 Asymptotics on capacity: lower bound

In this section we prove Theorem obtaining the lower bound on the capacity of the RDCW
model in terms of the capacity of the CW model. We will prove it without loss of generality, only
for my < mgy € 'y, because the capacity can be proven to be symmetric, using the reversibility
of the dynamics.

The main idea of the proof is to find a lower bound on the capacity of the RDCW model via
the Thomson principle (see e.g. Bovier and den Hollander [I8, Theorem 7.37]. For
cap (Sy[m1], Sn[me]) it reads

1 _
cap (Sn[mi], Sn[ma]) = sup {D(\T/) Ve USN[mﬂ,SN[mg]} 7 (A.106)

where we denote by Us, m,],sx[ms) the space of all unitary antisymmetric flows from Sy [m1] to
Sn[me] and D is defined by

Y(o,0’)?
g N (o)pN(o,0’)

Dw):% DI P (A.107)

o,0'€SN

for any v : SJQV — R antisymmetric flow. Thus, in order to find a lower bound in terms of the
capacity of the CW model we have to find a unitary flow from which we could reconstruct the
CW capacity term.

For all 0,0’ € Sy, we define the candidate flow ¥y as follows

Uy (o,0") = on(m(o),m(a)), (A.108)

where, for all m,m' € Ty,

-1
{O_;WVGXP(—NIN(WL))} ifmg <m<mo—%,m=m+%
AN -1
¢N(mym) - _ (1+;ﬂ)N eXp (—NIN('ITL))] lf my +% S m §m2’m/ —m — % (A109)

0 otherwise.

The proof of Theorem [A71.6]is postponed after two technical intermediate results which are
essential for it. The following lemma allows us to use W in the Thomson principle.

Lemma A.3.1. Let m1 < my € I'y. The flow Y on Sy, defined in (A.108) is a unitary
antisymmetric flow from Sy[mai] to Sn[ma], i.e. YN € Usy (m,],Sx[ma]-
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Proof. Wy is antisymmetric because for all m € T'y, i.e.

2

N exp (=NIy(m)) = (- (n; ~ %)) Nexp (~NIy (m - £)). (A.110)

(I+m)
2

Indeed, using ((A.15)), the right hand side of (A.110) writes

1-— m—z 1—(m—2
(1 N))Nexp(_NIN(m_?v))_( <2N>>N<1(mN )N>

2 5 N
(1-(m—2))N N! N!
= = A1l
p {(1—;1)N N 1}! [(1+£71)N ~ 1]! [(1_;71)1\/}! [(1—&-;:1)N B 1}! ( )
~ (14+m) N ~ (1+m) B
= N lgmN =" Nexp(—NIn(m)).

Next we prove that the Kirchhoff law holds, i.e., for all o € Sy \ (Sy[m1] U Sy[ma])

> Un(o,0)=0. (A.112)

o'eSn:o~o!

For all o € Sy such that m(o) ¢ (mqy,ms), (A.112)) holds trivially being all terms zero, by
(A.109). Now, for all o € Sy such that m(o) € (my, ms),

Uy (o,0) = Z én (m(o),m(a")) + Z N (m(o), m(a))

o'eSn:o~a’ o'eSnio~a’, o'eSnio~a’,
m(o”)=m(o)+ 4 m(c’)=m(c)—%
1—m(o))N[(1—-m(c))N -1
L AN [0 e

(A.113)

where w in the second equality are the cardinalities of the set over which we were
summing, namely the number of negative, respectively positive, spins in a configuration o € Sy.
We are left to show that ¥y is unitary from Sy[m1] to Sy[ma], namely

Z Z Un(a,0) =1 Z Z Un(o,b). (A.114)

a€SN[m1] o’ ESN:a~a’ beSN [m2] ESN:o~b

The left hand side of (A.114]) equals

> X ovm@me)= > 3 [ exp (~Niy(m)]

aeSy[m1] o’€Sn:a~a’ a€Sn[m1] o'€Sn:a~a’,
m(cr’):mlJr%

—m —m -1
= exp (=N (m)) S5 [ exp (— NIy (1)) = 1.

(A.115)
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The right hand side of (A.114) equals
Yo Y. on(m(o),m(b))

beSn [mz} ocESN:o~b

- v [ o (- 2))]

beSN[m2] oESN:o~D,

(A.116)
m(o):mg—%
1—| ma— 2 2 -
= exp (—NIn(m2)) (H(;'”))N [( ( ; N» N exp <—NIN (mg — N)) .
We use (A.110) to conclude the proof. O

Lemma A.3.2. For all 0 € Sy and m’' € Ty, the following holds
exp <_5 [n (o) - ﬁN(U)L>
Z ]lo’wa
(

o’'eSn[m/] exp (_B [HN(U/) — Hy J)]+)

N 1—m(o)

e +sz(m')] (A1)
Proof. Let m = m(o). The left hand side is non-zero only if m’ € ym + %, m — %}
Recalling the definition i* (o) = {j € [N]: 0; = £1}, if m' = m + &, we have

> ]lUINUeXP (—5 [ﬁN(U,) - FIN(")L)
vesaura] P (FBUHN(E)  Hy(@)],)

exp (,8 [~ % (Om+1) - QhL)

(A.118)
(gi= (o) exp (—ﬁ [—% Divizte Jitoi — Zh} +>
2 1-—
< Z exp (ﬂ [_N Z Jimi—Qh] ) < Z e28 :NTmeQ’B,
tei= (o) AL ¥ tei= (o)
where we have used that, since h > 0,
2 2 2(N —-1)
IRED4 IRED4
Similarly, if m’ =m — %, we get
Z exp <ﬁ [FIN(OJ)-HN(O-)}JF)
]la"wa'
_ n _
vesamz] o0 (=BlHN(") ~ Hy (o))
2p
exp| =0 |5 (Nm—1)+2h >
! < ’ {N( ! L < NIE™ 2004m), (A.120)
- 2
teit(o) exp (—B {% Divizte Jitoi + 2h}+)
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O

With the previous lemmas at hand, we are now ready to prove the lower bound on the
capacity.

Proof of Theorem[A.1.6, As we mentioned above, since the capacity is symmetric, we will prove
the result only for m; < mg € I'y.

Let Wy be the test flow defined in (A.108]), which by Lemma is in Usy (my],Syma)-
Thus, using the Thomson principle (A.106]), we obtain the following bound

cap (Sy[m1], Sn[me]) > (A.121)

D(Vy)

Therefore, we are interested in upper bounds on D(V ) which, using (A.3]), (A.5) and (A.46),
can be written as follows

- on(m(a), m(d"))? Zg N
o Ncwze:szvﬂmaexp( (Hy (o) + Ao ))) oxp (—BlHN(0") — Hy(o)]s) (A-122)

By multiplying and dividing by exp(—B[Hn(0") — Hn(0)]+) Zg n, and using (A-10), (A1)

and (A.18)), we get

D(Wy) = N Zﬁ,N pn(m,m’)?
225N ey Qo (m) exp (NIn(m) exp (=BN [B(m') — E(m)], )
exp (=6 [fiv(e!) - An(o)] )
exp(BA(0)) Lono u
: aeg[m} b o/eg[m/] exp (—ﬂ [Hy(0") — HN(U)]+)
< N ZBN 280+h) _ o (m, m')?
T 2w marers Qv (m) exp (NI (m)) exp (—BN [E(m) — B(m)] )
NI ) NI )] Y exn(3A())
cESN[M]

(A.123)

where we used Lemma to bound the sum over ¢’, uniformly in o € Sy[m]. Then, to
bound the remaining sum over o, we use the upper bound in Corollary (in the version
with e#2(%) motivated by the Remark therein) with

¢N(m7 m/)2
(m) = <
! m;N Qs.v (m) exp (N Iy(m)) exp (—BN [E(m!) — E(m)].,) (A.124)
[NHTmll 2 (m) + N“Tmlm%(m’)}
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obtaining, with notation ({A.38)),

Pis) 7 )2 exp (—
D(Ty) N ZBN_ s+28(1+h)+a 3 ¢n(m,m')” exp (—~NIy(m))

IN

275N mmrery Qo (m) exp (NIn(m)) exp (=8N [E(m’) — B(m)].,)

< [NHTmnm_%(m') 4 Nl_Tmnm%(m’)} (1+0(1))

_ 2N o H2B(1+h) +a ¢N(m~a m/)? exp (—2N1Iy(m))
ZZQ,N QB,N(m)fN(m, m’)

14+m 1-m 2
< [N, () + N= 1, ()] (L4 0(1)),

m,m’el N

(A.125)

where in the equality we only used (A.20)).
Now we first substitute ¢ defined in (A.109) into (A.125) and then use reversibility to
obtain

P(s) 7 )
D(Ty) < 2Zﬂ o5 +28(1+h)+a Z _ : : 1s o))
B,N m1<m<ms, Qﬁ,N(m)T‘N <m7 m + N)
mEFN
ZBN _s+28(1+h)+a 1
s 2 .3 —2 - 2z o) (A1)
B8,N mi<m<ma, QBJ\/'(m N)TN m N’m
mel'ny

— @es+25(1+h)+a Z ] 1 (L4 o1)),

Zﬁ,N m1<m<ma Qg,N(m)FN (m,m + %)

where the last equality follows noticing that the two sums in the previous step are equal.

Therefore, by (A.121]) and (A.126f), we obtain

Zg N

ZgN cap(Sn[mil], Sn[ma]) > D(¥n)

-1
P(s)
> Zgye 20 a3 . 1 : (1+o(1)) (A120)
mimms Qo ()7 (mm + %)

= Zgne P cap™WV(Sy[ma], Sy [ma]) (14 o(1)),

where we used the notation and we noticed that the inverse of the expression appearing
in brackets in gives exactly the capacity for the CW model. Indeed, that expression
gives exactly the capacity for the one-dimensional random walk in I'y which is the projection of
the CW dynamics onto the magnetisation space I'y (see the formula for the capacity in Bovier
and den Hollander [I8, Section 7.1.4, (7.1.60)]). Using lumping techniques exactly as at the end

of the proof of Theorem (end of Section |[A.3.1)), we have that the aforementioned capacity
equals the CW capacity. O

A.4 Estimates on the harmonic function

As pointed out in Section the proof of Theorem relies on sharp estimates on capac-
ities, carried out in Section [A73] and estimates on the harmonic function. We entirely devote
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this section to obtain asymptotic upper and lower bounds on the numerator in (A.40)), which is
given by the following sum

> g N () (0), (A.128)

ceSN

that is to give the proof of Theorem

In order to control the sum (A.128]), one generally uses a renewal argument which relies
again on estimates over capacities. However, in our case this is not possible, due to the fact that
capacities of single spins are too small.

We first prove the upper bound and then give some details about how to prove the lower
bound, which is very similar and more straightforward. Our proof follows Bianchi, Bovier and
Toffe [7], Section 6].

A.4.1 Notation and decomposition of the space

Before starting with the proof, we introduce some notation. We refer to Figure below for a
better visual understanding of the objects we are defining.
Recall that we denote by m, the global minimum, by m_ the local minimum, and by m*

the local maximum of fg(-) in [—1,1], where fg(-) = limy_00 fa,n (), defined in (A.14). We
want to decompose the space I'y (and eventually the set of spin configurations Sy) according
to the values of fg. The notation and the decomposition are organised in 4 steps.

Step 1. First, let 6 > 0 be small in a way which will become clear later, and define the set
Us = {m € [~1,1] : fs(m) < fs(m_) +3}. (A.129)

We write U§ = [—1,1]\Us and we denote by Us(m) the connected component of Us containing m.
Note that {m_, m4} € Us. In general, Us(m_) and Us(m,) may have non empty intersection,
but we choose § such that m* ¢ Us, implying that Uy is partitioned by the disjoint sets Us(m_)
and Us(m4). For this to hold, it suffices to take § < fg(m*) — fz(m—). Moreover, we choose o
also such that —1 ¢ Us(m_). For this to hold, it suffices to take 6 < fg(—1) — fg(m—). Thus,
we choose 6 < min (fz(—1), fa(m*)) — fg(m—). These conditions are needed to prove
below.
Let us denote by ms the unique point in (m*, m4) such that

fo(ms) = fa(m-) + . (A.130)

Step 2. With ¢ chosen as above, we define a sequence (dx)nen, converging to 0 from below,
such that the left extreme of Us, (m.) is in I'y. Specifically, we define éy as follows:

on =max {5 € (0,0 : Im € Us(my) NTx \ [my, 1] s.t. fo(m) = fa(m_) +3},  (A.131)
for N sufficiently large. Moreover, set
Usn = Usy NN, Usny =Tn\Usn and Usn(m) =Usy(m)NTy, (A.132)
for all m € [—1,1]. Thus, we have the partitions
Iy =Usn(m_)UUsn(my) UUs N (A.133)
and

Sy = Sx [Usv(m_)] U Sy [m4(N)] U Sy [Uf x] U Sy [Usv(m) \ {me(N)}]. (A134)
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fa(m-) +4¢

fa(m-)

-1 m_ m*  msg mimy 1
S~ —
Us(m-) Us(m+)

Figure A.1: Graph of fg and decomposition of the magnetisation space [—1, 1]: the two intervals
Us(m_) and Us(m4) around the two minima are drawn, together with the special points mg,
me. Us is painted in red.

Remark A.4.1. Notice that, for N sufficiently large, Uspn(m—_(N))=Usn(m—) and
Usn(m4(N)) = Usn(my). Furthermore, with these definitions, ms, € Usn and it is the
left extreme of Us ny(my4.).

Step 3. Let € > 0 be arbitrarily small (the choice of € will be relevant in Section |A.4.2). We
denote by m,. the only point in a small left neighbourhood of m., more precisely in Us(m) \
[m, 1], such that

fa(me) = fa(my) +e. (A.135)
Let us define an e-dependent parameter 6 > 0 by

0 =m4 —me. (A.136)

Step 4. Similarly to Step 2, fixed € > 0, we want to define a sequence (¢y)nyen converging
to € from below such that m., is in I'y. More precisely, we define ey as follows

ey =max{¢ € (0,¢] : Im € Usn(my) \ [m4, 1] s.t. fg(m) = fa(my)+£€}. (A.137)

We will use later that m., € Usn(m4) and it satisfies fg(mey) = fa(m4) +en-.

Moreover, given ¢ > 0, we define the sequence (y)nen, analogously to , by set-
ting Oy = m4(IN) — me,. Oy plays an important role in Lemma below. Notice that
Impy_ 00 Oy = 0 and, if my # my(N), then f(me) — f(my(N)) #en.

A.4.2 Upper bound on the harmonic sum

In this section we prove the first part of Theorem by giving an upper bound on the

harmonic sum in ((A.128]).
We will estimate the contribution of each set of the partition in (A.134]) to the sum in (A.128)).
As one expects, the only relevant contribution will be given by the terms in Sy[Usn(m—)].
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Indeed, gy is very small in Sy [U§ y] while A . is very small in SN[Us n(m+)] and we will
see the two contributions on these two sets turn out to be irrelevant.

The main ingredients in the proof of the upper bound are Corollary [A:2.7] and Lemma [A:4.2]
below. The proof of the latter result is quite technical and it is postponed to Section

Proof of Theorem[A.1.7. Upper bound. We are ready to start estimating the contributions of

each disjoint set of the partition in (A.134)) to the sum in (A.128)).

Part 1. Sum on Sy[Us y(m_)]. This will be the relevant part. Using first that hl) my (o) <1,

(A.43)) and (A.61)) of Corollary with g(m) = 1,,cu; v (m_)(m) we obtain
Y. Ny ()< Y Qan(m)

UESN[U(;’N(T)’L_)} mEU(;,N(m_)
P(s) e5T (14 0(1)) 2
< 2\ TR _ __«
= Zsn 2. exp(=BNfs(m)) TN —m?) (A.138)

meUs,n(m—)

et (1 + o(1)) exp (=8N f5(m -)
Z/37N\/ (1-m?2)p 5 '(m-)

In the second line we used our assumption of 6 being small enough such that —1 ¢ Us n(m—)
(see Section Step 1). To obtain the last equality we first approximated, for N sufficiently
large, the sum with an integral and then applied the saddle point method (see, for instance
de Bruijn [29, Chp 5.7]), where m_ is the maximum point of —ffg on the considered domain.
Notice that here we use the fact that m* ¢ Us y(m—), which holds again for ¢y small enough
(see Section Step 1). More precisely,

1
meU;N:(m_) exp (—BN fz(m)) NEETD)
b
~ ];f/a exp ( BN fa(x )) \/(117d (A.139)

= exp (—fN fg(m \/7”25f//3’ (I+o0(1

where —1 < a,b € 'y are the left and right extremes of Us n(m_), respectively.

Part 2. Sum on Sy[m(N)]. Being by definition hY (o) =0 for all o € Sy[m4+(N)], we
trivially have

m—_,my

Yo ()b (o) =0. (A.140)
oSN [my (N)]

Part 3. Sum on Sy[U§ v].
Using hlY m, < 1and (A.43), we have

Z N (0) han,,er (0) < Z ps.N (o Z Qs n(m

oc€SN[US ] c€SNUE ] meUy

NIYs N NIYs N 5N (A.141)
= Z Qp.n(m) + Z Qg n(m).

meU; y\{1,-1} meUg yn{1,-1}
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We bound the right hand side using (A.61)) of Corollary with g(m) = Lyeve, (m)

obtaining

. N (@) by (0)

O'ESN[U:;’N}

Pg) est* (14 0(1))

2

Z exp ( — ﬁNfﬁ(ﬂl)) m

meUg y\{1,-1}

oa ) A.142
LA Ro) s (AN (fs(m)) e

meUs yN{1,—1}

st (14 0(1)) [ 2 1
< TGXP(—ﬂN(fB(m—)‘HSN)) N Z ﬁ—i—z ;

meUg y\{1,~1}

Z3.N

Zg N

where in the last inequality we used the bound fg(m) > fg(m—_) + dn given by the definition of

Ug y (sce (A129)).

Part 4. Sum on Sy[Usn(m4) \ {m4(N)}]. Using (A.32) and the fact that, for any o € Sy
such that m(o) > my(N), P, (TSN[mi(N)} < TSN[er(N)]) =0, we get

5 psn (@) B (0)
o€SN[Us,n (m)\{m (N)}]
(A.143)
= > 1p,n(0) Po (TsN[m_(Nn < TsN[m(N)]) :
o€SN [[msy m+(N))]
Thus, applying Lemma below, the following holds for any v € (0, 1)
Z H,B,N(O-) h%_,ﬂ’u, (U)

o€SN[Us, N (m4+)\{m+(N)}]
<exp(—=AN(1—7)fs(m_)) Y Qs,n(m) [exp (BN (1 —7)fa(m)) (A.144)

melms ; ,m4(N))

1 BN(I=7)3en+NEN (On) exp (BN(1 — ’V)fﬂ(er))} e BN(1—7) 5N(1 + o(1)).

Using (A.61)) of Corollary with

9(m) = Lepms  my (N))

x (m) [exp (BN (1 = 4) fs(m) + N3N ENON) oxp (BN (1 = ) fs ()|
(A.145)
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we obtain

> pa.N (@) Iy (0)

d €SN [Us, N (m)\{m+(N)}]

OO o (NG gy e NS e (BN ()

Zo.N me([ms; my (V)
T [ €5P (BN(1 =) fym) + PN APV e (SN (1= 3)fy . ))]
e (1 +o(1)) —BN(1—7) s 2
< TGXP(—BN(l_W’)fB(m—))e VONN AN —m2)
x [exp (=7 BN fa(m.)) + N3N ENNOND) excp (— BN fy(m) ) exp (BN (1 =) fa(m.+)]
esta (1 4 o(1)) 2N

= o~ Nfsmo))y [ oy exp (= 1 BN fa(me) = f(m-)))
« e BN(1=7)(6n—3en)+NEN(On) [e—ﬂN(1—7)3aN—N€N(0N) i 1}
et (1+0(1)) 2
S e S b
X exp [—BN (v[fﬁ(m) — fa(m_)] + (1 =) (6N — 3en) — 5{n(0N) — 5N)} .
(A.146)

In the last step we embedded [e=#N1=7)3en=NEn(ON) 4 1] in the already present (1 + o(1)) and
bounded v'N by e #N(=<¥) because for N large enough logg(]]\\[f) < ey (which converges to € > 0,

8
see Step 4 in Section |A.4.1)).
Now we prove that this part is not relevant compared to the right hand side of (A.138]). In
particular, we show that, for a certain choice of ~,

en =9lf(ms) — fo(m-)] + (1 =7)(on — 3en) — 5N (ON) — en (A.147)
is positive and its limit,
Jim ey =9[fa(my) = fa(m)] + (1 =7)(5 = 32) — 75 (log(2) + 3 — log(1 —my)) —&, (A.148)

is positive and finite. In order to achieve this, we choose v € (0,1) small enough, such that cy
and its limit are positive, definitely in N. In particular, we want to impose

5]\[-46]\[-%51\[(9]\/) <1

DT Bl = Falma) + ow — ey <

(A.149)

definitely in N, and

6 —4de — %lim]\]_mo EN(Q)
Fo(m_) — f3(m+) + 6 — 3¢
First, we notice that it is easy to check that the previous quantities are strictly smaller than

1. Second, we want to show that a strictly positive v satisfying (A.149)-(A.150|) exists. Note
that {n(0x), defined in (A.164)), has the following trivial upper bound for every N,

0<y<

<1. (A.150)

KN(QN) <Oy (ﬂ+10g2+0(91\[)). (A.151)
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Thus, a sufficient condition is to choose, for N large enough, ~v > ~, where
0 —4e -0 (1452 4+ 0(0))
Yo =
fa(m-) — fg(my) +6
is clearly strictly positive. Indeed, we can choose € > 0 sufficiently small for the numerator on

the left hand side of (A.152)) to be positive, while 6 is small accordingly to e (see Section [A.4.1)).
We conclude by obtaining, for IV sufficiently large,

N P(s) es+a+o(1) 5
Z PN () Mgy (0) < Ziexp(—ﬁN(fg(m,)+cN))\/m,
o €SN [Us, v (m4 )\ {ma (N)}] B,
(A.153)

(A.152)

where 0 < ¢y = O(1).

Conclusion.
With the previous bounds at hand, we are now ready to conclude the proof of the upper
bound. Decomposing the sum over Sy using , and inserting the estimates we computed
above into (A.128]), we obtain

S usnlo) b .. ()

og€SN
P(S) es+a (1 + 0(1)) —BN§ 2 1
< T exp ( — BN fa(m- L Ry 49
- Zsn p (= BNfs(m)) le TN meUg,NZ\{l,—l} V(1 —m?)
2 1
R} e ase et M
r(1—m2)° \/(1—m2_)ﬁfg(m_)}
eSte 1
< 7, o (= 9N F(m-)) NEETTT (1+0(1)),
(A.154)
concluding the proof. O

A.4.3 Some technical results

In this section we prove Lemma [A.4.2] which is pivotal in obtaining the upper bound in The-
orem (see ) The proof is quite involved, therefore we split it into subsequent
technical results. Before starting the proof, we give a brief outline of this section. First, we state
Lemma[A-4.2]and prove it via Lemmas[A4.4] [A.4.5) and [A74.6] which follow later on. Second, we
give the proof of Lemmas [A.4.4 and [A74.5] The latter relies on Lemma [A4.6] which we subse-
quently prove using Lemma [A.4.7 We conclude the section proving Lemma Throughout
this section we will use the notation introduced in Section [AL4.]

