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Abstract

This thesis studies intermittency and localisation phenomena in the parabolic Anderson
model (PAM) and the Bouchaud trap model (BTM), models for random walks in a random

branching environment and a random trapping landscape respectively.

In the PAM, we study the phenomenon of complete localisation, which describes the even-
tual concentration of the (renormalised) mass function on a single site with overwhelming
probability. Our main result is that complete localisation holds for potential distributions
with (i) Weibull tail decay, and (ii) fractional-double-exponential tail decay. Since complete
localisation is strongly conjectured to break down for potentials with double-exponential tail
decay, in a sense our work completes the program of establishing complete localisation in
the PAM begun in [46, 52, 64]. In the Weibull case, we further give a detailed geometric

description of the complete localisation behaviour.

In the BTM, we study the regime of slowly varying traps, that is, when the survival
function of the trap distribution has a slowly varying tail at infinity. Our main result
is that the BTM on the integers exhibits extremely strong localisation behaviour that is
qualitatively different to the known localisation behaviour in the regularly varying case.
More precisely, we demonstrate that (i) the mass function of the BTM concentrates on two-
sites with overwhelming probability, and (ii) the rescaled BTM converges to a highly-singular
process we call the extremal FIN process.

Finally, we explore