Lemma A.4.2. For all 0 € Sy [[msy, m+(N))], for all v € (0,1) and € > 0,

Po (Tswim_ (V) < Tsnlms(v)]) < exp (=BN(1=5)[fa(m-) +on])(1 + o(1))

X [eXp (BN(1 =) fs(m(0))) + exp (BN(1 = 7)[fg(m+) + 3en] + Nin(0n)) |,

(A.155)
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where Uy (-) is defined in (A.164)).

Proof. For all o € Sy [[ms,, m4(N))], we have

Po (TSN[m,(N)] < TSN[m+(N)])
=P (Tsmm_wn < TSy [my (N)]> TSy [m— (N)] < Tsmmam)
S D (TsN[m_(Nn < TSnlmy (M) Ty < TsN[{mEN,m_<N>,m+<N)}1)
neSwbme (A.156)
=P (Tsmm_wn < TSN[{m(N),msN}])

+ Z P, (TsN[m,(N)] < TSy [ma (N)] ‘Tn < TSN[{manmf(N)7m+(N)}])
T]ESN [mEN]

x Py (7_71 < TSN[{msN,m—(N)»mMN)}]) )
where we notice that,
Py (TSN[mf(N)] < TSn[m(N)] ’777 < TSN[{msNamf(N)vmﬂL(N)}]) =Dy (TSN[mf(N)] < 7—$N[m+(1\7)]> :
(A.157)
Using the Markov property and taking the maximum of the first factor out of the sum, we have
that, for all ¢ € Sn[[msy, m+(N))],
Py (TSN[m*(N)] < TSN[m+(N)])

<Ps (Tsw[m_(zvn < TSN[{m(N),mEN}])

+ < max [P, (TSN[m,(N)] < TsN[m(N)])) Z Po (Tn < TSn[{mey ,mf(N),m+(N)}}>

S
NESN [me ] UGSN[msN]

=P, (TSN[m—(N)] < TSN[{m(N),msN}])
+|  max P, (TsN[m_w)] < TsN[m(N)]) Po (Tsmmm < TsN[{m_(N>,m+<N>}1)
UGSN [msN}

< By (Tslm- (V)] < TSxlime (V) mey 1)

+ ( max P, (Tsmmf(N)] < TsN[m(N)])) Py (TSN[msNJ < TsN[m(N)]) :

(A.158)
We first consider the case o € Sy[me,]. By Lemma we get
Bo (Tytm- )] < Twlma ()]) < Bo (Toytm- )] < Tslims (Mmey 1)
(A.159)

’V]ESN[mgN]

+ ( max ]P)U (TSN[m_(N)} < TSN[m+(N)]>> (1 — eiNEN(eN)(l + 0(1))) .

Taking the maximum over ¢ and noticing that the same term appears in both right and left
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hand side of the inequality, we obtain

aegﬁ%{w] Fo (TSN[m-(N)] < TSN[m(N)])

< max ]P’U (TSN[m_(N)] < TSN[{m+(N)7meN}]) eNeN(oN)(l + 0(1)) (A160)

o€SN[me ]
< exp [=AN (1=1) [fa(m-) + 05 = fs (mey = §) = ew] = New(On)] (1 +0(1)),

where we used Lemma [A.4.5]
By Taylor expansion of fz (me N~ %) and definition of m.,, we get

]PO' m_ < m
25 B (Toyim_0) < Tt (A.161)

<exp [N (1 —7)[fg(m-) +0n — 3en — fa(my)] — Nén(0n)] (1 + o(1)),
where the last inequality holds for NV sufficiently large. Here we bounded the Taylor expansion
error O (%) with e, which converges to € > 0 (see Step 4 in Section [A.4.1

Now we consider the case where o € Sy[[ms,,m4+(N)) \ {mey}]. Going back to (A.158)
and using again (A.161)) we obtain

Py (Tsmmw)] < TSN[m(N)]) =Py (TsN[mfwn < Tsm{m(m,msN}J)
+exp [—AN(1 =) [fa(m_) + dx — 3en — fa(my)] — Nen(0n)] (1 + o(1))
< exp (=AN(1 = 7)[fs(m-) + dn])(1 + o(1))

x [exp (BN(1—7)fs(m(0))) +exp (BN(1 = 7)[fs(m4) + 3en] + WN(GN))] :
(A.162)

In the last inequality we used Lemma which holds for o € Sny[[ms,,mey )], and that
PU(TSN[m,(N)] < TSN[{m+(N),m5N}]) =0 forall o € SN[(mEN,er(N))].
U

Remark A.4.3. In Lemma one might try to further bound the r.h.s. of (A.155)) using
that fz(m(o)) is bounded by fg(ms,) = fa(m—) + én. This would yield to the trivial upper

bound 1 on P (Tsy(m_(n)] < Tsylmy(N)])s Which is not sufficient for our purpose of proving that
the second term in is negligible with respect to the last one. The way to go is, therefore,
to keep the dependence on m(o) in order to obtain later a more suitable bound, uniform in m,
by exploiting the smallness of Qg n(m(o)) in (A.144) and (A.146).

In order for (A.159) to be true, we have to prove the following result.

Lemma A.4.4. For all o € Sy[me,], for € sufficiently small and for N sufficiently large,

Po (Tsy s (V) < TSN[maN]) > e NN (1 4 0(1)), (A.163)

where £ : R — R is defined by
In(@) =[x (log2+ B |2 = 2h] +1) — (1 = my (N) + 2) log(1 — m4 (N) + )
+ (1= my (N))log(1 — m (N))]. (A.164)
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Proof. Recall that {o(t)}+>0 is the Markov chain with transition probabilities (A.5) and, for
o € Sy with m(o) < my(N), let

An(o) = {(0(0),0(1),0(2), ...):0(0)=0,YieNo(i) € Sy,0(i) ~o(i+ 1),

Jk € Ns.t. o(k) € Sy[m4(N)], and Vi <k —1, m(o(i+ 1)) =m(o(i)) + %} (A.165)

be the set of infinite paths starting in ¢ and having increasing magnetisation until the set
Sn[m4(N)] is reached.

Notice that, for fixed ¢ and N, the number k of steps of increasing magnetisation to reach
Sn[m4(N)] is fixed, namely k = —(m+(N) —m(0)).

We want to partition Ay (o) according to the values of the first k£ + 1 elements of its paths.
Given a sequence 7 € Sk, let us denote by {r} the set of all paths in Ax(c) in which the first
k + 1 elements are exactly given by 7, namely

{r} ={(c(0),0(1),...,0(k),0(k+1),...) € An(0) : (¢(0),...,0(k)) =m}. (A.166)

Notice that, by definition of Ay(0), {7} is empty for many = € Sk*! . We denote by By(0)
the set of all the sequences m € Sﬁ,“ such that {7} is not empty. Thus, we obtain the following
partition of Ay (o)

Avo)= || {=} (A.167)

TEBN (o)

Fix 0 € Sy[me, ], then one simply notices that
Py (Towlm, (V)] < Toxlmey]) = PolAn(0)) = > By ({r}). (A.168)
TEBN(0)

Thus, we first find a lower bound on P, ({7}) independent of 7 in By (o) and later we compute
the cardinality of By (o). Fix 7 = (¢(0),0(1),0(2),...,0(k)) € By(0), then we have

k
» ({r}) = HpN (i = 1),00)) = 5 [ exp (~BH (o) ~ Hloli —~ 1)],)

Ck k oL k 9
= Nk Z1_[1exp —BNI[E(m;) — E(m;—1)]4) = NF 11_[1€Xp < B {—2701‘1 “ N 2h]+> ,
(A.169)

where m; = m(o(i)), C = exp (—/|2 — 2h|) and we used the following fact

exp (— B[H(o(i)) — H( (i —1))l4) _exp (= B[H(o(i) — H(o(i —1))]1)
exp (— BN[E(m;) — E(mi-1)]+) exp (— B[ —2mi—1 — % — 2h] , )

> exp (— B[H(0(i)) — H(o(i — 1))]+) = exp (—5 [—fv S Jpo(i—1); - 2h] ) (A.170)
+

jii#r
> exp (—ﬂ {2 —2h — ]ﬂ+> > exp (=82 —2h]),
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where 7 is the index of the spin to be flipped to go from o(i — 1) to o(i). Therefore, recalling
that m; € [m.,,m4+(N)], we obtain the following lower bound independent of 7

Ck:

ck & 2
P, ({r}) > ~F gexp (—ﬂ [—2m€N -5 2k

Indeed, for ey sufficiently small, m., is close to m4(N) > 0, allowing us to assume m., > 0.
Therefore, —2m., — % — 2h < 0, which implies the last equality in .

We are left to compute the cardinality of By (o), with 0 € Sy[me,], namely we have to
count all paths from o to Sy[my(N)] with increasing magnetisation and length k£ + 1. Any of
these paths is characterised by a final spin 6 € Sy[m4+(N)] and a sequence of negative spins
which are flipped. Notice that ¢ is reachable by ¢ through a path with increasing magnetisation
if and only if the two following properties are satisfied: ¢ has k positive spins more than ¢ and,
for all ¢ € [N], 0; = +1 implies 6; = +1. Thus, a configuration ¢ € Sy[m4(N)] reachable by o
through a path with increasing magnetisation is characterised by the k spins which are negative
in ¢ and positive in . Therefore, the number of reachable configurations & is

IN(1—mey)\ (3N —my(N)+0n]
<2 ) ) _ <2 v ) (A.172)

being %N(l —me, ) the number of negative spins of o0 € Sy[me,] and k = %N&N, where Oy has
been defined in Section [A.4.1]

The number of paths with increasing magnetisation from o € Sy[me,] to a reachable
o € Sy[m4(N)], both fixed, is k!, namely the number of permutations of the k negative spins
which are flipped along a path. Thus, being k = %N On, the cardinality of By (o) is

(40w )! <5N[1 _T];éjj) ’ 9N]>- (A.173)
2

Going back to ((A.168)), we obtain

Po(Tsyfm, (V)] < Tsylmey]) = D, Po({7})

TEBN (o)
1
AL sN[1 = mi(N) +0n]
> (N> (N0 )! ( | NGy (A.174)
— e ML= me (00 0, (VLm0
2 2

Using Stirling’s approximation n! = v2rnn"e"(1 + 0(1)) = 27ne™1°8"=1(1 4 o(1)) and the

notation

keN - 1 — m+(N) I (A175)
we obtain
N(1—-m4(N)+6n), [N(l - m+(N)),} -
2 ' 2 '
= ki exp | M= log (kg ) + S NOy log (M= NN ) — ING] (14 o(1)).
(A.176)
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Thus, since kg, > 1 and C = exp(—f|2 — 2h|), we conclude by

Py (TsN[m(N)] < TSN[msNO
> ks e~ 3 (O3108(F)+0n—(1=m () log(ka ) ~On log(5 (1-m+ (N)+0)) (1 4 (1))

o~ 3 (O log(F ) +on—(1—m(N)) log(ke )6 log(§ ) —On log(l—m+(N)+9N))(1 +o(1))

v

— %5 (x5 log(2)+0n B12—2h|+0Nn —(1—m (N)+0x) log(1—m-4 (N)+6n ) +(1—m4 (N)) log(1—m- (N))) (1+0(1))
(A.177)

=e€
= e NN (1 4 o(1)).
O

To prove Lemma [A74.2] we used the following fact.
Lemma A.4.5. For o € Sy[mey], for N sufficiently large and any v € (0, 1),

P, (TSN[m,(N)] < TSN[{m+(N),m5N}]> < exp (—BN(l —7) {fg(m,) +on — f3 (msN — N) —EN
(A.178)

Proof. Let us denote by Wi (m) the event of making the first flip in Sy[m)].
For o € Sy[me, |, conditioning on the first step, we obtain

Py (TsN[m,(N)} < TSN[{m(N),msN}])
— By (W (mey + 2)) Po (Tsyim_ ) < Towlims vmeg | W8 (mey + 3))
+ P, (WN (maN - %)) Py (TSN[m—(N)] < TSN [{my (N),me  }] ‘ Wi (maN - %>>

> Por (7Stm- (0] < Tsltm (0)me 1)

o'eSN m5N+% ,o~o!

2.

o’'eSN [maN f%} ,o~o!
(A.179)

= (W (e + 7))

Por (TsN[m_uv)] < TsN[{m(N),msN}]) :

8 (W ey - )

The first term vanishes because all the probabilities in the sum are zero. Thus, we get the upper

bound
>

Po (Tsyim_ (V)] < Tsyl{my (V)mep 1)) < Por (Tsym_ (V)] < TSy l{m (V) mey 1)
/ l !/
o’eSN [mEN_N:| ,O~O
(A.180)

Using first Lemma which gives bounds uniform in ¢’, we obtain

Py (Tslm- () < Tswl{m (N)mey }])
< > exp (=8N (1 —7) [fa(m-) +dn — fs(m(a"))])

B o’'eSn I:mgN—%:|,O'NO',
= NH% exp (—,BN(l -) {fﬁ(m—) +on — 5 (mezv - %)D .
= exp (—ﬂN(l -) [fﬁ(m,) +on — fa (mEN - %) - %D
< exp (~BN(1 =) [fo(m-) + o = f3 (mey = &) = en])
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where in the last inequality we used that, for IV large enough, bég]\lfv(iir_ov()l) < ey (which converges
to € > 0, see Step 4 in Section |A.4.1)). O

In the proofs of Lemmas [A.4.2] and [A.4.5] we use the following fact.

Lemma A.4.6. For o € Sy|[[msy,mey)], for N sufficiently large and any v € (0, 1),

Po (Tswlm- (9] < Tl (N)mey 1)) < €52 (=BN (L =9) [falm-) + 8x = fa(m(@))]). (A182)
Proof. For o € Sy|[[msy,mey)],

Po (Tsxfm-(3)] < Tsyl{ms (V)mey 1) < Po (Tsyms ] < Tsnl{my (N),mey 1) (A.183)

being m_(N) < m* < ms,, < msy, < m4(N), for N sufficiently large. Therefore, we focus
on finding an upper bound on the right hand side of . Assume that there exists a
function ¢ super-harmonic in Sy [[ms,,mey)]. As a consequence, 0 > Li(o) = %EU [¥(o(t))].
This implies E, [¢(0(t))] < Es [10(0(s))], for all s < t. Take s = 0, and o(0) = o, therefore
Eq [¥(o(t))] < ¢(o), for all t > 0. Thus, ¥(o(t)) is a super-martingale. For the integrable
stopping time T = TSnlmsy] N TSN {m (N);mey }]» We use Doob’s optional stopping theorem for

super-martingales to show that, for all o in the domain Sy [[ms,, mey)] of ¥, E; [¢(0(T))] <
(o). Therefore,

(o) 2 Eq [Y(o(T)] = | min  (0")Po(Tsyms, ] < Tsn({mi (N)mey 1) (A.184)

o’'eSn [m5N]
which implies that
¥(0)

minO'/ESN[m(;N] w(a—/) .

Po (Tsnimsy] < TSwl{my (N)mey 1) < (A.185)

For a suitably chosen 1 the latter inequality will yield the desired upper bound. Now we are
left with the choice of a suitable ¢ : Sy — R such that Li(z) < 0, for all z € Sy [[msy, mey)]-
We define a function 1) which depends on a parameter v € (0,1) and is constant on fixed
magnetisation sets, i.e, for all o € Sy,

¥(o) = ¢(m(0)), (A.186)
where ¢ : [—1,1] — R is defined by

¢(m) = exp (BN (1 —7)f3(m)). (A.187)

Our choice of v is similar to the one used by Bianchi, Bovier and Ioffe in [7, Proposition 6.4].
The choice of v is relevant in (A.149).

We claim and prove later in Lemma [A.4.7| that ¢ is super-harmonic in Sy[[ms,,mey)].
Therefore, we conclude the proof by inserting ¢ in (A.185)) and obtaining

exp (BN (1 — ) fs(m(0)))
Ming esy (ms,, ] €XP (BN (1 =) fs(m(d’)))

P, (TSN[m,;N] < TSN[{m+(N),m5N}]) <

A.188
= exp (IN(L—) slm(o)) ~ folms))
= exp (=AN(1 =) [fa(m-) +dn — fs(m(o))]),

where we used the definition of ms, (see Section [A.4.1]). O
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We are now left with the proof of the super-harmonicity of +, which is used in the proof of
Lemma [A.4.6]

Lemma A.4.7. ¢ defined in (A.186) is super-harmonic in Sy [[msy, mey)]-

Proof. We have to prove that Li(z) < 0, for all # € Sy [[msy,mey)]. Fix x in Sy [[mesy, mey)]
and use the notation m = m(x). As usual, we try to rewrite the terms appearing in the
expression for Li(x) in terms of their mean-field version.

= Y ple)l) — (@)

yESN

— Z 1,z exp — B[H(y) — H(l‘)]+)

yESN

x [exp (B(1 = 9)N f5(m(y))) — exp (B(1 = 7)N fa(m(2))) |
Y 2 e (~ BNE(m) — E(m)].)

mGFN

X [exp (BN(1—7)fs(m)) —exp (BN(1 — V)fﬁ(m))}

exp (— BIH(y) — H(x)]1)
<A e (= ANE) - Bl

< 3 exp (= BN[E(m) — E(m)]+) 6(m) [exp (BN (1~ )[fa(m) — fa(i)]) — 1]

mel'n

14+ 1—n
x e L0 )+ 2 " 2 ().
N
(A.189)

where ¢ is defined in (A.187)) and we used the upper bound exp(28) on G(o,m’) as in the proof

of the upper bound on capacity (see (A.99), (A.100)).
Now, recalling definition (A.20)), we use the following notation

ry =7TN (m,m + %) = exp (—25 [_Jif —(m+h) +> 1_Tm, (A.190)
r_ =iy (mmf%) = exp <2/5 {i]+m+hh> HTm (A.191)
and, for all m € I'y \ {1},
g(m) = = [7s (m+ %) = Js(m)]. (A.102)
Therefore, we can rewrite as
Ly(x) < e* g(m)ry [exp (28(1 = 7)g(m)) — 1]
+ e p(m)r_ [exp ( 26(1 — (_ %)) ] (A.193)

= p(m)ry Gy,
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where

Gy = (P0=tm) 1) 4 = (e‘”“‘”g (%) _ 1) _ (A.194)

T+

Being e??, ¢(m) and r, positive, we have only to show that G4 < 0. First we notice that

g(m)=-m—h+ ;I’(m) +0 (%) (A.195)
and similarly
g(m—%) :—m—h+;I'(m)+O(]{[). (A.196)
Therefore,
—g ( 3)=0(%). (A.197)

Then, since I'(m) = 3 log (1+m) see (A.16])), and using (A.196)) we have

P 14meP B[~ — ()] )

re 1= oexp (28 [—}V+m+h]:)
= P exp (-26(m+ 1) (140(%)) (A.198)
= exp (2I'(m) = 28(m + 1)) (1+ 0 (%))
e (o 3) +m 0 (3)] - 20n00) (140 (3)
= exp (28g(m — %) (1 +0 (%))

Therefore, rearranging and then using and (A.195), we obtain
G = lexp (26(1 = 7)glm) — 1} [1 = = exp (—25(1 2 (m-%))]
= e (280 =) [otm) — g (m = §)]) - 1] o)

= [exp (281 = 7)g(m)) — 1] [1 —exp (2899 (m — %)) (1+ 0 (%))]
+ :; {exp (2B(1 —v)O (%)) — 1} :

+

Notice that, for every m € [ms, ,mey) C [m*,my), g(m) is negative, being f3 strictly decreasing
in [m*,m4). As a consequence, e?6(1=7)9(m) _ 1 < 0. Furthermore, for N sufficiently large,
1 — e28v9(m—%) (1 +0 (%)) > 0, implying that the first term in (A.199) is negative.

Moreover, :—J‘r > 0 is uniformly bounded from above, for N sufficiently large. Therefore, since
B is finite, v € (0,1) and the term {exp (26(1 -0 (%)) - 1} is positive but converging to
zero as N grows to infinity, the second term in ({A.199)) is negligible.

Therefore, for N sufficiently large, G4 is negative, concluding the proof.
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A.4.4 Lower bound on the harmonic sum

In this section we provide the main ideas to prove the second part of Theorem namely
the lower bound on the harmonic sum in (A.128)).

Proof of Theorem[A.1.7 Lower bound. The proof is very similar to the proof of the upper bound
we gave in Section [A.4.2] therefore we omit the details. The main contribution is given once
again by the sum on Sy [Us y(m—)].

We have,
Z g, N m_,m+ (U) > Z Ha,.N (U) h%_,m+ (U)
cESN €SN [Us,n(m-)]
= > pp.n(0) — >, pan (@)1 =hl . (o))
o€SN[Us, n(m-)] o€SN [Us,n(m-)]

A.200
> > Qg ,n(m) ( )

meUs y(m-)\[-1,m_(N))

- > 1N (o) Po (TsN[m(N)] < TsN[m,(N)]) :
o€SN[Us,n (m-)\[-1,m—(N))]

The first term, i.e. the sum on the mesoscopic measure Qg x, gives the main contribution.
This sum can be estimated from below using the lower bound in Corollary obtaining a
lower bound similar to the second upper bound in Corollary [A:2.7)and applying the saddle point
method as in . More precisely, using the notation , we have the following lower
bound for s > 0:

> Qp,n(m) Pg) el s exp (— BNfB( ))

meUs n (m-)\[-1,m—(N)) s, N\/ (1= j(m-)

(1+o0(1)).  (A.201)

The second term in (|A.200)), appearing with a negative sign in front, is estimated via an
upper bound, obtaining

> pp.N(0) Py (TsN[m(N)] < TsN[mf(Nn)
€SN [Us N (m—)\[~Lm_(N))]

et exp (~BN fa(m_)) 2

e—ﬁNc 0 .
Zg,N (1 —m3) (1+0(1)), (A.202)

which is negligible compared to the right hand side of , concluding the proof.

We omit the proof of being it again technical and very similar to the proof of
the upper bound in Part 4 of Section An analogue construction to the one
given in Section and similar proofs to those in Section are needed. The main
difference consists in restricting the analysis on a right neighbourhood of m_(N) instead of a
left neighbourhood of m4 (N).

O
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Appendix B

Publication: Metastability for
Glauber Dynamics on the Complete
Graph with Coupling Disorder

This appendix reproduces exactly the content of the paper [19] with title “Metastability for
Glauber Dynamics on the Complete Graph with Coupling Disorder”, authored by Anton
Bovier, Frank den Hollander and Saeda Marello, and published in Communications in Mathe-
matical Physics, 2022, 392, 307-345, https://doi.org/10.1007/s00220-022-04351-8.
This paper was summarised in Chapter

B.1 Introduction and main results

B.1.1 Background

Interacting particle systems evolving according to a Metropolis dynamics associated with an
energy functional called the Hamiltonian, may be trapped for a long time near a state that
is a local minimum of the free energy, but not a global minimum. The deepest local minima
are called metastable states, the global minimum is called the stable state. The transition from
a metastable state to the stable state marks the relaxation of the system to equilibrium. To
describe this relaxation, one needs to identify the set of critical configurations the system must
attain in order to achieve this transition and to compute the crossover time. These critical
configurations correspond to saddle points in the free energy landscape.

Metastability for interacting particle systems on lattices has been studied intensively in the
past. For a summary, we refer the reader to the monographs by Olivieri and Vares [64], and
Bovier and den Hollander [18]. Successful attempts towards understanding metastable behaviour
in random environments were made for the random field Curie-Weiss model, by Mathieu and
Picco [58], Bovier, Eckhoff, Gayrard and Klein [I2] and Bianchi, Bovier and loffe [7, [§]. Recently,
there has been interest in metastability for interacting particle systems on random graphs. This
is challenging, because the crossover times typically depend on the realisation of the graph. In
den Hollander and Jovanovksi [50] and Bovier, Marello and Pulvirenti [22], Glauber dynamics
on dense Erdds-Rényi random graphs was analysed. Earlier work on metastability for Glauber
dynamics on sparse random graphs can be found in Dommers [35] (random regular graph) and
Dommers, den Hollander, Jovanovski and Nardi [38] (configuration model). The present paper
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is a first step towards the study of metastability for Glauber dynamics on Chung-Lu-like random
graphs.

To the best of our knowledge, Tindemans and Capel [76] and Dommers, Giardina, Giberti,
van der Hofstad and Prioriello [36] are the only references where the model with the interaction
Hamiltonian in below has been studied in detail. Both focus on equilibrium properties
only.

B.1.2 Glauber dynamics on the complete graph with coupling disorder

Let K, be the complete graph on n vertices. Each vertex carries an Ising spin that can take
the values —1 or +1. Let S, = {—1, —i—l}["} denote the set of spin configurations on IC,,, where
[n] = {1,2,...,n}. Let (,F,P) be an abstract probability space, and let J = (J(i))ic[n
be a sequence of i.i.d. random variables on this probability space taking values in a finite set
{a1,...,ax} C [0,00) of cardinality k& € N. The distribution of these random variables is given
by

P(J(i) =ar) =we € (0,1), i€[n], e k], (B.1)

Wlth Zfe[k] Wy = 1.
Let Hy,: S, — R be the interaction Hamiltonian defined by

Hy,(0) = —% S J@)JIG) o)) —h D> oli), o€ Sy, (B.2)
i,j€[n] i€[n]

where h € [0,00) is the magnetic field. We consider Glauber dynamics on S, defined as the
continuous-time Markov process with transition rates

—BlHn(o")=Hn (o)l if 5/ ~
¢ BT 0,0 € Sy, (B.3)

ro(o,0’) = {

0, otherwise,

where 8 € (0,00) is the inverse temperature, o/ ~ ¢ means that ¢’ differs from o by a single
spin-flip and [-]; is the positive part. This dynamics is reversible with respect to the Gibbs
measure ]
fin(0) = — ¢ BHn() o€ Sy, (B.4)
Zy,
where the normalising constant Z, is called the partition sum. Note that the reference measure
for is the counting measure on S,. We write

(o-t)tZ(b (%47 € S’m (B5)

to denote a path of the Glauber dynamics on S,, and P, and E, to denote probability and
expectation on path space given oy = o (we suppress J, h, f and n from the notation).

For fixed n, if h = 0 the Hamiltonian in has two global minima, at ¢ = +1 and
o = —1, while if h > 0 it achieves a global minimum at ¢ = +1 and a local minimum at ¢ = —1.
The latter is the deepest local minimum not equal to the global minimum (at least for h small
enough). However, in the limit as n — oo, these do not form a metastable pair of configurations
because entropy comes into play.

B.1.3 Metastability on the complete graph with coupling disorder

In this section we state our main results.
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Empirical magnetisations

The relevant quantity to monitor in order to characterise the metastable behaviour is the disorder
weighted magnetisation

K(o) = % > J(i)o(i), o€ Sy (B.6)

i€[n]

The following quantities will be essential for coarse-graining. Define the level sets
Apn=liclnl: JG)=a}, LK) (B.7)

and the level magnetisations

My (o) = A Z o(i), telk], o€ s, (B.8)
4Lin ’LEA@,"
Put
mp (o) = (m&n(g))m[k] e [-1,1]%, o€ Sy, (B.9)

and note that K,(0) = 1 > tefk]) @ [Arn| men(o) depends on o only through my, (o). Thus, with
abuse of notation, we may define

1
Kn(m) =~ Yo aclAgnlme,  mo= (me)eep € [-1,1)7, (B.10)

Lelk]

so that K, (o) = K,(my(0)).

Thermodynamic limit

As n — oo, by the law of large numbers the random function K, converges uniformly in
probability to a deterministic function K given by

K(m)= "> agwymy, m = (me)eepy € [-1,1]%. (B.11)
Le(k]

Similarly, the random free energy function F;, converges uniformly in probability to a determin-
istic function Fja, (see (B.36) and (B.47) below for explicit formulas). In Section we show
that the stationary points of Fjg;, are given by m = (my)c[y), where

my = tanh(S[a, K (m) + h]), 0 € [k]. (B.12)

Note that, via (B.12]), the k-dimensional vector m is fully determined by the real number K (m).
Therefore, finding the stationary points of Fj, reduces to finding the solutions of the equation

K=Tzp(K), Tsp(K)=Y_ agw tanh(BlagK + hl). (B.13)
Lek]
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Metastable regime

It turns out that the critical inverse temperature (. is given by

~1
fe = [Z a?we] : (B.14)

Le(k]

Namely, if 8 € (0, 8., then the system is not in the metastable regime for any h € [0, 00), while
if 8 € (B¢, 00), then, for h € [0,00) small enough, it is in the metastable regime (i.e., has
more than one solution at which T, is not tangent to the diagonal). Given § € (S, 0), the
critical magnetic field h.(/) is the minimal value of h for which the system is not metastable.
The metastable regime is thus

B € (Beyo0),  he0he(B)) (B.15)
In Section we show that 8 — h.(f) is continuous on (S, 0c0), with

where the explicit value of C' is given in below. Interestingly, 5 +— h.(3) is not necessarily
monotone, i.e., the metastable crossover may be re-entrant.

It turns out that there exists an £ € [k] (depending on /3, h and on the law of the components
of J), such that Fjs has 2¢ + 1 stationary points.

Metastable crossover

Let M,, be the set of minima of F,,. Given m € M,,, define
Mp(m) ={m e M,\m: F,(m) < F,(m)}. (B.17)

Let G(A, B) be the gate between two disjoint subsets A and B of M,,. We refer to [I8, Section
10.1] for a precise definition of the gate.

Fix m, € M, as the initial magnetisation. Throughout the paper we assume that the
following hypotheses hold for m,,.

Hypothesis B.1.1.
1. My (my,) is non-empty.

2. The Hessian of F, has only non-zero eigenvalues at m, and at all the points in

G(my, My (my)).

3. There is a unique point t, in G(m,, M, (m,)), which will often be called simply saddle
point.

4. The saddle point t,, is such that r¢[|Asn| (1 — tzn)]_1 takes distinct values for different
¢ € [k], where ry is defined in (B.89) below.

Hypothesis [B.1.1{[2) and are made to avoid complications. Hypothesis is needed in
the proof of Lemma below (as in [I8, Lemma 14.9]). Neither is very restrictive: if for some
parameter choice they fail, then after an infinitesimal parameter change they hold. Moreover, if
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Hypothesis fails, it is sufficient to compute separately the contribution to the crossover
time of the various saddle points in the gate.

Let S,[m,] and S,[M,(m,)] denote the sets of configurations in S,, for which the level
magnetisations are m,, and are contained in M,,(m,,), respectively. For A C S,,, write

TA={t>0: 0y, € A oy ¢ A} (B.18)

to denote the first hitting time or return time of A.

We next state our main results for the crossover time. Theorem provides a sharp
asymptotics for the average crossover time from any metastable state to the set of states with
lower free energy. Theorem [B.1.3| shows that asymptotically the crossover time is exponential
on the scale of its mean, a property that is standard for metastable behaviour.

Theorem B.1.2 (Average crossover time with coupling disorder).

Let A, (+) be the kx k Hessian matriz defined in below, and v, the unique negative solution
of the equation in (B.100) below. For every my, € M, satisfying Hypothesis and within
the metastable regime , uniformly in o € Sy[my], and with P-probability tending to 1,

—det(A,(t, T AlE () F. (m
B [t :[HO’"‘M\/[det&n(ﬁn))))] ) A

Theorem B.1.3 (Exponential law with coupling disorder).
For every my, € M, satisfying Hypothesis and within the metastable regime (B.15)), uni-
formly in o € S,[my,] and with P-probability tending to 1,

P, (TSn[Mn(mn)] > tE, [Tsn[Mn(mn)ﬂ) = [1 + On(l)] eit, t>0. (B20)

As the average crossover time estimated in Theorem [B.1.2] is a random variable, we next
provide more information on the randomness of the quantity in the right-hand side of ,
which depends on the realisation of the random variable J. The prefactor in converges
with P-probability tending to 1 to a deterministic limit, which depends on the law of J but not
on the realisation of J. However, the exponent does not converge to a deterministic limit. In
Theorem we compute the exponent up to order O(1). Recall that F,, = F3p, m, — m
and t,, =+ t as n — oo.

Theorem B.1.4 (Randomness of the exponent).
For every my, € M,, satisfying Hypothesis and within the metastable regime (B.15)), in

distribution,

n[Fn(tn) - Fn(mn)] = n[FB,h(t) - Fﬁ,h(m)] + Z\/ﬁ + 0(1)7 (B‘21)

where Z is a normal random variable with mean zero and variance in (0,00), defined on (Q, F,P)
and independent of J.

The variance of Z turns out to be a complicated function of 3, h and the distribution of J. We
refer to Section for further details. Computing the exponent up to order 1 is in principle
possible, but the formulas become rather complicated. Without this precision the prefactor in
(B.19) is asymptotically negligible. Still, knowing this prefactor allows us to determine what
the leading order behaviour of the randomness is.
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B.1.4 Discussion on the continuous case

Bianchi, Bovier and Ioffe [7), [8] study the Curie-Weiss model with a random magnetic field
whose distribution is continuous. Lumping techniques work for discrete distributions but not
for continuous distributions. The latter require coarse-graining techniques to approximate the
continuous distribution by a sequence of discrete distributions. In the present paper we consider
pair interaction random variables with a discrete distribution only. It seems hard to obtain
results with a similar precision for continuous distributions. The techniques employed in |7, [§]
do not carry over, because the error introduced by the coarse-graining turns out to be quadratic
rather than linear.

B.1.5 Techniques and outline

In order to prove Theorems |B.1.2HB.1.4]we use the potential-theoretic approach to metastability
developed in Bovier, Eckhoff, Gayrard and Klein [13, [14]. More specifically, we first find a sharp
approximation of the Dirichlet form associated with the coarse-grained dynamics. We use these
results, together with lumpability properties and well-known variational principles, to obtain
sharp capacity estimates that are key quantities in the proof. For a more detailed overview of
the methods, we refer the reader to the monograph by Bovier and den Hollander [18].

The remainder of the paper is organised as follows. Section provides quantities and
notations that are needed throughout the paper. Section [B.3]identifies the metastable regime.
Section [B.4] provides a sharp approximation of the Dirichlet form associated with the Glauber
dynamics in the presence of the disorder. Section provides estimates on capacity and on the
metastable valley measure. Section proves Theorems Appendix [B7] contains a
brief overview on known results for the standard CW model, which corresponds to the setting
without disorder. Appendix[B.§|gives numerical evidence for the presence of multiple metastable
states for suitable choices of 8, h and of the law of the components of J. Appendix [B.9 contains
an example in which 8 +— h.(3) is not increasing, implying the possibility of a re-entrant
metastable crossover. Appendix provides the limit as n — oo of the prefactor in .

B.2 Preparations

Section introduces further notation and writes the Hamiltonian in terms of the level mag-
netisations. Section introduces the Dirichlet form associated with the Glauber dynamics
and rewrites this in terms of the level magnetisations. Section computes gradients and
Hessians of the free energy as a function of the level magnetisations. Section [B.2.4] closes with
an approximation of the free energy that will be needed later on.

B.2.1 Hamiltonian
Recall (B.7)). Abbreviate

n= AhEly B.22
wy - (B.22)

Since, by the law of large numbers, (wy,n)rer] — (we)eep) € (0,00)F as n — oo with P-probability
tending to 1, we may and will assume that A, # () for all £ € [k] and all n large enough. Recall

(B-8)—(B.9). Note that my,, (o) takes values in the set
—J_1 _ _2 2
rg,n_{ =1+ 2,1 ‘Aé’n|,1}. (B.23)
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Hence my, (o) takes values in the set

Le(k]

The configurations corresponding to M C I',, are denoted by

Sp[M] ={c€S,: my(c) € M}. (B.25)
For singletons M = {m} we write S,[m]| instead of S, [{m}].
Let
H,(0) = —— Z (D)o(j) —h > o(i), o€ Sy, (B.26)
" i je] i€[n]

which is the Hamiltonian in (B.2)), except for the diagonal term —% Sicin] J2(i), which is a
constant shift. Using the notation above, we can write the Hamiltonian in (B.26|) as

2
H,(oc)=—-n 1 (Z apwep mg,n(a)) +h Z Wen My (0)| = nEyp(my(0)), (B.27)

2 lelk) Lelk]

where we abbreviate

2
1
E,(m) = ~3 (Z agwep mg> —h Z Wen My, m = (myg)eeir) € Ln.- (B.28)
Lelk]

Le(k]

B.2.2 Dirichlet form and mesoscopic dynamics

By (B.3)—(B.4), the Dirichlet form associated with the Glauber dynamics equals

Es,(h,h) Z 1in(0)n (0, 0") [h(c) — h(c”)]?
o,0'€Sy
Z S e Aol ) [ (5) — h(o")]?, (B.29)
" 6eSn o GSn,

where h is a test function on S, taking values in [0, 1]. Because of (B.27), for any h such that
h(o) = h(my(0)), with h a test function on I',,, we have

nEn(m n 7 7 2
£, (h, h) Z S e BBl o= BnlBn(m ) =Bl [(m) — h(m)]? 3 oo,
" mel, m'ely 0€ESn, d'€Sp, 0’ ~0,
mn(0)=m my,(c’)=m’
(B.30)

where m = (mg)ee. If o' ~ o, then ¢’ = ¢" for some i € [n], with o* obtained from o by
flipping the spin with label i. Let ¢’ € [k] be such that i € Ay ,. If (i) = £1 = —0'(i), then

. my F (= El,
men(o?) = {7 F (B.31)
myn(0), £
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For m,m’ € T, we write m ~ m’ when there exists an ¢ € [k] such that m’ = m®* or

/ —
m' =m%~, where

, my + 2=, L=1,
mbE = [Aer.n] (B.32)
me, LA

Moreover, for ¢ € [k] and o € S, with m,(c) = m, the cardinality of the set {¢’ € S,,: o’ ~

o, mp(0’) = mb*} equals 1:F2W |Ag |, namely, the number of (F1)-spins in o with index in Ay .
Furthermore,
‘A&n’
{o € Sn: mp(o) =m}| = H Lty , m € Ty, (B.33)
te[k] 2 /|A€,n|

as is seen by counting the number of (—1)-spins with label in A, of a configuration with ¢-th
level magnetisation my. Using these observations, we can rewrite (B.30]) as

£, g O € e 3T e AntE )= Enlml [ ym) — h(m)]”
’I’L mely m'el’y,
Agn 1—m 1+m —
X H <1+1ng A| > Z | Al { 5 ! 1(m’ :mz,+)+ 5 ¢ 1(m’ =mb )| -
telk] \7 2 Al Celk]
(B.34)
Next, abbreviate
1 Apn
L(m) = —=1log | T] <1+7’nf’ | ) . meTl,, (B.35)
n 0 k] 2 |A€,n|
and put
2
1
E,(m)=E,(m)+ I (Z ag(UgnTHg) —h Z Wenmy + =In(m), meTly,,
B Le(k] Le(k] p
(B.36)
where E,,(m) is defined in (B.28). Moreover, define
— Bn[En(m’)—En (m))+ N L / 0
Tn(m,m') =e Z|Agn] 1(m' =m5") + 5 I(m' =m>7)
Le(k]
(B.37)

With this notation, we can write the mesoscopic measure Qn(-) = pin o m,;1(-) on 'y, with p,

defined in (B.4), as
1
Qn(m) = pn(Spm]) = ——e Antnlm), m e Iy, (B.38)

and so the Dirichlet form in (B.34]) becomes

Es. (hyh) Z Qn(m Z Fn(m,m’) [h(m) — h(m')]".

mEFn m/'el’y

(B.39)
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B.2.3 Gradients and Hessians

Denote the Cramér entropy by

1—2 1—2 142 1+
Ic(z) = 5 log< 5 ) + 5 log< 5 ) (B.40)
Define ~
In(m) = > wynlc(me). (B.41)
Lelk]

Since |Agy,| = [1 + 0n(1)] wen, we can use Stirling’s formula N! = [1+ oy (1)] NVe V27N to
obtain

: (ﬂ(l_m%) >+o<n—1)=f( )+0(n" logn),  (B.42)
Lelk]

where the error term is uniform in m € T',,. For £,/ € [k], we compute

afn(m) Wen <1 +m€>

=20 B.43
omy 2 08 1—my ( )

and -

w =0, 040,
OmeOm; (B.44)
021, (m) _ Wen
8m42 N 1-— m% '
Recalling (B.28]), we compute
OE,
3 (m) _ —apwep ( > apwp mzl) — wenh. (B.45)
e vk

Define

l\.’)\r—t

2
(Z ag Wy, Mg) —h Z wenmy + ;In(m) (B.46)

ey,
B Le[k] Le[K]
Remark B.2.1. By (B:42), F,,(m) = F,(m) + O(n"!logn), where F, is defined in (B-36).
For m € [—1, 1], define

2
Fap(m (Z ap Wy mg) —h Z wWemy —I—; Z welc(my), (B.47)

Le(k] Lelk]

which corresponds to the uniform limit in probability of F, as n — co. Compute

OF,(m) 1 14 my
— n|l=— 1 — / ' m / — h B48
oy~ W | 35108 <1 — mg) a E%[:k] ap Wy My (B.48)
and -
TEM) _ iy ipnavwnn, LA,
0?F,(m) _wegn 1 22 '
om?  p 1— m7 £ ln

The same formulas apply for I,, F},, with an error term O(n~1!).
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B.2.4 Additional computation
We conclude with a computation that will be useful later on. Recalling (B.32]), we write

n[L(m") = I, (m)]

14 my 2 1—my 2 1.
=nwpy|———Ilog |1+ + log|1F + Ay
: l 2 % ( [Apnl (1 + me)) 2 % ( |[Agn| (1 — mz)) |Agn] 6 ]
=nuwy :I:L F S +0(n %) + ! A | =AF +0(n™h)
" |AZ,n‘ ’Aé,n| ‘Aﬂ,n| bn bm ’
(B.50)
where
A =log |1+ ——0|. (B.51)
’ L—myF =
|[Ae,n]
The same formula applies for I,, with an error term of order O(n~!), and hence
n[I,(m"*) = I,(m)] = Ay, +O(n™ ). (B.52)
Note that Aé'fn = O(1). Therefore, using (B.36)), we get
E 0+ —E _ F l,+ _F _l I l,+ — I
| (B.53)

=n {Fn(m&i) — Fn(m)} AZR +0(n™).

g

B.3 Metastable regime

Section identifies the stationary points of F,. Section identifies the metastable
regime. Section [B.3.3] provides details on the 1-dimensional metastable landscape.

B.3.1 Stationary points of F, and Fgp,
By (B.48), the critical points m = (myg) ey of F,, solve the system of equations (with wy, # 0)

_ OF,(m) 1 L+mg) _
0= Omy  “n [2/3 log (1 _m) ay (Z ap we n mef) h] . Lelk] (B.54)

0 e[k]
Hence
%log (1 jgi) =B |as ( Z ag Wer p, my) +hi. (B.55)
L'elk]
Since arctanh z = %log %f—i, x € (—1,41), can be rewritten as
my = tanh (6 [ag (Z ag Wer g, mg/) +h ) , ¢ € [k]. (B.56)
e[k
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Similarly, the critical points m = (my¢)se[) of Fjgn solve the deterministic equation

my = tanh (ﬁ [ag ( Z Qgr Wyr mg/) +h

L'elk]

) , ¢ e [k]. (B.57)

Note that this can also be obtained directly from (B.56|) after replacing wy,, by its mean value
Wy.

B.3.2 Metastable regime

We are interested in identifying the metastable regime, i.e., the set of pairs (3, h) for which Fj,
has more than one minimum. Put

K=K(m)= Z ap Wy My (B.58)
Lek]

From the characterisation of the critical points of Fj, in (B.57) it follows that

K =T p(K), Tan(K) = Z agwy tanh(Bla K + h)). (B.59)
Lek]

Note that any critical point m = (myg)sep) € [~1,1]F of Fg, is uniquely determined by K(m) €
R. Consequently, the problem of solving the k-dimensional system in ED can be reduced to
solving the 1-dimensional equation . Recalling Hypothesis @, the system is in the
metastable regime if and only if (B.59) has more than one solution that is not tangent to the
diagonal.

Compute

Té,h(K) =0 Z az wy (1- tanh?(B[a,K + h))),

Le[K] (B.60)
Ty W (K) = =28 > a} wy tanh(BlagK + h]) (1 — tanh*(Bla,K + h))).
Lelk]
For h = 0, the system is metastable when
g > _ (B.61)
Seep) 9 we .

in which case T has a unique inflection point at K = 0, implying that (B.59)) has three
solutions K € {—K*,0,+K*} with K* > 0. Otherwise (B.59)) has only one solution K = 0.
We proceed with the more interesting case h > 0.

Number of solutions

Lemma B.3.1 (Number of solutions). For h > 0, the number of critical points of Fgp,
i.e., solutions of (B.59)), varies in {1,3,...,2¢0 + 1}, where ¢ € [k| and 2¢ — 1 is the number of
inflection points of Tg .
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Proof. For h > 0 and K positive and large enough, Té”h(K) < 0. Moreover, for h > 0 and K
negative with | K| large enough, Té/, (K) > 0. Therefore, T j, has at least one inflection point and
that the number of inflection points of T, cannot be even: it takes values in {1,3,...,2k — 1}
depending on /3,h and the law of the components of J. Consequently, if 2¢ — 1 (¢ € [k]) is
the number of inflection points, then the cardinality of the solutions of takes values in
{1,3,...,2¢ + 1} depending on 3, h and on the law of the components of .J. O O

We conjecture that for any finite k there exist 5, h and a law of the components of J such that
(B.59) has any number of solutions in the set {1,3,...,2k + 1}. We found numerical evidence
for this fact for k € {2,3,4}. See Appendix

Lemma B.3.2 (Unique strictly positive solution). For every 8 >0 and h > 0, (B.59)) has
exactly one strictly positive solution.

Proof. Put W(K) = Tg (K) — K. The solutions of are the roots of W. Clearly, W (0) >
0. Moreover, limg_ oo W(K) = —oo because limg o0 T 4(K) = >eei @ewe > 0 is finite.
Therefore, by continuity, a root of W (K) exists in (0, 00).

Let K be the smallest positive root of W. Next we will prove that this root is unique. Indeed,
W(K)" < 0 when K € [0,00), meaning that K — W(K)' is strictly decreasing. By continuity,
since W(K) > 0 for all K € [0, K), we have W(K)' <0 and limg_,o, W(K)' = —1. Therefore,
W(K)' <0 for all K € (K,c0), and so W is strictly decreasing. Moreover, W (K) < W(K) =0
for all K € (K,o0). Thus, K is the only positive root of W. O O

Metastable regime

Lemma B.3.3 (Characterisation of the metastable regime). -
(B.59) has at least three solutions not tangent to the diagonal if and only if there exists K < 0
such that K > Tg p(K), i.e.,

K > agw tanh(BlagK + hj). (B.62)
Lelk]

Proof. Using Lemma we see that has at least three solutions if and only if it has at
least two strictly negative solutions. As above, we define W(K) = Tp ,(K) — K. The solutions
of are the roots of W. Now, assume that there exists a K < 0 such that K > Tj ,(K).
Since W(K) < 0 and W(0) > 0, W(K) has a root in (K,0), implying that has at least
one solution in (K,0). Moreover, since lim_, oo T (K) = — 2tejk] @ wy is finite, we have
limg oo W(K) = co. Because W (K) < 0, it follows that W has at least one root in (—oo, K).
With the same argument it can be shown that the negative roots of W are always even. The
opposite implication is trivial. O O

Remark B.3.4. Applying the intermediate value theorem to the derivative of W(K) = Tg 5, (K )—

K, we get that if the condition in Lemma is satisfied, then there exists a K < 0 such that
T[{I,h(K) =1and K > T/&h(K). '

Theorem B.3.5 (Metastable regime). Define, as in (B.14)),

1

a 2 rem) ajwe’

Be (B.63)
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The metastable regime is

BE (Bey0),  he0,h(B)), (B.64)

with B +— Bhe(B) non-decreasing on [f.,00). Furthermore, if the support of the law of the
components of J is put into increasing order, i.e., a1 < as < --- < ag, then

-1
/Bh—>nolo h = min (Z Qp Qpr Wyr — Z Qy Qg w@) s (B65)

Ee (k] —1
where the minimum is over all £ € [k] such that the quantity between brackets is positive.

Proof. Recalling Lemma [B.3.3] we look for conditions for the existence of a K < 0 satisfying

(B.62). If such a K exists, then by Remark there exists a K < 0 satisfying (B.62)) such
that 7% j,(K) = 1, which reads

Z a2 wy tanh?(Bla K + h)) Z a2 wy — (B.66)
Le(k) Le(k ’8
Since the left-hand side of (B.66]) is positive, it admits solutions only if
=< > ajw = (B.67)
B Le(k ﬁ

Therefore, is a necessary condition for the metastable regime.
Now assume (B.67). Since tanhz ~ z, z — 0, for |K| < S(maxycfy ag)~' and h | 0, we have

K =T3,(K)= > agwy tanh(B[aK + h]) ~ > agwy BlagK + h), (B.68)
L€ (k) CeK]
which reads
1 1\
- Z agwy < - ) h (B.69)

and proves the existence of a negative solution. A positive solution is guaranteed by Lemma
The existence of a third (strictly negative) solution of (B.57)), for every 8 > S, and for
h | 0, follows as in the proof of Lemma Therefore, the lower bound on S, is sharp.

Since h +— T3 p(K) is strictly increasing for every fixed f > 0 and K € R, there exists a
unique critical curve 3 +— h.(/3) such that the system is metastable for 0 < h < h.(5) and not
metastable for h > h.(5). We know that h.(8) > 0 for 5 > (.. By passing to the parametrisation
g = hp, we get that § — T} 4(K) is strictly decreasing for every g and for every K < 0, from
which it follows that 8 — g¢.(8) = Bhc(5) is non-decreasing.

We next focus on the limit of h.(8) as f — oo. By Lemma we may focus on the
existence of K satisfying (B-62). In the limit as 8 — oo, tanh(B[a¢K + h]) — 2®_h/a£(f() -1,
where O,(+) is the Heaviside function centred in . Thus, for all ¢ € [k + 1],

h h
lim ap wy tanh(Blap K +h]) ap we ap wer K e (—,—), B.70
ﬂ_mz%%]e ¢ (Blag Ze 0 ezle 2 (B.70)
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and, for all ¢ € [k],

h

li r wyr tanh 'K + h) r Wer " Wer K=—— B.71
Jim Y apwp tanh(Blag K + Z apwe + Y apwy, ar’ (B.71)
ek 41 =1
ho_ h o _ o h h .
where we set —gt = —oo and — %= = oo. Thus, for K € <_E’ _?z)’ (B.62) can be written
as
Z agp Wy + Z Qpr Wer . (B72)
=1
Therefore, (B.62]) has a solution if and only if there exists an ¢ € [k] such that
h
— Z ap wpr + Z ap wp < —— (B.73)

=1

in which case a solution K of (B.62) exists in

< Z Qe Wer + Z Qpr Wyr _z> (B.74)

=1

Note that the quantity between brackets in (B.65|) is always positive for £ = 1. Thus, the
minimum is always finite. -
The proof is complete after we show why we may drop the case where K = —a% for some

¢ € [k]. In this case the condition for K to satisfy (B.62) is

h
Z Qg Wer —+ Z Qg Wyt < —— (B75)
=(+1 =1
which implies (B.73)). Thus, if K = =2 satisfies (B.62)), then also some other K in (B.74)) satisfies
(B.62)). Therefore, the condition in (B.73) is equivalent to having metastability. O O

Lemma B.3.6 (Re-entrant crossover). The function 5 — h.(3) is not necessarily non-
decreasing.

Proof. In Appendix we provide an example of 5+ h.(3) that is not increasing. O O

Bounds on the inflection points and on the critical curve

Lemma B.3.7 (Bounds on inflection points). All solutions of T” w(K) = 0 are contained
in the interval

kA ] (B.76)

. )
MiNgeig) e MaXye[k] Ae

In particular, they are all strictly negative.

Proof. It K > —maxé , then tanh(B[a¢K + h]) > 0 for all £ € [k], which implies 7% ;, (K') < 0.
K < _W then tanh(ﬁ[aﬂ(—l—h]) < 0 for all £ € [k], which implies T ,(K) > 0. O O

Lemma B.3.8 (Upper bound on h.). supge(s, ) he(8) < (maxze[k] ag) D eek) Qe We-
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Proof. Use Lemma [B.3.3] to characterise the metastable regime and Remark We claim
that if a solution K of (B.62) with T} ,(K) = 1 exists, then it must be negative and strictly
less than an inflection point. Using this fact, together with Lemma and the inequality in
(B.62)), we obtain a necessary upper bound on h:

h

Z agwp tanh(BlagK + b)) < —————.
maXee(k) de

Lek]

(B.77)

Using that tanh(B[a¢K + h]) > —1, we conclude the proof.
We are left to prove the claim. By Lemma all inflection points are negative, and
T4, (K) < 0 for K > 0. Assume, by contradiction, that T, (K) < 0 for all K € (K, o0).

Then Tj, is strictly decreasing. Therefore, T, (K) < 1 for all K € (K, 00), which implies
Tn(K)—Tpn(0) < K. Since Tp ,(0) > 0, there exists a K € (K,0) such that Tg’h_(f() >0> K.
Thus, T 4 (K)—Ts,,(0) > K, which contradicts what we have proved for all K € (K,00). O O

B.3.3 Quasi 1-dimensional landscape

Given K € R, by standard saddle point approximation, the leading order of

1
~n log pin ({o: Kyn(mn(0)) = K}) (B.78)
turns out to be the function G, : R — R defined by
Gn(K) = P (m) (B.79)

Recalling definitions (B.46]) and (B.58)), using Lagrange multipliers and integrating the condition
K, (m) = K, we obtain

1 log 2
Gn(K)=—--K?— —inf | Kt +
(K) 2 I5; teR ( ZGZ[k]

wgn log cosh [B(h — ta@]) . (B.80)
Lemma B.3.9 (Alternative characterisation for the critical points).

1. If m* is a (not maximal) critical point for F,, then K,(m*) is a critical point for G,,.

2. If K is a critical point for Gy, then m* = (mj) ey with mj = tanh (8 [a,K + h]) (recall
(B.56)) ) is a critical point for F,.

3. F,(m*) = Gp(Kn(m®*)) for any (not maximal) critical point m*.
Proof. Similar to [12, Lemma 7.4]. O O

We have already seen that K, (m) fully determines any critical value m of F,, and is useful
to order them. Lemma exhibits the one-dimensional structure underlying the metastable
landscape and provides a tool to describe the nature of the critical points of Fi,.

Remark B.3.10. The above results extend to the limit n — oo: replace F;, by Fg ) and G, by
G ¢, obtained after replacing wy, by wy in (B.80)), and K,(-) by K (). 'Y
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B.4 Approximation of the Dirichlet form near the saddle point

In this section we approximate the Dirichlet form associated with the coarse-grained dynamics
near the saddle point. This is a key step to obtain capacity estimates in the following section.
Further details and examples on the techniques we use here can be found in [I8, Chapters 9, 10
and 14].

Section introduces some key quantities that are needed to express the mesoscopic
measure. Section introduces an approximate mesoscopic measure that leads to an ap-
proximate dynamics. Section [B.4.3] approximates the harmonic functions associated with this
dynamics. Section [B.4.4] computes an approximate Dirichlet form. Section uses the latter
to approximate the full Dirichlet form.

B.4.1 Key quantities

Let my, = (my,) e and t, = (ton)ep) in 'n be a local minimum of F;, and the correspondent
saddle point, respectively, as defined in Section Note that both m,, and t,, satisfy (B.56).
Consider the neighbourhood of t,, defined by

D, = {m €Th: dim,t,) < C'n~21ogt?n } (B.81)
where d is the Euclidean distance and C’ € (0,00) is a constant. Abbreviate the Hessian of F),
Ap(m) = (V2E,)(m), m ey, (B.82)

and put
Ap = Ay (ty). (B.83)

By (B.49),
(Ap(m))ee = —arwepn ap we n + 071, L#£L,

wen 1 18°I, _ (B.84)
b a0 = T g, o,

Note that A, (m) is a diagonal matrix minus a rank one matrix. Compute

det An( (1—25%@% ) H = “M [1+0(mb). (B.85)

mg/

(An(m»f,f =

B.4.2 Approximate dynamics and Dirichlet form

For any two vectors v, w € R¥, let (v,w) denote their scalar product. For any k x k matrix M
and any v € R*_ let M - v denote their matrix product, as v was in R¥ x 1.
For m € D,,, define

~ 1

Qn(m) = 7. &P [—%”([m —tn], Ay - [m— tnM exp [—fnF,(t,)], (B.86)
and
T (tn, t57), m' = mbht,
Pu(mm) = Q7 (b 6) B = b (B.87)
0, else
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where 7, is defined in (B.37). The transition rates 7, define a random dynamics on D,, that is
reversible with respect to the mesoscopic measure @),,. The corresponding Dirichlet form is

Ep,(w,u) = > Qu(m) D Fn(m,m"T) {u(m) — u(mz’+)]2, (B.88)

meD, Le(k]
where u is a test function on D,,. Put

Ty = Tn(m, mz’+) = T (tn, tf;"'). (B.89)

Using (B.28)) and (B.37)), we get

1—+t, ay
Ty = |Ag7n| 5 ™ exp | —28 (—h —ay (n + Z agmdg/,ntg/m)) . (B.90)
ek +
Approximation estimates

Next we estimate how close the pairs (7,,7,) and (Qn,Q,) are. By Taylor expansion around
t,, we have

Fu(m) = Fu(ta) = 5([m = ta, A - [m — ta]) + O(d(m, £)°). (B.91)

In particular,

1 4 -
Fu(t) = Fulta) = 5 =g (h)ee+ O(lAeal ™)
2| Agnl
2 w1 2w +o((nwz )*1) +O0((nwen)™®)  (B.92
n2w,gn B l—t ¢ Wi m n (B.92)

_ 2 ;_ ) .
- <5wz,n(1 —t7,) af) +O0((nwen) ™),

where the second equality uses (B.84). Moreover, for m € D,, (e, is the unitary vector in R*
whose /-th component is non-zero),

Fn(mf’i) — F,(m

)
An-[m—tn]>+;<

2
> (An)ee(me —tpn) + ——5(An)ee + O(d(m, t,)?)

j:|Ajn| eé:| Ay -

| én| Z’E[k’] |A£7'f7«’
2 2 wWen o1 2 2 -1 (B.93)
=+ —t
( We,n, (mé Z7n> " n2w£ n) ( pl- t e " O(n )

2 _
+ Z (—apwen ap we p)(me —te,) + O(n 3/2 log?’/2 n)
nwe n velk], 0 £0

2 2(mp — ty
=F= ) agapwpa(mp —te ) £ ( n)

S S L O(n?? log?? )
) 3 2 9
n o elk] /Bn(]‘ - té,n)
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where the third equality uses (B.84). For m € D,, we have d(m,t,)* = O(n=3/21log®?n).
Therefore, combining (B.38)), (B.86)) and (B.91)), we have

‘Q”(m) —1| < C"nY210g%2 n, m € Dy, (B.94)
Q@n(m)
for some C” € (0,00) constant. Using (B.37) and (B.53), we can write
1 1
n(m, mbt) = exp |—f [n [Fn(mé’i) — Fn(m)} ~ZAF +O (n_l) + mg’ (B.95)
g + 2
where Afn is defined in (B.51)).
Using (B.87)), (B.92), (B.93) and (B.95)), we find that, for all m € D,,
n (m, mbt 7o (m, mbt
Amn) | ()
7 (m, mb) 7 (b, 651)
(1 —my) exp {— [11 +0(n~1210g*? n) — A7, + on(1)] +}
— —1
(1 —ten) exp {— [12 +0(n2w; ) — A, + On(l)L} (B.96)
(1 —my) exp {— [Il — Afn + on(l)}+}
= —1
1—to, —|=AF (1
(1= te) exp {= [-A7, +0u(1)] |
< C///n—l/Q logl/Q n,
where C"" € (0,00) is a constant and we abbreviate
2(my — ty,,
_[1 = —2[’3 Z Ay Qgr wg/m(mg/ — tglﬂ) + (1£_tz£7),
/ ln
telk] (B.97)
2 1
L="(—" _ga).
27 n (w&n(l —t7,) 5af>
Equations (B.94) and (B.96) are relevant for the following approximation.
B.4.3 Approximate harmonic function
Let B, be the k x k matrix defined by
VAN
By = Y0 (A, B.98
(Bn)ee . (An)ee (B.98)
where A,, is defined in (B.83]). Note that
T¢
d = . .
et B, = (det A,) ] — (B.99)
Ze[k} tn

Let %(f), ¢ € [k], be the eigenvalues of B,,, ordered in increasing order. Let v, = %(11) denote

the unique negative eigenvalue of B,,, and ¢ the corresponding unitary eigenvector. Define

v = (ve)eep by ve = @eL\’;,,—‘e/ﬁ.

112



B.4. APPROXIMATION OF THE DIRICHLET FORM NEAR THE SADDLE POINT

Remark B.4.1. As in [I8, Remark 10.4], it follows by Hypothesis that A, has all strictly
positive eigenvalues but one strictly negative. It can be seen that the same property holds for
the eigenvalues of B,,. [

Lemma B.4.2 (Eigenvalue). The eigenvalue v, is the unique solution of the equation

2
a —
— § = =1+0(™). (B.100)
ée[k] nBwen(1-t7,) T

Proof. We follow the line of proof of [I8, Lemma 14.9], using the last point in Hypothesis
In our case, [I8, Eq. (14.7.12)] reads

——ag\/> Z ap~/reup + ( B (11—tg E —'yn> ug +0(n~1) =0, ¢ e [k]. (B.101)

'e[k]
0 O

Remark B.4.3. As in [I8, Lemma 14.9], since the left-hand side of (B.100) is increasing in 7,
for v, > 0, a negative solution of (B.100) exists if and only if

B ajwen(l—t7,) > 1. (B.102)
Le(k]

Using (B.85)), (B.102)) holds if and only if det A,, < 0. By Remark the latter holds true.
[ )

Define f: R — [0, 1] as
fla) =2 ﬁn/ e~ 2B gy (B.103)

and g: R¥ —[0,1] as
g(m) = f((v,m — t,)). (B.104)
Recall the definition of M, (m,) given in (B.17).

Let Wy be a strip in I';, of width Cn~1/2 logl/2 n such that t,, € Wy, M, (m, )N Wy is empty
and W consists in two non-neighbouring parts: W containing m,, and W containing M,,(m,,).
Moreover, we require that, for some fixed constant ¢ > 1, Wo N DS C {m € I'y: F,(m) >
F,(t,) +cn~tlogn}. Define

0, m e Wy,
1, € Wa,

G(m) = e (B.105)
g(x), mEWOQDru

0, meW,nDE.

By choosing W, and D,, suitably we have, for m ~ m/ (i.e., 7,(m,m’) > 0) and ¢ € (0, c0) large
enough (coming from the definition of W),

Qn(m) < Qn(tn)n_cﬁa m € WynN D;:m (B106)
(g(m) - g(m/))Z fn(ma m/)Qn(m) < Qn(tn)nicﬁ, m € Wy N D,, m' € WOC (B.107)
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B.4.4 Computation of the approximate Dirichlet form

In this section we follow [I8, Sections 10.2.2-10.2.3] to approximate £p, (g, g) defined in (B-88).
As in [I8, Eq. (10.2.24)], for m € D,, and £ € [k] such that m®* € D,,, compute

$0n) = ) = Coon o = )+ =g (= ) (o~ )
_ 2(_771)5 571 - 2
_ Mexp( L ) (0,7~ ) )

x (1 (=) (v, — ) + O(wi2n log n)) ~

Wen
(B.108)

Recalling 7, we have
2
Ep,(9:9)= > Qulm) 3 e [g(m"T) — g(m)]

meDn lck]
- Zi > exp {—@Qm —tu], Ay m—t M BnFa(tn)
" meD,,

2
X (1 - &(—’yn)ﬁ (v,m —ty,) + O(w[ﬁ n~!log n))

- LL_’M)B Z exp [—%([m —tn], Ay - [m — tn]>} e AnFn(tn)

Z
n T meDy,

X exp (—ﬁn( n) (v,m —t,) ) {1 +0 (wzn -1/2 log 1/2 )]

= Zlnw [1 +0 (wen —~1/2 1og1/2n>} o BnFn(tn) (H |A§ny)

Le(k]

< [ amexp [~ — ] A — ta]))] exp (<Bn(=1,) (v.m %)
—Yn )N an\ 51
B ZlneﬁnFn(tn)[(ZIZL&n] (25) (H wl,n) [1 +0 ( n=1/21pg!/2 n)} ,

Le(k]
(B.109)

where we use [I8, Eq. (10.2.33)] with ¢ = ﬁin and d = k. Here 3 |Ay,| is the inverse of the step
in the (—direction, while in [I8, Eq. (10.2.33)] the step is €.

Remark B.4.4. Note that
€p,(9,9) = €p,(5,9) [1+ o(1)] (B.110)

because §(m) = g(m)[1 + o(1)] for all m € W§ N D,. The latter can be proved by approxi-
mating the Gaussian integral by 0 or 1 when (v, m — t,,) is proportional to —n /2 log'/?n or
n~1/210g'/? n, respectively. o
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B.4.5 Final Dirichlet form approximation

We are now ready to compare Ssn With Ep,. Let h: S, — [0,1] be such that k(o) = §(mn (o)),
o € S,. We split the sum in into four subsets of ', x T'yy: m € Wy N DS, m' € Ty;
m € WoND,, mM € Wi;mEc WoﬂDn, m' € Wo; m € WoND,, m" € WogND,. Then, using

*, we obtain
Es, (1) =0 ) +5 S S Qulm)ralm, ) [36m) — G0 (111)

meWoND, m’/ eWonDy,

Using (B.94)) and (B.96)), we obtain

Es, (h,h) = O(n~P) + % Z [1 + O(n_l/2 log3/? n)} Qn(m)

meWoNDy,
xS (10082 0) ) (') [G(m) — g
m/eWoND,
[1 + O —1/2 log1/2 )} % Z Qn(m)fn (m7 m/) [g(m) - g(m/)]2
m,m’eWoNDy,
1 ) ) (B.112)
= [1+0(n™?10g"2n)] 5 2 Qu(m)in(m,m) [g(m) —g(m)]

m,m’ €Dy,

=&p,(7,9) [1 + O(n_l/2 logl/2 n)}

= 1+ 04(1)] - exp[~BnFy (k)] % (35) (H wzn) ,

n Lc[k]

where the third equality follows from (B.105)—(B.107)) together with (B.94)), and the last equality

follows from (B.109)—(B.110]).

B.5 Capacity and valley estimates

Section provides sharp asymptotic upper bounds and lower bounds on the capacity of the
metastable pair between which the crossover is being considered. These estimates use the results
of the Section[B.4]together with the Dirichlet principle and the Berman-Konsowa principle, which
are variational representations of capacity. Section m provides a sharp asymptotic estimate
for the mesoscopic measure of the valleys of the minima of F;,, which leads to a sharp asymptotic
estimate for F, inside this valley.

B.5.1 Capacity estimates

Given a Markov process (z¢):>0 with state space S, a key quantity in the potential-theoretic
approach to metastability is the capacity cap(A, B) of two disjoint subsets A, B of S. This is
defined by (see [18, Eq. (7.1.39)])

cap(A, B) Z w(x)Py(tp < 74), (B.113)
€A

where p is the invariant measure and P, is the probability distribution of the Markov process
starting in x.
Recall that M,, is the set of local minima of F,.
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Proposition B.5.1 (Asymptotics of the capacity). Let m,, = (my;)mcp) € My and M, C
Mp\my,, such that the gate G(my,, My) consists of a unique point t, = (ten)eeir)- Suppose that
B € (Bey00) and h € [0, he(B)). Then, as n — oo,

- n ™ g_l
cap(Sulmal, Su[Mal) = L+ oa(U) et e () (@E&] w’”) |

(B.114)
Remark B.5.2. Proposition holds for any subset M,, C M,,\m,,, separated from m,, by
t,, independently on the values of F;, on M,. '
Upper bound: Dirichlet principle

An important characterisation of the capacity between two disjoint sets is given by the Dirichlet
principle. For our quantity of interest this states that

cap(Sy[my), S, [M,]) = 31617255”(% u), (B.115)

where H is the set of functions from S, to [0, 1] that are equal to 1 on S, [m,] and 0 on S,,[M,,].

Given that, by assumption, G(m,, M,,) = {t,}, we use the Dirichlet principle in (B.115] to

obtain an upper bound on the capacity. We take as test function h € H defined in Section

and, using , we obtain
cap(Sy[my), Sy [My,]) < Es, (h, h)

_ LN G ) LN £,
= [1 4+ on(1)] 7.° Bt )\/[_ RO (%) (gg] w,n> .
(B.116)

Lower bound: Berman-Konsowa principle

We first note that the process (o¢)¢>0 is lumpable. Indeed, the process (my(0¢)):>0 is Markovian
because the Hamiltonian H, (c) depends on my, (o) only (see (B.27)). Therefore, for A = S,[A4]
and B = 5,,[B] with A and B disjoint subsets of Ty,

cap(A,B) = capr(A4, B), (B.117)

where capr denotes the capacity for the process (my(o¢))t>0, i.e., the projection of the process
(0t)t>0 on the magnetisation space I'y,. We write P and E' to denote the law of (mn(0t))e>0
induced by the law P of (0¢)¢>0, and its expectation, respectively. By the lumpability, we can
focus on the dynamics on I',.

Following the line of argument in [I8] Section 10.3] (with e = 2 and d = k), we obtain the
lower bound

cap(Sn[my], Sp[My]) = capp(m,, M,) > €p,(3,9) [1+ O(n~?log"/?n)|

_ L e (20 )3 w 0
" Z, Tt () (gﬂ fv") Hrenul
(B.118)
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where we use (B.109) and (B.110)).

We sketch the proof. The main idea is to use the Berman-Konsowa principle for a suitable
defective flow. More precisely, given disjoint subsets A, B of the state space, for any defective
loop-free unit flow fa p from A to B with defect function 0 (as defined in [18, Definition 9.2]),
we can estimate (see [18, Lemma 9.4], and notation therein)

—1
501\ s pras( fas((z,9)
sy, ) ZP (Z ) e

(wmey Ma)P(E,Y)

M
cap(A, B) > H (1 +

i=1

where [-]+ denotes the positive part and ~ is a self-avoiding path from A to B. It turns out that,
with a suitable choice of the flow f, the product in the right-hand side of is bounded
from below by 1 + O(n~/21og"/?n), and the sum over v from below by Ep. (,)[1 + 0,(1)].
This proves .

We give a sketch of the test flow definition in our setting. Here A = {m,} and B = M,,.
Let v* be the eigenvector corresponding to the unique negative eigenvalue of the Hessian of
F,, at the saddle point t, (unique gate point in G({m,}, M,)). Let G, be the cylinder in
R* intersected with T, centred at t,, with axis v*, radius p = Cn=/2 logl/Qn and length
o = C'n1/21og"/? n. We will denote by d5G,, the base facing B and by 94G,, the central part
of radius C” n=/21og'/? n of the base facing A, with C” < C. Choose the constants so that G,
is contained in D,, defined in (B.81)).

We define a defective flow f4 p from A to B consisting of three parts: f4, a unitary flow
from A to 04Gy; f, a defective loop-free unit flow from 04G,, to IpG,, inside G; fg, a unitary
flow from OpG), to B. This choice implies that the sum over « in is relevant only on
the paths entering G,, in 0oG,, exiting G, in IgG,, and afterwards reaching B without going
back to G,,. For this purpose we choose fq and fp such that fa((x,y)) and fp((z,y)) are
proportional to @, (z). For m € G, such that m®* € G,,, define

Qn(m)re |g(mb) — g(m)
f((m,m"")) = é[gN(g) ’ L, (B.120)

where ¢ is defined in , Q, in , ry in and
N(g)= > > Qn(m { (mht) — g(m)] ) (B.121)

medAGn Ze[k +
mbTeGy

The contribution to the sum in brackets in (B.119) turns out to be negligible outside G,.
Therefore, no further conditions on the flows f4 and fp are necessary, provided the total flow
out of A is 1 and the total flow f4 p is defective and loop-free.

B.5.2 Measure of the valley

In order to prove Theorem [B:1.2] we need the following estimate on the measure of the valley
of the minima of F,,. For m,, € M,, let A(m,) C I',, be the valley of m,, as defined in [I8, Eq.
(8.2.10)].

Lemma B.5.3 (Gibbs weight of the valley). Given m, € M,,

1 exp (—fnky,(my)) -
autim = 5 S (5)' (I o) e our ool i
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where Qy, is the mesoscopic measure defined in (B.38)), and A, (my,,) is the k x k Hessian matriz
defined in (B.82)).

Proof. The proof follows that of [I8, Lemma 10.12 and (10.2.33)]. The relevant contribution to
Qn(A(m,,)) is given by the measure of a ball B, of radius p = Cn~Y2log!'? n centred in m,,
with C' constant, contained in A(m,,). Indeed, if y € A(m,,) and d(m,,y) > p, then by Taylor
expansion of F,, around m, we have

Qnly) = - xpl-BnFu(y)] = - exp [~BnlFa(my) + cdmy, 1)?]
n n e (B.123)

gziexp[ BnlFo(my) + c”)] = exp [—BnFn(m,)],

n n

where ¢ is a constant. The condition y € A(my,,) is needed to ensure that F,(y) > F,(m,),
implying that c is positive. Therefore, we obtain the rough estimate

n—BcC2
Qn(A(mn)\Bp) <n —z

n
where we use that |T';,| < n*. The bound in (B.124)) is sufficient to show that Q,,(A(m,)\B,) is
negligible in @, (A(my,)).

exp [—fnF,(m,)], (B.124)

Compute
2,@n(A(m00) (1 By) = Zu@u(By) = Z0 3 Quiy) = 3 e P
yeB, yeB,
— o BnFr(my) _@ — — 3
=e > exp |5 (= m. (A (m)) - (v~ m)) + O(np?)
yeB,
_ o BnFn(my) 3 _@ _ _
=e [14 O(np?)] Z exp[ 5 (y —my, (Ay(my)) - (y mn)>]
y€B,

= g~Anfn(mn) ( 1T M;"’) [1+O(np?)]

Le(k]

< [ ayesp [<5 = ma, (hama) - (g~ )|

P

— o~ BnFa(mn) <2> (@g]wzn) 1+0(np’)] (Zg)g th(Ai(mn))

e*ﬁnFn(mn)
) (25> (H wen) [1+ O0(np*)],

Le(k]

(B.125)

where we use the Taylor expansion

Faly) = Falma) + 5

and the approximation of the sum by an integral is correct up to an error 1+ O(p). In the last
lines we approximated the Gaussian integral on intervals [—p, p] by the Gaussian integral on R,
with an error 1 4+ O(n™¢). We conclude by looking at and (B.125), and noting that for
C large enough Q,(A(m,)\B,) is negligible compared to Q,(A(m,) N B,). O O

<y — My, (V2Fn) - (my)(y — mn)> + O(p3), y € By, (B.126)
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B.6 Proof of the theorems

In this section we prove Theorems [BI.2HB.1.4 Section [B:6.1] uses the asymptotics for the
capacity of the metastable pair from Section and the asymptotics for the mesoscopic
measure from Section to prove Theorem Section proves Theorem
Section proves Theorem

B.6.1 Average crossover time

Let us return to the notation of Theorem |B.1.2) where m, € M, and M,(m,) = {m €
My\m,,: F,(m) < F,(m,)}. To prove Theorem [B.1.2| we use the relation

p(A(my,))
capp(my, Mp(my,))’

Recall notation introduced in Section m Because F,(m) < F,(m,) for all m € M, (m,,),
follows from [I8, Theorem 8.15] after proving that M,, is a set of metastable points in
the sense of [18, Definition 8.2]. The latter follows along the lines of the proof of [I8, Theorem
10.6], where similar values of capacities and invariant measures occur.

Using in combination with Proposition and Lemma we obtain that, for
all o € S,[m,,],

Ean (TMn(mn)) = [1 + On(l)] (B'127)

Eo (78, M (mn)]) = B, (Tt (ma)) = [1 4 0n(1)] capp%;(f%n:gnn))

Qn(A(my))
ap (S [mn], 5p [ My, (my,)])

k
7 ety (8) (e wen)

k
1 _ G N £ A
7 ©XP [—BnFn(tn)] [~ det(An (tn))] (25) (er[k} w’”)

= [1+o0n(1)]

= [+ 0n(1)

[— det(A,(tn))] ( ™ >
=14 o,(1 exp |[Bn(F,(t,) — F,(my,))],
1+ 0u(1) \/ ottt (550 ) e 1n(Fafte) ~ Fu(m,)]
(B.128)
where we use that the dynamics depends on the starting configuration o € S, [m,] only, through
its level magnetisations m, () = m, (see (B.27)), and also use the lumpability.
B.6.2 Exponential law

In this section we prove Theorem Since the dynamics depends on the starting config-
uration o € S,[m,] through its level magnetisation m,(c) = m, only (see (B.27)), we have

lim By (75, (04, m,0) > o |75, (M m]) = 00 Pl (Tag, ) > 0B, [Tatyn )
(B.129)

where 7T is the hitting time of the process projected on I',,. Given the non-degeneracy hy-
pothesis (Hypothesis [B.1.1] in Section [B.1.3|) and the one-dimensional landscape analysis (in
Section |B.3.3)), we can apply [I8, Theorem 8.45] to the right-hand side of (B.129) and conclude
the proof.
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B.6.3 Randomness of the exponent

In this section we prove Theorem In particular, we compute Fy,(t,,) — Fy,(my,) — [Fp 5 (t) —
Fg ;(m)] to leading order.

Recalling definitions (B.47) and (B.58]), we have

1
Fap(m)=—-K(m)>—h > wemg+ = > welc(my). (B.130)
2 Le(k] B Le(k]

1

Let m = (my)sep), t = (t0)eer € [—1, 1]F be the critical points of Fj, closest to my,, t, (i.e.,
the critical points of F,, defined above), respectively. Note that m and t satisfy (B.57)), while
m,, and t,, satisfy (B.56]). Using (B.42)), we get

1

Fn(tn) - Fﬁ,h(tn) = _§[Kn(tn)2 - K(tn)2] —h Z [Wé,n - WZ] ton
Le(k]
1 1 (1 —1t2,) k
+ = Z [wen — wellc(ten) + Z — log ( Wi — ~— +o(n7t
ﬂ Le(k] Le(k] 2 2 2n ( )
(B.131)
and
1 1
Fgn(tn) — Fgn(t) = —i[K(tn)Q — K(t)*]+ = Y willc(ten) — Ic(te))- (B.132)
Le(k]
By (B.55)), we have
1 14 te,
2 log (1 i_ té’ ) = [aéKn(tn) + h] )
X ; i" (B.133)
+te\
3108 (1) = Blaek (&) + 1.
Thus,
Ic(ten) — Ic(te) = (ten — to)Ie(te) + O((ten — te)?)
1 1+t
= (tf7n — tg)* lo ( * Z) + O((t&n — tg)2) (B.134)
2 1—ty
= (ten — to) B [aeK (t) + h] + O((bgn — t0)%).
Moreover,
K(ty)> = K(t)?= > arapwewpltepten — tote]
0,0 €lk)
= Y apapwpwe (belbey — to] + toltrn — to + [brn — to][te n — o)
L0 e[k]
(B.135)
and
Kﬂ(tn)z - K(tn)2 = Z Qg Qg [Wf,n We'in — Wy wf’]tf,ntﬁ’,n
0,0clk]

= Y agap tente , (wWelwe n — wel + welwen — wel + [Wen — wel[wen — we)) -
ED
(B.136)
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Similar equalities hold after we replace t by m and t, by m,. Using the previous computa-
tions, we obtain

Fo(tn) — Fn(my,) — [Fﬁ,h(t) - F,B,h(m)]
= Fp(tn) — Fpn(tn) + Fpn(tn) — Fan(t) — [Fn(my) — Fgp(my) + Fgp(my) — Fgp(m)]

1
=5 > arap [boaten — menmp ] (welwe n — wp] + werlwen — wil + [wen — wellwe n — we])
0Elk]

1
- = Z agap wewp [tente , — tety +mymey —my,my |
0,0 €lk]

—h Y wen — wi] [brn — My
Lelk]

1 1 1-t7,
+ = Z Wén - IC(tE n) IC(mE,n)] + E Z % IOg (1_>

ée[k] 2€[K] My

+B}:wdk@m)—k@w+hﬂmw—hﬂmmﬂ+0@”)-
Le(k]
(B.137)

Using(B.134)), we find

[ (tn) — Fn(my)] — [Fpn(t) — Fpp(m)]

1
=5 2 acar [bonten = meamp ] (@elwrn —wr] +wplwen = wl + [wen = willwe 0 = wel)
0,0 €[k]

1
-3 Z ag ap wpwp [tenty n — tety + mymy —my ,my |
0,0'€lk)
—h Y wen — wi] [brn — myp]
Le(k]
1 1 1—t7,
+ = Z UJZn (A}[ Ic(t[ TL) Ic(mg,n)] + B Z % log (1—1’[12

Ee[k] LE[k] tn

+ Z wi (b = to)BlacK (t) + h] + O((tr,0 — £)2) = (M, — me)8 [acK (m) + )
ée[k]

+O((m, — my)?)]
+ o0 (n’l) .
(B.138)
Since

tontyn —tity = (telty n — to] + tolty, —to] + [t — t[te, — te]), (B.139)

we focus on estimating ty, — t,.
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From Taylor expansion, we get

tyn — ty = tanh (,6 [az Z ap wer ptop +h
e[k

) — tanh (ﬁ [ag Z Qgr Wy tgl +h

0 elk]

)
)

2
— ,32 a% ( Z ap [(,Ug/m ty  — we ty]) tanh (,3 [ae Z ap we ty +h

=Bas > aplwypten —wete] |1— tanh (ﬁ [ae > apwpty +h

ek ek

(B.140)
2elk] velk]
2
X |1 — tanh (ﬁ [CLZ Z ap we ty +h )
U elk]
3
+0 | qf ( > aplwppten — we te'])
v elk)
Since
Wty —wp ty = (Wep —wer) te + we p(ty , — ty), (B.141)
we have

tg’n —ty = Baz {1 — t%} Z ag/[(wg/m - LUg/) ty + welm(tg/m - tg/)]
U elk]

2
— B2 adt [1-t3] ( Y avl(wen —we) be 4w n(ten — tﬁ’)]) (B.142)

2 elk]

3
+0 | a} ( > apl(wpn —we) bty +wp (b, — tw)])
¢

’e[k]

t

Suppose that t;, —ty ~ Y. By the Central Limit Theorem, wy, — wy ~ @, where Z, is the
; Jn oY ; vn
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normal random variable N (0, w(1 — wy)). Hence

?%:Bag[l }Zag/[ﬁtg+<zf+w)?%]

2
A Zp Y
2 2t 1—t2 Z , 4 ty + 5 , A
6 “ £|: Z:| (g/e[k]ae [\/ﬁ ¢ <f+w£> \/H‘|)

3
Zy Zy Y
+0 | a} ap t/—|—<+w/> f] (B.143)
0 (z%:k] ¢ [\/ﬁ ¢ n ¢ n
1
frd 750/5 l—t% Z azl tngg/ —|—w€/Yv€t’
Jaoc =] 5 oo teze o)

+ Bag [1 —td Z ap Ly (YZ’ B aptpty Z ag//wg//Ygtu) +0(n_1)

velk] o' elk]

and so

} el wte Zy

O(n"z .
TS e e L] O (B.144)

Baz{

where the denominator does not vanish because of Remark |B.4.3| Thus, up to a factor O(n_%),
Y; is a normal random variable with mean 0 and variance

Zf’é[k‘] a%/t%/(dg/(]. — (A}g/)

5
(1 — B e apwe [1 - t?/])

B2a} [1- tz]Q (B.145)

Similar results hold after we replace t by m.

t

Going back to (B.138]), using (B.139)) and (B.144)), and inserting t;,, —t, ~ % and my , —
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m

Y,
my ~ \;ﬁ and wy, — f’ we obtain

[Fn(tn) — Fo(my)] — [Fpn(t) — Fpn(m)]

~—= Z ag ap (te+\};€;> <tf’+\};‘f§> - (szr}:j;) <m£l+ }\/;gﬂ

EE’
><< Z,+ Zg+ZgZZ,>
w wpr
e m T -
1 LR /NS 72 7 B 7 i Yemn‘?>
— = ap ap wypwypr | ty + —my — my -
2M'Z[k} ( Vn Vn n Vn Vn n
Y} ym
—hz (tg—f——mg—e)
te] k] vn vn
1 tg—l—li i
1 Z l v ym 1 1 v
+*Zf Ic<te+ —Ic(mg-i-) +*Zflog —
Bl v vn vl B g2 1 (m+ 2)

+ l Z Wy [i/;/@ [CL[K(t) + h} L0 <(}/Zt)2> B Y’Zm [aZK(m) N h] Lo ((}/em)2>‘|
p Le[k] \/ﬁ

+o(n7t).

(B.146)
Thus,
[Fn(tn) — Fn(my)] = [Fn(t) — Fap(m)]
_ ! Z ag ap [tity — mymy| (wg Zv + wyr Z )
¢, €lk] vn vn
LS s (tz L2 (A /i mY"‘)
00 €[k] v \F v v (B.147)
1 7 i ym
3 e G 3 o (e 35 e (e )
—i—ng[ [ar K (t )—i—h]—YLm[agK(m)%—h] —i—O(n*l).
vn Vn

Since the random variables Y}, Y™, Z; are centred normal, this concludes the proof of Theo-

rem [B.1.4
From (B.147) it is possible to compute explicitly the variance of Z defined in Theorem
because the variances of all the random variables involved are known (at least to leading order).

B.7 Appendix A: Metastability on the complete graph without
disorder

We give a brief overview of well-known results for the standard Curie-Weiss model. We refer to
[18, Chapter 13] for more details.
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The Glauber dynamics is defined as in Section but with J = 1. For convenience we
write the Curie-Weiss Hamiltonian as

H(0) = —% S o(i)o()—h Y o),  o€Sn, (B.148)
i,j€[n] 1€[n]

which is as (B.26) when J = 1. What makes this case easier than the one with disorder is that
the interaction is mean-field. Indeed, we may write

Hp(0) = n[ — $mp(0)? — hmy(0)], (B.149)
with .
my (o) = - > o(i) € [-1,1] (B.150)
i€[n]

the magnetisation. In this case the magnetisation process (my,(t)):>0, defined by
My (t) = my (o), (B.151)
is Markovian. More specifically, it is a nearest-neighbour random walk on the grid
Fn:{—1,—1+%,...,+1—%,+1}. (B.152)

In the limit as n — oo, (B.151)) converges to a Brownian motion on [—1,+1] in the potential
Fg ), given by

1 1
Fgp(m) = —§m2 — hm + El(m), (B.153)
with 1 1 1+ 1+
—m —m m m
I(m) = 1 1 B.154
(m) = 25" o (57 )+ 5 o () (B.154)

the relative entropy of the Bernoulli measure on {—1,+1} with parameter m with respect to
the counting measure on {—1,+1}. Fjp(m) is the free energy at magnetisation m, consisting of
an energy term —%mQ — hm and an entropy term %I(m). See [I8, Chapter 13] for more details.

Since
1 1+m 1 m
/ /!
the stationary points of Fjgj, are the solutions to the equation
m = Tg p(m), T, (m) = tanh[S(m + h)]. (B.156)
Since
Thp(m) = B[1 = T3 ,(m)], (B.157)
Tpg p is strictly increasing and has a unique inflection point at m = —h. Consequently, (B.156))
has either one or three solutions. The latter occurs if and only if
B€(Beyoo) and ke (0,h(B)), (B.158)

where 3. = 1 is the critical inverse temperature and BC(B) is the critical magnetic field, i.e., the
unique value of h for which Tz, touches the diagonal at a unique value of the magnetisation,

say —m(B). Clearly, 1 = B(1 — m?2(B)), i.e.,

m(B) =/1-p71, (B.159)
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and so h.(f3) solves the equation T4 (3 (—=m(B)) = —m(B). Hence (see Fig.

- —n(B) — L 1+m(B)
he(B) = m(B) 261 <(5)>, B>1. (B.160)

Figure B.1: Plot of 8 — h(f).

The range of parameters in represents the metastable regime in which Fgj has a
double-well shape and, in the limit as n — oo, the Gibbs measure pu, in has two phases
given by the two minima of Fj3 ;: the metastable phase with magnetisation m < 0 and the stable
phase with magnetisation s > 0. The unique saddle point in the gate G(m,s) has magnetisation
t < 0 (see Fig. B.2).

Fgn(m)

Figure B.2: Plot of m + Fp;(m) for 8, h in the metastable regime.

Theorems can be found in Bovier and den Hollander [I8, Chapter 13]. Here the
notation is the same as the one in SectionB.1] Let S,[m], S,[s] denote the sets of configurations
in S, for which the magnetisation is closest to m, s, respectively.

Theorem B.7.1 (Average crossover time).

Subject to (B.158)), uniformly in o € Sy, [m],

s 1—t2 1
E =1 1 Bn[Fpg n(t)—Fa n(m)] B.161
o {Tsn[sﬂ L +onM] =5\ 7 5\/F” CF0) e (B.161)

Theorem B.7.2 (Exponential law).

Subject to (B.158), uniformly in o € S,[m],

Py (75, > tEo [75,5] ) = [T+ 0a(D]e™,  t>0. (B.162)
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Fig. illustrates the setting: the average crossover time from S, [m] to S,[s| depends on the
energy barrier Fjp,(t) — Fjg 5 (m) and on the curvature of Fjj at m and t. The crossover time

is exponential on the scale of its average.

B.8 Appendix B: Examples with multiple metastable states

We provide examples of distributions and parameter choices (in the metastable regime) for which
the model with disorder has multiple critical points. More specifically, we provide numerical
evidence that, for k € {2,3,4}, can have any number of solutions in the set {3,5...,2k+
1}. The cases with strictly more than 3 solutions present multiple minimal critical points, i.e.

multiple metastable states.

B.8.1 Case k=2

()

100

(a) 3 critical points.

~100 -50 ‘

(b) &5 critical points.

Figure B.3: Tgp, k = 2.

e Figure 3 critical points, parameters a1 = 77, as = 45, w1 = 0.688, h = 1740,

B =1138,.

o Figure 5 critical points, parameters a; = 774, as = 36.84, w; = 0.59, h = 1740,

B =1314,.

B.8.2 Case k=3

o Figure 3 critical points, parameters a; = 77, ay = 45, ag = 33.5, w; = 0.688,

wy = 0.15, h = 1740, 8 = 113 B..

o Figure[B.4b} 5 critical points, parameters a; = 77, ag = 45, ag = 27, wy = 0.59, we = 0.15,

h = 1740, 8 = 113 B..

o Figure 7 critical points, parameters a; = 77, as = 45, ag3 = 33.5, w; = 0.59,

wy = 0.15, h = 1740, 8 = 113 B..
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T T
T(K) T
100 |
i //
7 o~
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s0|- ~ e
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~ 45 -100}
(a) 8 critical points. (b) 5 critical points.
T
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100 1
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A
=
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,x/
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00 50 / 0 100

(c) 7 critical points.

Figure B.4: T, k = 3.

128



B.8. APPENDIX B: EXAMPLES WITH MULTIPLE METASTABLE STATES

-40 -20 20 40 -40 -20 20 40

/ -40 -40
(a) 8 critical points. (b) 5 critical points.
T TK)

-20

(¢) 7 critical points. (d) 9 critical points.

Figure B.5: Ty, k = 4.
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B.8.3 Case k=4

o Figure 3 critical points, parameters a; = 12, as = 16, a3 = 139.5, a4 = 24.5,
w1 = 0.474, wy = 0.22, wy = 0.111, h = 178, B = 3.8 ..

o Figure[B:5D} 5 critical points, parameters a1 = 14, ag = 27, ag = 57, ag = 24.5, w; = 0.366,
wo = 0.1, wy = 0.13, h = 262, § = 38.4 3.

o Figure 7 critical points, parameters a; = 2.32, as = 4.92, az3 = 5, ay = 11.32,
w1 = 0.6, wy = 0.096, w3 = 0.033, h = 7.6, 8 = 95.2 5.

o Figure 9 critical points, parameters a; = 12, as = 16, ag = 50.5, ay = 24.5,
w1 = 0.474, wy = 0.22, wz = 0.111, h = 178, 3 = 63.2 3,.

B.9 Appendix C: Example of h.(5) not increasing

We provide here an example of choice of the law of J for which the critical threshold 8 +— h.(f3)
is not monotone increasing. This implies the possibility of a re-entrant metastable crossover.

For k = 4, pick a1 = 12, as = 16, ag = 50.5, ag = 24.5 and wy = 0.474, we = 0.22, w3 = 0.111.
Take h = 100, and plot the function K — T, (K) varying 8. For = 4 8. = 0.00762336 the
system is metastable: T j, intersects the diagonal three times (see Figure , which implies
that h < he(B1). For B2 = 21 8. = 0.04002264 > (3, the system is not metastable: T} j, intersects
the diagonal only once (see Figure [B.6b)), which implies that & > hc(B2). This shows that h.(3)
is not necessarily an increasing function of j.

(a) h =100, 8 = 0.00762336. (b) h =100, 8 = 0.04002264.

Figure B.6: T} 4, fixed h and law of the components of J, varying 3.

B.10 Appendix D: Limit of the prefactor

Below Theorem we stated that the prefactor in (B.19)) converges. For completeness, in this
Appendix we compute its limit, although, as we mentioned after Theorem it is negligible
because of the order of approximation of the exponent.
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We focus first on 7,. Recall notation in (B.10), (B.11) and (B.22). Then (B.100) can be

written as
aZwpn(1 —ten)exp | =28 (—ag (% + Ku(t,)) — h
Ly oty = 3 (1= b oxp |23 (e (5 ) -h).]
ek eXP[—25(—“2(%”&(%))—’1)4
ﬂ(1+tl,n) a 27”

03wy (1= tanh (8 [ag Ku(tn) + h])) exp [~28 (—ap (% + Kn(ta) — h), |

perd exp| ~2(=ar (-+Kn(t) 1), |
B Ftanh(BlacKn(Ca) FRD)) = In

(B.163)

In the first equality we use ) for t,, i.e., the approximation of the stationary points of F,
by the stationary points of Fj,. This makes t;, independent of ¢, so that we can use the law of
large numbers in the limit as n — oo. Thus, we obtain that =, converges to =y, the solution of

the equation

1)%(1 hU)e U+

¢ W (1 +tan_25)e =1, (B.164)
B(1—tanhU) € =2y

where € denotes expectation with respect to P and U = —g[J(1) K(t) + h], with t solving

(B.57). Note that (B.164)) is similar to [18, Eq. (14.4.14)].
We are left to find the limit of the determinants ratio. By (B.85)),

det An(m) = (1 — > Bajwinll— (me)2]> __ W 1+om™].  (B.16))
velk

Using (B.56|) for m € {t,,, m,,}, we have

Z Ba? Wg,n[]. - (mgm)Q] = Z 50% Weon [1 - tanh2 (ﬁ [ag Z Qg Wer o, ! + h ) .
Lelk] Lelk] v elk]
(B.166)
Using the law of large numbers as above and with the same notation, we find
— det(A,(t, —1+¢(BJ(1)? |1 — tanh? [U(t)] 1 — ()2
[~ det(An(ta))] _ 1+ € (8707 | )opimer

oo det(Ag(my)) 1 ¢ (87(1)2 [1 - tanb? [U(m)]] ) gcyy L~ (6e)*

where U(x) = —p(J(1)K(x) + h).
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Appendix C

Preprint: Metastability of Glauber
dynamics with inhomogeneous
coupling disorder

This appendix reproduces exactly the content of the paper [20] with title “Metastability of
Glauber dynamics with inhomogeneous coupling disorder”, authored by Anton Bovier, Frank
den Hollander, Saeda Marello, Elena Pulvirenti and Martin Slowik, and available as a preprint
on https: //arziv. org/abs/2209. 09827, [math.PR], 2022 and not peer-reviewed yet.
This work was summarised in Chapter

C.1 Introduction

Over the last decade there has been increasing interest in metastability under Glauber dynam-
ics of the Ising model with random interactions, in particular, of the Ising model on random
graphs. Dommers [35] considered the case of random regular graphs, Dommers, den Hollander,
Jovanovski, and Nardi [38] the configuration model, in both cases in finite volume and at low
temperature. Mossel and Sly [59] 60] computed mixing times on sparse Erdés-Rényi random
graphs and on random regular graphs, in both cases in finite volume and at high temperature.
Recently, Can, van der Hofstad, and Kumagai [25] analysed mixing times on random regular
graphs, in large volumes and at fixed temperature.

Metastability under Glauber dynamics of the Ising model on dense random graphs has so
far only been studied for the Erdés-Rényi random graph with fixed edge retention probability,
by den Hollander and Jovanovski [50] and by Bovier, Marello, and Pulvirenti [22]. In both
papers, mean metastable exit times of the random model are compared to those of the standard
Curie-Weiss model, in large volumes and at fixed temperature. In [50] the pathwise approach to
metastability (see Olivieri and Vares [65]) was used to prove that mean metastable exit times
are asymptotically equal to those of the Curie-Weiss model, multiplied by a random prefactor
of polynomial order in the size of the system. The prefactor estimate was improved in [22] by
using the potential-theoretic approach to metastability (see Bovier and den Hollander [18]), at
the expense of losing generality in the initial distribution. Recently, Bovier, den Hollander and
Marello [19] studied metastability under Glauber dynamics of the Ising model on the complete
graph with random independent couplings in large volumes and at fixed temperature. In that
model, the product structure of the couplings allows for lumping of states, and for combining
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the potential-theoretic approach with coarse-graining techniques, to obtain sharp estimates on
mean metastable exit times.

The present paper extends the results for the Erdos—Rényi random graph to inhomogeneous
dense random graphs and to more general random interactions. We compare the metastable be-
haviour of a class of spin systems whose Hamiltonian has random and conditionally independent
coupling coefficients, called quenched model, with the corresponding annealed model in which
the coupling coefficients are replaced by their conditional mean. More precisely, we prove that
metastability of the annealed model implies, in large volumes and at fixed temperature, almost
sure metastability of the quenched model with respect to the metastable sets of the annealed
model. Moreover, assuming metastability of the annealed model, we consider the ratio between
the mean hitting times of the quenched model and the annealed model, and estimate both its
tail behaviour and its moments, again in large volumes and at fixed temperature.

As in [22], we follow the potential-theoretic approach to metastability, which allows us to
estimate mean metastable exit times by estimating capacities and weighted sums of the equilib-
rium potential called harmonic sums. Estimates on the former can be obtained with the help
of well-known variational principles, while estimates on the latter are more involved. See, for
instance, Bianchi, Bovier and Ioffe [7] and [22], where long and model-dependent computations
were needed to prove that the relevant contribution of the harmonic sum is localised around
the starting metastable set. Schlichting and Slowik in [68], using an alternative definition of
metastable sets, prove that localisation of the harmonic sum around the starting metastable set
holds in large generality. Their work allows us to derive results for a large class of models. A
second novelty of the present paper compared to [22] concerns the techniques that are used to
prove concentration results. In [22], Talagrand’s concentration inequality was used, while here
we use McDiarmid’s concentration inequality.

C.2 Model, results and methods

This section is structured as follows. In Section [C.2.1] we introduce the model. In Section [C.2.2]
we define metastability, introduce relevant quantities, and state our main results. In Sec-
tion [C.2.3] we summarise our strategy and methods, and give an outline of the rest of the

paper.

C.2.1 The model

Let (Q,F,P) be an abstract probability space. Let G C F be a sub-c-algebra of F and J =
(Jij)1§i<j<oo be a triangular array of real random variables that are conditionally independent
given G and uniformly bounded, i.e., there exists a k; € (0, 00) such that |.J;;| < kj P-a.s. for all
1 <i<j < oo. Wewrite Pg[-] to denote a regular conditional distribution for J given G (which
exists because J is a sequence of real random variables; see Chow and Teicher [27, p. 218]).
Write E to denote the expectation with respect to P, and Eg and Varg to denote expectation
and variance with respect to Pg.
Given 2 < N € N, consider the Ising Hamiltonian with random couplings of the form

1 N N
HN(O') = —N Z Jijo'io'j — hZO'i, o € Sy, (Cl)
ig—=1 i=1
1<j
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with h € R the magnetic field and Sy := {—1,1}"V the set of spin configurations. The corre-
sponding Gibbs measure on Sy is denoted by

pn(o) = Zy' e PN (o) o€ Sn, (C.2)

with # € (0,00) the inverse temperature and Zy the normalizing partition function. The spin
configurations evolve in time as a continuous-time Markov chain (Xy(t)):>0 with state space
Sy and Glauber-Metropolis transition rates given by

exp(—B[Hn(o") — HN(U)]+), if o0 ~ o,

0,0 € Sy, C.3
0, otherwise, N (€-3)

pn(o,0') = {

where o ~ ¢’ means that ¢’ is obtained from o by a flip of a single spin. The associated generator
Ly acts on bounded functions f : Sy — R as

(Lnf)(@) = Y pulo,0)(f(e') - f0), o€ Sn. (C.4)

o/eSN

Note that the stochastic process (Xn(t))e>0 is irreducible and reversible with respect to the
Gibbs measure py. We denote by P2 the law of the Markov chain (Xx(t));>0 on D([0,00), Sx)
(the space of Sy-valued cadlag functions on [0, 00)) with initial distribution v. The corresponding
expectation is denoted by El],v . If the initial distribution is concentrated on a single configuration
o € Sy, then we write Pév and E{,V , respectively. For a non-empty subset A C Sy, let Tﬁ[ be
the first return time to A, i.e.,

7_;727 = T%((EN(t))tZO) = inf{t >0: EN(t) €A, EN(t—) ¢ .A} (05)

Our main objective is to compare the evolution of the model with Hamiltonian Hy and the
model with Hamiltonian Hy defined by

~ 1 N N

HN(J) = Eg [HN(U)} = _N Z Eg [Jij]Uin - hZUi7 (S SN, P-a.s. (Cﬁ)
4,7=1 =1
1<J

Throughout the paper, we use the superscript ~ to denote quantities that refer to the model
defined in terms of Hy. For instance, ((iN(t))tZO,IS(],V: o € Sy) denotes the continuous-time
Markov chain with transitions rates (pn(o,0’))soesy, Which is reversible with respect to fin,
where both the transition rates and the Gibbs measure are defined as in and , but
with Hpy replaced by Hy. For lack of better names and with abuse of terminology, we refer
to the models defined in terms of Hy and Hy as the quenched model and the annealed model,
respectively.

In the sequel, we provide a list of motivating examples for which the results stated later hold.
For this purpose, consider two sequences

(Aij)i<i<j<oo (Pij)1<i<j<oo (C.7)

of triangular arrays with |A;;| < k; and P;; € (0,1) for i,j € N with ¢ < j, and let G =
o(Asj, Pij: 1 <1< j < oo) be the o-algebra generated by these sequences. Moreover, let

(Uij)i<i<j<oo (C.8)
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be a triangular array of i.i.d. random variables distributed uniformly in (0,1). Define
Jz’j = AijBij, Bz’j = H{UijSPij}7 1<1 <y <o0. (Cg)

Note that (Jij)1<icj<oo and (Bjj)i<i<j<co are triangular arrays of conditionally independent
random variables given G. In particular, B;; are Bernoulli random variables with mean F;;.

Example C.2.1 (Ising model on the Erdés-Rényi random graph). By choosing A;; := 1 and
Pj =pe (0,1 for 1 < i < j < oo, G becomes the set {(),Q} and Hy in becomes
the Hamiltonian of the Ising model on the Erdés—Rényi random graph with edge retention
probability p, known as the randomly diluted Curie- Weiss model. Its metastable behaviour was
studied in [50] and [22]. In this case the annealed model is the Curie-Weiss model.

Example C.2.2 (Ising model on inhomogeneous random graphs). By taking A;; = 1 for
1<i<j<oo, Hy in becomes the Hamiltonian of the Ising model on an inhomogeneous
random graph, in which an edge (ij) is present with probability P;;. Of particular interest is
the case Pj; = V;V; with (V;)ien a sequence of i.i.d. random variables with support in (0, 1),
known as the Ising model on the Chung-Lu random graph [28]. The metastable behaviour of
the corresponding annealed model was studied in [19] for the case where the random variables
V; have finite support.

Example C.2.3 (Randomly diluted Hopfield model). Given n € N random patterns &', ..., &7,
with &8 = (& )ien and &F € [-1,1] for 1 < k < n, set Ajj = S p_; £F¢F. By taking Py = p €
(0,1) for 1 <i < j < oo, Hy in becomes the Hamiltonian of a Hopfield model in which
the interaction coefficients are randomly diluted by i.i.d. Bernoulli random variables with mean
p. See Bovier and Gayrard [16] for a review on the Hopfield model. The metastable behaviour
of the annealed model, i.e., the undiluted Hopfield model, was studied by an der Heiden in [2]
in a restricted (5, h)-regime. We plan to address the metastable behaviour in a more general
(8, h)-regime in a future paper.

C.2.2 Metastability and main results

Before stating our main results, we recall the definition of metastable Markov chains and
metastable sets put forward in Schlichting and Slowik [68, Definition 1.1].

Definition C.2.4 (py-metastability and metastable sets). For py > 0 and 2 < K € N, let
{Min,. ..., Mgn} be a set of subsets of Sy such that M; N OMjn =0 foralll <i# j < K.
The Markov process (X (t))e>0 is called pn-metastable with respect to {Mi n,..., Mg n} when

‘ N N N
maX;ef1,.. K} PMN\MJ',N [TMN\M]‘,N < TMj,N:|

< pv <1 (C.10)
MmNy s\ My PinlX [TA]\[[N < T/]YV}

where My = Ufil M; n and, for a non-empty set X C Sy, un|X denotes the Gibbs measure
un conditioned on the set X.

Remark C.2.5. The advantage of this definition compared to the one given in Bovier and den
Hollander [I8], Definition 8.2] is twofold: it allows for direct control of #7(p)-norms of functions,
and does not depend on the cardinality of the state space. For a more detailed comparison of
the two definitions of metastability we refer to [68, Remark 1.2].
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For fixed 2 < K € N and k; > 0, define

Qmeta (V) = {w: I{Mi N, ..., Mg N} (w) non-empty disjoint subsets of Sy

st (Sx(t)izo(w) is e N-metastable wort. {Min,..., M n}hw)}, (C.11)
i.e., the event that the Markov chain (Sn(t))>0 is Ay-metastable with respect to some
{Min,...,Mg N}, where we abbreviate
P = e kN, (C.12)
Remark C.2.6. Note that both ﬁmeta(N) and {M n,..., Mg n} - playing the role of metastable
sets — are G-measurable, because they are defined in terms of the annealed Hamiltonian Hy .
In our main results we impose the following assumption on the annealed model.

Assumption C.2.7 (Metastability of the annealed model). For some (8,h) € (0,00) x R, the
following holds for the Markov chain (Xn(t))i>0 of the annealed model. There exist 2 < K € N
and k1 > 0 such that,

P |lim inf Queta(N) | = 1, (C.13)
N—oo

where Queta(N) is defined in (C.11) and depends on K and k.

Remark C.2.8. Assertion of Assumption can be rephrased as follows: P-a.s., there exists
a finite random variable Ny € N and a sequence ({Min,..., Mg n})N>n, of K non-empty
mutually disjoint subsets of Sy (possibly depending on w) such that for any N > Ny the process
(f]N(t))tZO is p = e M N_metastable with respect to {Min,. ... Mg N}

Remark C.2.9. Let us illustrate in the case of Example how to identify candidates of
metastable sets. It is well know (cf. [11, Section 3.5]) that, for any g € (0,00) and h € R,

1 _ -
lim —logZy =— inf F, .14
N e BN 084N xel[gl,l} pon(®); (C.14)

where Fb’h : [-1,1] — R denotes the free energy per vertex of the annealed model given by

~ 1, 1/1—-2 l—-z 142 1+=x
Fgp(x) =5 hx+6( 5 log 5 + 5 log 5 >+log2. (C.15)

In particular, for any 8 > . := 1 and h € (—h.(8), h.(5)), where the critical strength of the
magnetic field is given by

he(B) = /1 - B2 - 215 log(8(1+ /1 - 1/8)?),

the free energy ﬁﬂ,h admits two local minima my, mo € (—=1,1). For N € N, let m; y and mg N
be the closest point in {—1,—1+2/N,...;1 —2/N,1} to m; and mag, respectively. Define the
sets My n, Ma Ny C Sy as the (set-valued) pre-image of the empirical magnetization Sy > o —
my(0) = T o4 le.,

Min = m]_vl(mLN) and Mo N = m&l (ma,n). (C.16)

By using arguments similar to those given in [68, Lemma 4.1], it follows that {M; n, M2y}
forms a pair of metastable sets in the sense of Definition [C.2.4]
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For fixed N € N, given the metastable sets {M n,..., Mg n}, we can decompose the state
space Sy into the domains of attraction with to respect the dynamics of the annealed model.
More precisely, by following [68, Definition 1.4], within the event Qmeta(]\f ) the metastable sets
{Min,...,Mg N} give rise to a metastable partition {Si n,...,Sk,n} of the state space Sy
such that

Min CSin CVin, ief{l,...,K}. (C.17)

The local valley V; y around the metastable set M; y is defined as
Vin = M@NU{U e M§:
SN[ N N SN[_N N
P, [TMLN < TMN\MZ,N] 2 r?gcha {TMLN < TMN\MLN} }, (C.18)

where we recall that My = U~ M; n.
Our first theorem says that, subject to Assumption (XN (t))e>0 also exhibits metastable
behaviour in the sense of Definition

Theorem C.2.10 (Metastability). Suppose that (3,h) € (0,00) xR satisfies Assumption .
Then, for any co € (0,k1), the event

Qmeta (V) = {w € Queta(N): (n(1))is0(w) is e~ N -metastable w.r.t.
{Min,... ,MK,N}(W)} (C.19)

satisfies

P[lim inf Queta (V)| = 1. (C.20)

N—o0

Let the following assumption hold for all NV € N, in Qmeta(]\f ).

Assumption C.2.11 (Non-degeneracy). Label the metastable sets My n,..., Mg n in such a
way that they are ordered decreasingly according to their weights under the Gibbs measure of the
annealed model, i.e.,

fin[Min] > in[Man] > ... > fin[MEn], P-a.s., VN €N, (C.21)
and assume that, for some i € {2,..., K}, there ezists a ky € (0,00) such that
in(Sjn] < e *2N NS N, P-a.s.,Vje{i+1,...,K}, NeN. (C.22)

Remark C.2.12. The non-degeneracy condition in (C.22)) can be relaxed by replacing e *2V
with some dy satisfying e %2V < §y < e=VN for some sufficiently large ¢ € (0,00). The
technical reasons can be found in the proofs in Section

In view of Assumption |[C.2.11}, fix i € {2,..., K} such that (C.22)) holds and put, for N € N,
P-a.s. in Qpeta(N),

i—1
.AN = MZ',N, BN = U ./\/lj,]\[. (0.23)

=1
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Note that By is the union of all metastable sets with weight not smaller than the weight of Ay .
Before proceeding, we define, for N € N and non-empty disjoint sets A, B C Sy, the so-called
last-exit biased distribution on A for the transition from A to B by

pn (o) Py [ < )]
Yocann(o) P g <]

vap(o) = V%B(O') = oe A (C.24)

This distribution plays an essential role in the potential-theoretic approach to metastability, as
can be seen in below.

We are now ready to state our second theorem, in which we compare the mean hitting time
of By for the Markov chain (Xx(t)):>0 starting from the set Ay according to the distribution
VAy,By With the corresponding quantity for the Markov chain (f] ~N(t))t>0. Under the regular
conditional distribution Pg, we obtain for the ratio of these metastable hitting times estimates
both on its tail behaviour and on its moments.

Theorem C.2.13. Suppose that (B,h) € (0,00) x R and i € {2,...,K} satisfy Assump-
tions [C.2.7 and [C.2.11l. Set

Gl
ay = s Z Varg[J;;]. (C.25)
2N )
i<
(i) Fort >0, P-a.s.,
EJVV Tl]gv} 2 2
lim Pglet7oN < —ANEN - PNC o oHH20n | > ) g o7t/ (2R0)7 (C.26)
e R AR
An,By L' BN

(ii) For any ¢ > 1 and ¢ € (0,00), let

Qgc(N) =
1/q
Eg [ENA (74, ﬂ (w)
R . VAN,BN N 4qo _c
{w. © (1 \/ﬁ) S EZ];\;N By [7:[]3\[1\1] (w) S ) i (1 i \/N) } (027)

Then, for any q > 1 there exists ¢; € (0,00) such that

P[I}\rfri}?of qucl(N)] =1. (C.28)
Remark C.2.14. (a) Since the random variables (J;j)1<i<j<oo are assumed to be uniformly
bounded, it follows that any = O(1).

(b) Assumption |C.2.11] ensures that the metastable sets M;y, j € {i + 1,..., K}, are not
relevant for the analysis of the crossing times from Ay to By.
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C.2.3 Methods and outline
Key notions from the potential-theoretic approach to metastability

To prove Theorems [C.2.10] and [C.2.13] we crucially rely on potential theory, which allows us to
express probabilistic objects of interest in terms of solutions of certain boundary value problems.
It is well-known (see e.g. [I8, Corollary 7.11]) that, for any N € N and any non-empty disjoint
A, B C Sy, the mean hitting time of B starting from the last-exit biased distribution 1/% gon A
is given by

vaslTB capy (A, B)’ ’

where Hh%BHMN denotes the £!(uy)-norm of the equilibrium potential h%,B of the pair (A, B),
i.e., the function h%B : Sy — [0, 1] that is the unique solution of the boundary value problem

(Lnf)(o) = 0,  oeSn\(AUB),
{ Nf(U) = 1a(o), UEANUB, (C.30)

Note that the equilibrium potential has a natural interpretation in terms of hitting probabilities,
namely, hlY z(0) = PY [ < 7§, for all o € Sy \ (AUB). The capacity capy (A, B) of the pair
(A, B) is defined by

capy (A, B) Z pn (o) PY [ < . (C.31)
oc€eA

From this definition it is clear that
N N CapN(A» B)
PIUN|A [TB < T.A :I = e [./4] ) (032)

where py|A denotes the Gibbs measure py conditioned on the set A.

Capacities can be expressed in terms of variational principles that are very useful to obtain
upper und lower bounds (see [18] Section 7.3] for more details). Upper bounds are obtained by
using the Dirichlet principle, which states that

capy (A, B) = inf{En(f): f € HY 5} (C.33)

Here, H% g denotes the set of all functions from Sy to R that are equal to 1 on A and 0 on B,
and

EN() = {f.—Ln/)u Z un (@) (0,0") (f(o) — f(0))? (C.34)

o,0' €SN

is the Dirichlet form. We recall that the transition rates py are defined in (C.3]).
Lower bounds are obtained via the Thomson principle, which states that

capy(A, B) = SUP{DNl(@: @ € qu,B} = (inf{DN(cp): € M%B})il, (C.35)

where L{ﬁi g is the space of all unit antisymmetric AB-flows ¢ : Sy x Sy — R, and

1 (0, 0")?
Dn(p) = 9 mg/ZGSN v (o) py (o, 0) (C.36)

O'NO'/
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Strategy of proofs

The proof of Theorem relies on Definition and on , together with an appli-
cation of the Dirichlet principle in combination with a comparison of the quenched Hamiltonian
Hy and the annealed Hamiltonian Hy on a particular event of high probability.

We prove Theorem (1) by combining concentration inequalities for the logarithm of the
mean hitting time EZY A By [TéVN] of the quenched model with bounds on the distance between
the (Condltlonal on g) mean of that logarithm and the logarithm of the mean hitting time

El];\;N’ By [ By | of the annealed model. Estimates of the latter type, comparing conditional means

with average means, will be called annealed estimates. The results in Theorem [C.2.13(ii) are
annealed estimates as well. In view of (C.29)), estimates on the mean hitting time EV A BN[ éVN],
or on its logarithm, will follow once we have separately proven corresponding estimates for both
ZN CapN(.AN, BN) and ZNHh%N,BN HNN‘

To prove concentration inequalities for the quantities log[Zy capy(An,By)] and
log[Zn || A Ax Bx |luy]s we use a conditional version of McDiarmid’s bounded differences inequality
(see Proposition |C.7.1] u 1| below). This strategy for proving concentration is different from the one
used in [22], where Talagrand s concentration inequality was used. The advantage of McDiarmid
over Talagrand is twofold. First, McDiarmid’s inequality provides exact constants. Second, it
does not require convexity of the map J — log(Zy capy(An, Bn)), which is crucial because we
do not know how to prove convexity.

Estimates on capacities for Theorem are proven by using the Dirichlet principle and
the Thomson principle, and do not require any assumption on metastability. Finding estimates
on the equilibrium potential, however, is more involved. We use a result that is similar to
[68, Theorem 1.7] (Proposition below), for which Assumption is required, together
with the same comparison of the Hamiltonians Hpy and Hy that is used in the proof of Theo-
rem both holding with high probability. We emphasise that the constants appearing in
our statements may depend on the parameters of the model.

Outline

The remainder of the paper is organised as follows. In Section we provide the proof of
Theorem on metastability of the quenched model. In Section we provide estimates
on capacities. Section [C.5] is devoted to stating and proving estimates on weighted sums of
the equilibrium potential, called harmonic sums. In Section we prove Theorem by
using the results of the previous sections. Appendix [C.7] contains the conditional version of the
McDiarmid’s inequality that is used in the paper.

C.3 Metastability

Before proving Theorem [C.2.10, we provide in Lemma a comparison of the quenched
Hamiltonian Hy and the annealed Hamiltonian H ~. This lemma will be used both in the proof
of Theorem below and in Section where we deal with estimates on the equilibrium
potential.

Given a positive real sequence (an)yen, let

E(aN)::{max|HN o) — HN |<aN}CQ, 2< N €N, (C.37)

c€SN
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denote the event that, uniformly in o € Sy, Hy differs from Hy by at most ay. On the event
E(an) we have control on the difference between the quantities determining (Xn(t))i>0 and
(En(t))e=0. Moreover, for suitably chosen sequences (ax)yen, the event Z(ay)¢ turns out to be
negligible in the limit as N — oc.

Lemma C.3.1. For a positive real sequence (ay)nen, set by = a3;/(2k;) — Nlog2. Then,
P-a.s.,

Pg[E(an)’] <e ™™ Al, VNEN,N>2. (C.38)

Proof. Fix 2 < N € N. Clearly, it suffices to prove in case by > 0. Using that the
triangular array J = (J;j)1<i<j<oo is assumed to be conditionally independent given G and that
the map J —— Hy(0) depends linearly on the random coupling (J;j)1<i<j<n, we can apply
McDiarmid’s concentration inequality (Theorem , together with a union bound, to get
that, P-a.s.,

Pg | max|Hy(0) = Hx(0)| Z an] < 3 Po[[Hn(0) = Hy(0)] = ax|

geSN
7N . (C.39)
Yoo ()
<2 —_ .
=2 OPAITo NV - 1)
Since 2k;(N —1)/N < 2k, (C.38]) follows. O
Proof of Theorem [C.2.10, We will prove that
P {lim sup Qmeta(N)c} =0, (C.40)
N—o00

which is equivalent to ((C.20]). First note that, by the choice of puy and py in and ,
Znpn (o) pn(o,o') = e PUHN(OVHN () o~o €8n. (C.41)
An elementary computation yields that, on the event =Z(ay),
Hy(o)V Hy(0") —an < Hy(o)V Hy(0') < Hy(0) V Hy(0') +an, 0,0 € Sy.  (C.42)
Thus, by a comparison of Dirichlet forms it follows that
ZNEN(f)e PN < ZnEN(F) < ZNEn(Ff) P, (C.43)

for any f : Sy — R. In view of the Dirichlet principle (C.33)), we deduce that, on the event
E(an),

Z X
ofax < INCAPN(X, V) PN )£ XY C Sy disjoint. (C.44)

N ZNEa\'T)N(X7y) B

Moreover, for any 2 < N € N, on the event Z(ay),

o—Ban < %NHN [X]

< <efav . P4 XCSy. (C.45)
ZNEN[X]
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It follows from (C.32), (C.44) and (C.45) that, on the event Z(ay),
N

e—QBG,N S ?/J‘QN'X

PMNI/'\—’

™ < ¥
7y 7] < e2Pan 0 #X,Y C Sy disjoint. (C.46)

7 <72l
Thus, on the event E(ay) N Qmeta(N),

N N N
jegl(ii..XK} Pl My {TMN\MJ;N < TMj,N}

PN 4 - N N N
< G et eomin Pl My <X (C.47)

Now set any = /2kj(k1 +1log2)N for 2 < N € N, and note that, with this choice of ay,
Lemma, implies that

P[E(an)’] = E[Pg[E(an)°]] < e =e MV NN/ N>2. (C.48)
By choosing N (k1, co, 3, k) € Ninsuch a way that co < k1—4Ban /N forall N > N (k1,co, B, k),
it follows from ((C.47) that Z(an) N Qmeta(N) C Qeta(N) for all N > N(ky, co, 5, ks). In par-

ticular,

Qmeta(]\[)C C E(aN)c U ﬁrneta(]v)ca N > N(k‘l, Co, ﬁa kJ) (049)

Therefore, using continuity of the probability measure, we get

(C.49) ~
P |lim sup Qmeta(N)c} < ]P’[lim sup(E(aN)cUQmeta(N)C)}

sl Y
S (P {Um>N E(am)c} r [Um>N Qmeta(m)cD

=P {lim sup E(aN)C] +P {lim sup (Nlmeta(N)C] . (C.50)
N—oo N—oo

Since, by (C.48)), >%-1 P[E(an)‘] < oo, an application of the Borel Cantelli Lemma and As-

sumption [C.2.7] yields that

P|lim sup Qmeta(N)"} < ]P’[limsup E(aN)c} —i—]P’[limsup Qmeta(N)C] =0. (C.51)

N—oo N—oo N—oo

O]

C.4 Capacity estimates

In this section we provide general estimates on the capacity of the quenched model compared
to the annealed model. These estimates are general because we do not require any assump-
tion on metastability, and the sets involved in the estimates are general disjoint subsets of the
configuration space.

In Section we prove concentration for the logarithm of the capacities by using the
Dirichlet principle and McDiarmid’s concentration inequality. In Section [C:4.2] we first estimate
the conditional mean of Zyun and py in terms of the corresponding quantities of the annealed
model Z ~yitny and py in Lemma and afterwards prove annealed capacity estimates by
using both the Dirichlet and the Thomson principle, together with Lemma The latter is
crucial also in the proof of annealed estimates of ||h%NvBN || iy in Section

All formulas in this Section [C.4] are intended to hold P-a.s. In order to lighten notation, we
refrain from repeating that.
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C.4.1 Concentration of quenched capacities

Proposition C.4.1. Let 2 < N € N, and consider two non-empty disjoint subsets X, C Sy.
Then, for anyt > 0,

Pg [[log(Zx capy (X, V) — Eg[log(Zn capy (X, ¥))]| > t] < 2e~1*/Gk", (C.52)

Proof. First, recall that the triangular array (Ji;)i<i<j<oo is assumed to be conditionally inde-
pendent given G. Hence, in view of McDiarmid’s concentration inequality (Theorem |C.7.1)), the
assertion in ((C.52) is immediate once we show that, for any 2 < N € N, the mapping

(Jijh<icj<n — Fn((Jij)1<icj<n) = log(Zy capy (X, D)) (C.53)

satisfies a bounded difference estimate. More precisely, it is sufficient to show that, for any
1<k<I<N,

20k,
N )
where J;; = J;; for all 1 < i < j < N such that (i,5) # (k,1), and Jj; is a conditionally
independent copy of (Jij)1<i<j<n given G. In the sequel, we write HY,, Z%;, E% and capf (X, )
to emphasise the dependence on the random coupling J = (J;;)1<i<j<n-
We proceed by following the same line of argument that led to in the proof of Theo-
rem Since

|Fn ((Jij)i<i<i<n) = Fn((F)i<i<j<n)| < (C.54)

_ =Tl _ 2k

Hi (o) — HY/ :
[Hy (o) v ()] N SN o € SN, (C.55)
an elementary computation yields that, for any 0,0’ € Sy,
' 7o 2k J T ! g 2ka
Hy (o) V Hy (o) — N = Hy (o) V Hy (o) < Hy (o) V Hy (0") + N (C.56)

Thus, by a comparison of Dirichlet forms, we obtain, for any f : Sy — R,
ZNEL (1) e I < ZREN(S) < ZXEX (1) PR/ (C.57)

In view of the Dirichlet principle (C.33)), we deduce that

Z3; capk (X, ) e 2MIN < 73 capi (X, V) < Z§ capii (X, D) PRIV, (C.58)
which yields (C.54)). O

C.4.2 Annealed capacity estimates

Notation 1. For any three sequences (an)n>0, (DN)N>0, (cN)N>0 and N € N, the notation
an = by + O(cn) means that there exists a C € (0,00) independent of w and N such that

—Cey <any —by <Ceypy. (C.59)

Before proving annealed capacity estimates, we prove the following lemma which is used
both in the current section and for proving further annealed estimates in Section

Lemma C.4.2. For 2 < N € N the following hold:
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(i) For any o € Sy,

Eg[e*PAN()] = e (14 O(NT), (C.60)

(i) For any 0,0’ € Sy with o ~ o',

B [e=A @V HN @] = AN @VEN ) con (1 4 O(NTH),  (C.61)

where oy is defined in (C.25) and An(0) := Hy(0) — Hx(0), o € Sy.

Proof. (i) Denote by R 5 ¢ — A;;(t) = log Eg[exp(t(Jij — Eg[Ji;]))] the conditional log-moment
generating function given G. By a Taylor expansion up to the third order, we get that, for any
teR,
t2 t3 1
Aij(t) = 5 Varg[Jij] + 5 | (1- 0)> A7 (6t)d6. (C.62)
0
Since the random variables are assumed to be uniformly bounded, i.e., |J;;| < k;, an elementary

computation exploiting Cramér’s measure yields that, [A7}(t)] < 6k3. Hence
t? 3 1413
|4 (1) = 5 Varg[Jy]| < k5 [t (C.63)

Since the triangular array (J;j)1<i<j<oco is conditionally independent given G, we have

N 2 3
+8AN (o 18\ _ (FBoioy) - (Bk,)
llog}Eg |:e N ):| — O[N’ < ijZ::L AU(WUZO']) - anrg I:Jl]} ’ < ON 5 (064)
i<y
which concludes the proof of (C.60)). In particular, for any o € Sy,
eEAHN (o) +an o~ (Bk1)* /2N < Eg [eiBHN(a)} < oFPHN(0)+an o(Bk1)P/2N (C.65)

(ii) Because the proofs of (C.61)) for £4 are similar, we give a detailed proof for +3 only. Since

the conditional expectation of the maximum of two random variables is bounded from below

by the maximum of their conditional expectations, it is immediate from ((C.65) that, for any
/

o,0" € Sy,

~ ~ 3
g [HHNOVHN] 5 SNV gon (1 (52’? ). (C.66)

Thus, we are left with proving the desired upper bound. For this purpose, we define, for o € Sy
and k € {1,...,N},

1 1Y
H]%(O‘) = —O’k<NZkaO'j+NZJikO'i—|—h>, (067)
ok =

and set Hﬁk(a) = Hy(0)—H% (). Denoting by 0% € Sy the configuration that is obtained from
o by flipping the spin at site k € {1,..., N}, we get Hf\é,k(a) = Hﬁk(ak) and HX (o) = —HE (o%).
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Since for any o € Sy the random variables Hﬁk (o) and H% (o) are conditionally independent
given G, it follows that

Eg {emHN <a>vHN<ok>>} _ Eg [eﬂﬂﬁ%)} Eg [eﬁHz’% (@) v/ eBHz’%W)} . (C.68)

In order to estimate the second term, note that for any two non-negative random variables X,Y
with finite second moment, we have

E[X VY] =E[X]VE[Y] + %(E[\X ~ Y]] - [E[X] - E[Y]|)
< E[X] VE[Y] + 5 (E[IX ~ E[X]|] + E[)Y ~ E[v]]])
< E[X] VE[Y] + %<\/Var[X] +/Var[Y]), (C.69)

where we use the triangular inequality and Jensen’s inequality. Hence,

Eg [e?7() v P Hi ()]

<Eg {eﬁka(")} vV Eg [eBHJI%(Uk)} + ;(\/Varg [eBva(U)} + \/Varg [eBHII%(Uk)D. (C.70)

Since,

Varg[e£#HE()]  Bg|eE20UIN (@) Bl ()]

Eg|e*PHk @] = Eg [eiﬁ(ﬂg(g)—ﬁg [H]’i,(a)])} 2

exp (Zé‘vk-f—l Arj(Foyai) + k] Aik(:‘:]\QfBUiUk)>

- , (C.71)
exp <2 i Ay (Ffowoy) +2 205 Aik(?\zﬂaiak))

and |A;;(t)| < k3%, which follows from a Taylor expansion of A;;(¢) up to second order together
with the estimate |A7;(?)] < 2k2, we obtain that

Eg [e?15() v ()] < (Eg [?7@)] v Eg [eﬁﬂmD (1+ S ). (C72)

Combining (C.72), (C.68]) and (C.65), we see that there exists a ¢ = ¢(8, k) such that for all
2< NE€EN,

B(Hy (0)VHy (o%)) B(HN(0)VHy (o%)) jon ¢
Eg {e } <e e (1 + \/N) (C.73)
This concludes the proof of (C.61]). O

We are ready to prove the annealed capacity estimates.
Proposition C.4.3. Let 2 < N € N, and let X,Y C Sy be two non-empty and disjoint.
(i) Then,

[Eg[log(Z capy (X, )] — log(Zycapy (X, ¥))| = an + O (C.74)

1
uw)
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(i) For any q € [1,00) there exists a c3 € (0,00) such that

Can c EQ{(ZN CapN(X,y))q} v qon c
e (1 - \/jv) < I (%) <e (1 + \/—%), (C.75)
_qg11/a
—ay C3 ]Eg{(ZN CapN(Xﬂy)) q:| qan c3
O w) T Gy =) W

where ay is defined in (C.25)).

Proof. Fix N3 N > 2 and consider two non-empty disjoint subsets X,) C Sy. Recall from
Section the definition of the Dirichlet form En(f) for functions f € Hx y and the Dirichlet
form Dy (p) for unit flows ¢ € Uy y. In view of Lemma |C.4.2(ii) we have that

Eg[ZNEN(f)] = ZnEn(f) e (1 4+ O(N~V/2)) VfeEHxy,
Eg[Z5'Dn(9)] = Zy'Dn(p) e (1 + O(N~1/?)) Vo €Uxy.

(i) The claim in (C.74]) is an immediate consequence of the Dirichlet principle and the Thomson
principle combined with Jensen’s inequality. Indeed, in view of (C.77)) there exists a ¢ = ¢(5, k)
such that

(C.77)

Eg[log(Zn capy(X,Y))] < inf logEg[ZnEn(S)]
feHxy

< inf log(ZNgN(f))+aN+cN_l/2

- fG'HX,y
= log(Zy capy (X, V) + an + cN~V/2, (C.78)

Likewise, we obtain that

Eg[log(Zy capy(X,Y))] = — inf logEg[Zy'Dn(p)]

pEUx y
> — inf log(Zy'Dy(p)) — ay —cN~Y2
pEUx Y
= log(Zy capy (X, Y)) — ay — eN7V2, (C.79)

(7i) Since the proofs of ((C.75) and (C.76|) are similar, we present the proof for (C.76) only. To

get the lower bound, note that by Jensen’s inequality it is immediate that

1/q 1

> .
Eg[Zn capy(X,Y)]

Hence, analogously to (C.78)), by applying the Dirichlet principle and (C.77)) we obtain that
there exists a ¢ = ¢(, k) such that

Eg|(Zy capy (X,9)) | " = Eg|(Zw capy (X, ) '] (C-80)

1 e N

>
Eg[Zn capy(X,Y)] — Zycapy(X,))

To get the upper bound, note that, analogously to (C.79)), by the Thomson principle we have
that

(1—eNY2). (C.81)

Eg [(ZN cap y (&, y))_q} R infuey 5 Eg [(Zﬁle(sﬁ))q} e (C.82)
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By Minkowski’s inequality and an application of (C.61]) with 8 replaced by (¢, we find that for
any ¢ € [1,00) there exists a ¢ = (g, 8, ks) such that, for all p € Uy y,

1/q ~ .~

Eg[(Z3'Dn(@)"| " < Zy'Dn(p) €™ (1 + ¢ N7I/2). (C.83)

Therefore, again applying the Thomson principle, we obtain

1/q ed*N
<=
Zy capy(X,))

Eg|(Zn capy(X,¥)) ] (14 NV2), (C.84)

and by setting c3 := ¢V ¢ we conclude the proof. O

C.5 Equilibrium potential estimates

This section contains all our results concerning the ¢!(uy)-norm of the equilibrium potential
h%N,BN’ which we call the harmonic sum. Before proving concentration estimates in Sec-
tion and annealed estimates in Section we provide some preliminary estimate in
Section[C.5.1] We emphasise that throughout this section, contrary to Section|[C.4] metastability
plays an essential role.

C.5.1 Preliminary estimates

As mentioned above, for estimates on the harmonic sum we restrict to the event Z(ay), which

is defined in (C.37) and used in Section to prove Theorem (C.2.10, This event has high
probability for suitably chosen sequences (an)nen (recall Lemma [C.3.1)). We use two facts: on

=(an) we can control the quenched Gibbs measure py in terms of the annealed Gibbs measure
iy (recall (C.45)), and the harmonic sum localises on the metastable valley of Ay. We state
and prove the last result in Proposition [C.5.2]

Notation 2. For any two random variables X,Y depending on N € N, writing “X =Y holds
P-a.s. on the event Qmeta(N)” means that

lﬁmcta(N)X = ]]-ﬁmcta(N)Y7 ]P)'a-s-- (085)

We stress that all formulas in Section [C.5] hold P-a.s. Moreover, formulas involving the
quantities S; n, M n, An, By, for fixed j € {1,..., K} and N € N, hold P-a.s. on the event
Qmeta(N) unless differently specified, because those quantities are not defined in Qpea(NV)€.

Remark C.5.1. By G-measurability of Qmeta (see Remark D we are allowed to compute
expectations and probabilities conditioned to G on the event € eta-

Proposition C.5.2. Suppose thati € {2,..., K} satisfies Assumption|C.2.11|, and that (an)nNeN
is a non-negative sequence that is sublinear in N. Then there exists a C' € (0, k1 A ka) such that
P-a.s. on the event Z(an) N Qmeta(N), for N sufficiently large depending on (an)nen, B, k1, k2,

1B Bl = N [Sin][1+ O(e™“M)]. (C.86)

Remark C.5.3. Proposition holds true also for ay = ¢N, with ¢ > 0, in case ¢f3 is
sufficiently small compared to k1 and ko. We do not use this result.

148



C.5. EQUILIBRIUM POTENTIAL ESTIMATES

Remark C.5.4. Although Proposition is similar to [68, Theorem 1.7], it is not an im-
mediate consequence of the latter. Indeed, in both Hh%NyBNH uy and pn refer to the
quenched Markov chain (X (%))¢>0, but S; v is a set of the metastable partition of the annealed
Markov chain (Xx/(t))¢>0, while in [68, Theorem 1.7] all quantities refer to the same process. We
made this modification for two reasons. First of all, we are not able to prove [68, Theorem 1.7]
for the quenched Markov chain because we cannot prove the non-degeneracy assumption needed
therein. Second, even if we were able to prove it, it would not be useful later on as we do not
have estimates on the measure of the metastable partition of (Xx(¢)):>0. However, as we shall
see later, Assumption [C.2.11]and (C.45]) allow us both to prove and to use it later having
estimates on its right hand side.

Remark C.5.5. Note that in the following proof of Proposition we use the metastability
of (X¥n(t))s>0 and do not use the metastability of (Xx(t))¢>o0-

Proof of Proposition[C.5.2 The proof is inspired by that of [68, Lemma 3.3] and consists of two
steps.

Step 1. Let (an)nen be any non-negative real sequence and fix N € N. We start by showing
that the following is true P-a.s. on the event Z(ay) N Qmeta(IV), for any two j # k € {1,..., K}
and any ¢ € (0, 1],

ILLN(O-) N ~ 48a . { MN[SJ N] }
——————hj,. o) <e+pnye”Wlog(l/e)ming 1, ——=2— ). C.87
UE;ICN MN[Sk‘yN} MJ7N,M]Q7N( ) — pN g( / ) MN[Sk’N] ( )

Recall that, for £ € {1,..., K}, Vyn and Sy n are, respectively, the local valley around the
metastable set M, y and a set of the metastable partition of the annealed model. Moreover,

My = UK, My n. By applying (C.32) and (C.46), we have that, for any X C Vi n \ My n,
P-a.s. on the event Z(ay) N Qmeta(N),

HN XFQB CapN X Mk;N)
uN\X[TMk <7y

1
< eQB“NpN( max My < TMm]) capn (¥, M)

e 2%, Pty

(C.46] 4{8 -1
<e 'ON(ee{r?a i) P TR Mo <TMZND capy (X, M n), (C.88)

where in the second inequality we used that we are in ﬁmeta(N ) and X C Vj n \ My N to apply
[68, Lemma 3.1]. Moreover, using ((C.32)) and monotonicity of capacities, we get

N N N
Ze{r{l,%.),(f(} P“N‘MAN |:TMN\MZ,N < TMZ,N:|

> max{ capy (M N, Mk,N)’ capy (Mg N, Mj N) }
pn [Mp.N] N M N]

Next, for t € (0,1] we write Xy (t) = {0 € Sy : h%lekaN(a) > t} to denote the super

level-sets of h%lm,Mk,N. Note that, for any t € (0,1], Xn(t) "My ny =0 and M; n C Xn(t).
Using reversibility, we have

(C.89)

tC&p(XN( ) Mk N) < LNhXN( t), Mg, N h%j’N,Mk‘N>HN
= <h%N(t):Mk',N’ _LNh.g\V/[]',N,Mk,N>HN = Cap(Mj,N,Mk;’N). (090)
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By expressing the expected value of a non-negative random variable in terms of the integral of
the tail of its distribution, we obtain, for any ¢ € (0, 1],

k(@) N - Uy [Xn () 0 Sk ]
> i [Se] Wt My () < +/€ o [Se] dt. (C.91)

UESk}N

Using (C.88)) with & = Xn(t) N Sk v, together with (C.89)), the symmetry and monotonicity of
capacities and (C.90)), we obtain, for ¢ € [e, 1],

spay LN (M N, v (M n]
capy (M N, Mg N)

pN [XN(t) N Skn] < pne capy (XN (t), My, N)

~ a . 1
< pn "N min{pun [My n], pn [/Vlj,N]}? (C.92)
Therefore, recalling that M,y C Sy n, ¢ € {1,..., K}, we obtain
pn(o) N = dBan {/‘N [Sj.n] } 11
—————hl, o) <e+ pyePWN mine ———=1 —dt, C.93
Ue;kN ,UN[Sk7N] MJ,N;Mk,N( ) PN N [Sk,N] - ( )

which completes the proof of .

Step 2. In view of , the proof of runs along the same lines as the proof of [68,
Theorem 1.7]. For the reader’s convenience we provide the details here. Let Ay, By be defined
as in . In particular, recall that Ay = M; n. Then

1N [S)N]
1P Bl = 1 [Sin] (HhﬁN,BNHmsi,N +> v lSin [57 ] HhﬁN,BNHmsj,N)- (C.94)
i

i, N
In order to prove a lower bound, we neglect the last term in the bracket in (C.94)), while the
first term is bounded from below by

i—1
Hh%N,BNH,U«NLSi,N =1- thN,ANHuMSi,N > 1= ZHh%]’,NyMi,NHNNLSi,N’ (C.95)
j=1

where we used that, for all o € Sy \ (Ayx U By),

N __pN|_N N
hBN:AN (O') = Po’ |:TU;;11 Mj,N < TMz‘,N]

i—1 i—1 (096)
N | _N N N
< Pg {TMJ',N < TMi,N:| = Z hMj,NvMi,N(O-)'
=1 j=1

By applying (C.87) with ¢ = e "N recalling py = e "% (see (C.12)), we obtain that P-a.s. on
the event Z(an) N Qmeta(NV),

1By Bxlinisin =1 — Ke MY (14 e log(1 /e 1)), (C.97)
Hence, we get

HhﬁN,BNHHN >l [Si,N] (1 . KNe—k1N+BaN (e—logN—,BaN + kl)) (0.98)
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To get the upper bound, we exploit the fact that Assumption |C.2.11} together with (C.45)),
implies that uy[S; n]/un[Sin] < e *2N e2Pen for all j € {i+1,..., K}. Hence

AN [Sj.n]

N
# MN [Sz N] Hh.AN,BNH,uN|Sj,N (099)
Jj#i ’

1—1
8]
< Ke ke g2Ban E M N ‘
e e +j:1 N [Si,N} H Mi,N,Mj,N”MN\SJ,Na

where we used that, for j € {1,...,i — 1} and ¢ € Sy \ Uy Me.n,
N _pN[_N N
hiypy(0) =Ps {TMAN < Mz,N}
- Pév {T/]\VALN < 7—/“]\/flj,N} - h%i,NyMjJ\] (U) (C.IOO)

Thus, applying (C.87) with & = e "N minge(y ;1) un [Sin] /i [Sev], we get that, P-a.s. on
the event Z(axn) N Qmeta(IN),
pn [SjN]

N
1N [Si ] | hMi,NMVlj,N H#lej,N

(C.101)
<e RN _ PN etfan log (e_klN

iwisa]
te{1,.i-1} pun [Se.N]

for j € {1,...,4 — 1}. Since pun[Sin]/pn[S;n] > e PksAMIN for j € {1,...,K} and
HhﬁN,BN”NNLSi,N < 1, we can use to conclude that
152 i Nl
< v [Sin] (14 Ke™m V42008 4 K (07N - (g + B(ky + h))Ne RN H45av) ) (C.102)
Let
N :=min{N € N: — kN +2Bay < 0and — kN + 4Bay +log N < 0}. (C.103)

Note that N depends on (an)Nen, B, k1, k2 and is deterministic. The minimum exists because
B, k1, k2 are fixed and ay is taken sublinear in N. By combining (C.98) and (C.102)), the assertion
follows for all N > N. O

Corollary C.5.6. Suppose that i € {2,..., K} satisfies Assumption |C.2.11] Then there exists
a C E~(0,l€1 A ko) such that, for N sufficiently large depending on 3, ki, ko, ky, P-a.s. on the
event Qmeta(V),

Eg [log(ZNHh%N,BNHMN)} =Eg [log(ZN,U«N[Si,N])] +0(e”“N). (C.104)

Proof. First observe that P-a.s. e #ks+hN < ZNII gy lun < oNeBks+MN for 2 < N € N.
Moreover, let ay = \/2k (k1 + log2)N. In view of Proposition we know that there exist a
C € (0,k1 ANko) and a ¢ € (0,00) such that, for all N sufficiently large depending on 3, k1, k2, k.,

Eg [log (Zx 112 5y )]
< Eg [log(Zn 1P, sy lux ) 12(an) | + (B(ks + 1) +1og 2)N Pg[=(an)”]

< B [log(Znpun [Siv])| +1og(1 + ¢/ (e7N)) + (B(ky + h) + log 2)N ™11, (C.105)
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where we used ((C.48|), which is implied by Lemma and our choice of ay. Likewise, by
using additionally that Zypun|[S; n] < oNeBksTh)N ' we obtain that

Eg [log(Zx 11 5y lux)]

> Bg [log(Zn [h sy lluw) Lz(an) | = Blks + h)N Pg[Z(an)’]

> Eg [log(ZN,uN [Si7N])] +log(1— (e N)) — (2B(kys + h) +log2)Ne MV (C.106)

Since C' < kq, this concludes the proof. O

C.5.2 Concentration inequality

Proposition C.5.7. Suppose thati € {2,..., K} satisfies Assumption|C.2.11. Then there exist
C € (0,k1 Aka2) and c4 € (0,00) such that, for all N sufficiently large depending on 3, k1, k2, kJ,
and all t > 0, P-a.s. on the event Qmeta(N),

Py [log (Zn W, sy lun) — Ba log(ZnlIP2, sy lun)]| > 1]

t—cn

2
< 2o (7). e b (C.107)

where ¢y = cye N

Proof. Let ay = \/2k (k1 + log2)N. In view of Proposition and Corollary there ex-
ist a C' € (0,k1Akz) and ¢4 € (0, 00) such that, for NV sufficiently large depending on 3, k1, kg, k.,
P-a.s on the event Z(an) N Qmeta(N),

C _
log(Zn IR sy lun) — log(Znpn[Sin])| < 546 oN (C.108)
and

Cq4 _
[Eg [log(Zx 1y lun)] — Egllog(Zpn[Sin])]| < 5 ™. (C.109)

CN

Hence, by setting cy := c4 ™%, we obtain that

Pg [[108(Zn |1 sy lex) — Eg[log(Zx 1y )] > 1]
< Pg [|10g(ZNHhﬁN,BNH,U«N) — Eg [log(Zn1hy sy llux)]] >, E(GN)}
+Pg[E(an)‘]
< Pg |[log(Znpn[Siv]) — Egllog(Znpun([Sin])]| > t — en| + 7MY, (C.110)

where, as above, we used , which is implied by Lemma and our choice of ay. In
order to bound the first term on the right-hand side of , recall that the triangular array
(Jij)i<i<j<oo is assumed to be conditionally independent given G. Moreover, in view of ,
for any 2 < N € N it is immediate that the mapping

(Jijh<icjen — Fn((Jijh<icj<n) = log(Znpun[Sin]) (C.111)
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satisfies the estimate

28k
N )

’FN((JZ‘j)ISiqu) - FN((J{j)lgiqu)\ < (C.112)
where Jj; = Ji; for all 1 < i < j < N such that (i,5) # (k,I) and Jj; is a conditionally
independent copy of (Jij)i<i<j<n given G, for any 1 < k < I < N. Hence, by applying
McDiarmid concentration inequality in the version of Proposition we get that

Pg [[log(Zy un[Sin]) — Egllog(Zuun[S;n))]| > t] < 267/ Ph0", (C.113)
Combining (C.110)) and (C.113|), we get the assertion in (C.107)). O

C.5.3 Annealed estimate

Proposition C.5.8. Suppose that i € {2,..., K} satisfies Assumption |C.2.11. Let an be as
defined in (C.25)). Then the following hold:

(i) There exists a c5 € (0,00) such that, for N sufficiently large depending on B, k1, ke, ky,

P-a.s. on the event Qumeta(N),

c ~ - ¢
_Ns < Eg [IOg(ZNHh%N,BNHMN)] - log(ZNHh%N,BNHﬂN) <an+ NE) (C.114)

(ii) For any q € [1,00) there exists a cg € (0,00) such that, for N sufficiently large depending

on B, k1, ke, ky,q, P-a.s. on the event Qmeta(N),

1/q
Eg [ (ZNIhY, 5y luw)"]

—— < eV (14 ¢gN7h). (C.115)
ZN[IhY sl

e (1 —cgNY) <

Proof. (i) By using Jensen’s inequality, G-measurability of S; y and Lemma i), we find
that for 2 < N € N

Eg [IOg(ZNHN [&',N])] <logEg [ZNNN [Si,N]}

- fin (o) )
-1 VA Sl —I—l < oI e— E N
og(Znfin[Si,n]) + log JEXS;N inlSin] Y ‘

= log(Znan[Sin]) + an + log(1 + O(N71)). (C.116)
Likewise,
Eg|log(Znpun[Si])]

= log(Znin[Sin]) + Eg {log( ) M e_BAN(U))}

2 S
= e fin(o) 3 ”
> IOg(ZNNN[Sl,N]) + Ugs;N ﬂN[Si,N] Eg[ /BAN( )]
= log(Znjin[Sin])- (C.117)
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Moreover, since fiy[S;n]/in[Sin] < BFHIN for all j € {1,...,K}, we deduce from [6S,
Theorem 1.7] that

Zn |y sy llay = ZniEn[Sin] (1+ 0 ™Y + Njy)). (C.118)

Thus, recalling that gy = e *1V the assertion in (C.114)) follows from Corollary combined
with (C.116)), (C.117)) and (C.118)).

(i) For given g € [1,00), take ¢ € (0,00) and

an = \/QkJ(q(c’ +2B(ky+ h) +log2) +log2)N.
It follows from Lemma that, P-a.s.,
1 /
Pg[Z(an)]s < e N/1 = g7 Ne28ky+h)N o=¢'N_ (C.119)

To get an upper bound for the g-th conditional moment given G of the harmonic sum, we
use Minkowski’s inequality, (C.119) and the facts that ZNHh%N,BNHNN < NPy +MN and

ZN”iLﬁN,BNH/lN > e Als+RN - This gives

Q=

Eg[(ZIh, 5y lux)"]
< Eg | (ZNlIAY, sy low) (e
1

< Bg | (ZnlIM, 5y i) Dztany | " + Zn BN il e~ (C.120)

Q=

1
+ 2NN B [E(ay) ]

To analyse the first term of the right-hand side of (C.120]), we apply Proposition to obtain
that there exists a C' € (0, k1 Ak2) such that, for N sufficiently large depending on 3, k1, ko, k7, q,

1

Eg [(Zn Wy sy lin) Mzan) | = Bo [ (Znin [Sin]) Dz(ay)| " (1+ 0™ N)).  (C.121)

Moreover, a further application of Minkowski’s inequality yields that

Q=
S

Eg[(ZN“N[SLN])q]lE(aN)} <Zn Yy ﬂN(o)Eg[efﬁqAN(U)}

Uesi,N
= ZNAN[SiN] €9V (1 + O(N7YY), (C.122)

where in the last step we used Lemma |C.4.2(i) with 3 replaced by fg. Thus, combining (C.120))
with (C.121)), (C.122) and (C.118)), we see that there exists a ¢’ € (0,00) such that for N
sufficiently large depending on 3, k1, ko, k1, q,

1

Eg [ (Zn Wy sy lun) "] " < Zn 1R syl o9 (14 /N 7Y). (C.123)

We close by proving a lower bound for the ¢g-th conditional moment given G of the harmonic
sum. By Jensen’s inequality we get that

1
Eg [ (Zn11ANy sy )] = B |ZNIRN, sy liw | 2 Bo [ 210N, sy liw dzan) |- (C124)
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In view of Proposition together with (C.119) and the facts that Zyun[S; n] < 2NeSksTRIN
and ZNHh%N,BNHﬂN > e PhsthN e get that there exists a C' € (0, ky A ko) such that, for N
sufficiently large depending on 3, k1, ke, ks, q

Eg | Zn 112y 5y I Lz(an)]
= Eg|Znin[Sin]z(ay) | (1 + O(e™M)) (C.125)
> (Eg {ZN,U«N [Si,N]] — ZN IR, sy efc/N) (140 “N)).
Since, by Lemma [C.4.2[i),

Eg [ZNMN [&,N]] = ZNjN[Sin] €N (1+O(NTh), (C.126)

we conclude from ((C.124) combined with (C.125), (C.126) and (C.118|) that there exists a
" € (0,00) such that, for N sufficiently large depending on S, k1, k2, k., q

l ~ ~
Eg[(Zn Wy sy llun)?] " = Zn IR, syl ¥ (14 "N 7Y, (C.127)

By setting cg := ¢’ V ", we get the assertion. O

C.6 Estimates on mean hitting times of metastable sets

Before proving Theorem [C.2.13] we state two immediate corollaries of the propositions proved
in Sections and [C.Al

Corollary C.6.1. Suppose that i € {2,...,K} satisfies Assumption (C.2.11. Then there exist
C € (0,k1 ANka) and cq € (0,00) such that, for all N sufficiently large depending on B, k1, ke, ky,
and all t > 0, P-a.s.,

Pg Ulog(EfVVAMN [78,)) — Eg[log(E, . [A])]| >+ ﬁmeta(N)]

=) () e (C.128)
S ﬂﬁmeta(N) 2(6 20k + € 2Pk ) +e Y

where ¢y = cye N
Proof. In view of ((C.29)), we have that

Pg Ulog(E]V\;N’BN 78,)) — Egllog(BY, [ >+ Qmeta(N)]

N N t
< P log(Zv 11, 5, ) — Eo loB(Zn 1%y 5y )| > 5+ Rintal(V)] (C.129)
t ~

+Pg Ulog(ZN capy(An, By)) — Eg [log(ZN capy (An, BN))] ’ > 5 Qmeta(N)} .

Thus, the assertion follows immediately from Proposition [C.4.1] and Proposition [C.5.7} O
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Corollary C.6.2. Suppose that i € {2,..., K} satisfies Assumption |C.2.11 Then there exists
a c; € (0,00) such that, for N sufficiently large depending on B3, ki, ke, k;, P-a.s. on the event
Qmeta(N);

c7
Can —
N \/N
where ay s defined in (C.25)).

Proof. In view of (C.29)), the assertion in (C.130)) follows immediately from Proposition i)
and Proposition |C.4.3(1). O

Proof of Theorem [C.2.13]. (i) Recall once again the G-measurability of Qmeta(]\f ) (see Remark ,
and note that an application of Corollary yields that there exists a ¢7 € (0,00) such that,
for N sufficiently large depending on S, k1, k2, ks, P-a.s.,

. ~ c
<BgllogEl, , [1,]] —logBY, , [F,] <2an+ \/—% (C.130)

B w [TBy]

P —t-an < NV-ANvBN N- <« ottt2an |7

RS A R

N N
C.]ﬁo . le_(t_;%) < EV-ANvBN [TBN] < e—‘r(t— \;%) ﬁmeta(N)]
exp (Eg {bg E), s T éVN]] )
> 1~
- Qmeta(N)
C7
P Ulog(E]V\;N’BN [7h,)) — Eg[log(ED, . [8])]| >t~ \/N} Ig, o (C131)

Thus, from Corollary it follows that there exists a C' € (0,k; A ko) such that, for N
sufficiently large depending on 3, k1, ko, kj, P-a.s.,

By ]
—t— VANn,.B By +t+2
Pg [e an S ~]~V N:PN [%N } S e aN‘| Hﬁmeta(]\[)
VAn,By L BN
t—c N71/2—c 2 t—c Nfl/2 2
> <1 — Q(e_(—7 2Bk s 7N) + e_( 27BkJ ) ) — e_k‘1N> ﬂﬁmeta(N)' (C.132)

Assumption implies that limy_o 1 exists and is P-a.s. equal to 1. Since trivially

5meta N
1>1y (N’ taking the limit N — oo of (C.132]) yields (C.26]).
(ii) Fix ¢ € [1,00). In view of (C.29), an application of the Cauchy-Schwarz inequality yields
that, P-a.s.,

Q|

Eg [E]”\;Nﬁzv [TéVN] q}

1 1
2q7 29 —2q1 29
< Bg [(Zn I, 5y lun) "] ™ Eg[(Zn capy (A, By)) 7] ™. (C.133)

Hence, by Proposition|C.4.3(ii) and [C.5.8(ii), there exists a ¢ € (0, c0) such that for IV sufficiently
large depending on 3, k1, k2, k., q, P-a.s. on the event Qupeta(NV),

Q=

NV
= EDAN,BN

Eg[E, . [5)]

VAN,Byn

[, et (14 \/iﬁ) (C.134)
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On the other hand, by using Jensen’s inequality and Corollary we find that there exists
a c7 € (0,00) such that, for any ¢ € [1,00) and N sufficiently large depending on 3, k1, k2, ks, q,
P-a.s. on the event Qpeta(NV),

Bo[EY, , (19" = exp(Es[og Y, , [7L]])

e (1- \;—%) (C.135)

Therefore, by letting ¢y = ¢V ¢z, for N sufficiently large depending on 3, k1, k2, k., ¢, P-a.s. on
the event Qeta(V),

i
= EPAN,BN

Eg [EN (78, q} v

TN (11— Go) < — NI <elon (14 L), (C.136)
DA By (78]

Thus, the set ¢, (IV) defined in (C.27) contains Ometa(N). Therefore, using Assumption
and monotonicity of probability

1= P[lim inf ﬁmeta(N)] < P[lim inf Q, ., (N)} (C.137)
N—o00 N—o00
which concludes the proof of (C.28)). O

C.7 Appendix A: Concentration inequality

We present a concentration inequality for functionals of conditionally independent random vari-
ables that is a slight extension of the classical McDiarmid concentration inequality for functionals
of independent random variables satisfying a bounded difference estimate (cf. [I0, Theorem 6.2],
[33, Section 2.4.1]).

Proposition C.7.1. Let (Q, F,P) be a probability space, G C F a sub-o-algebra of F, 1 <n € N
and X a Polish space. Consider a vector X = (X1,...,X,) of X-valued random variables on
(Q, F,P) that are conditionally independent given G, and let f, : X™ — R be a measurable
function. Suppose that, for any i € {1,...,n},

|fn(X1, R ,Xn) — fn(Xl, R 7Xi—17Xz{7Xi+17 e ,Xn)‘ <g¢ € [0,00) P-a.s., (0138)

where (X{,..., X)) is a conditionally independent copy of (X1,...,X,) given G. Then, P-a.s.
forallt >0,

)

=

s
|
&=

[fn(X) | G] >+t | G]

} <o /), (C.139)
[a(X) 1G] < —t | d]

)

=

>
|
&=

1y 2
where v = 3 14 Ci.

Proof. Since there exists a regular conditional probability for X (see e.g. [27, p. 217]), the proof
follows the line of proof of the non-conditional McDiarmid concentration inequality. O
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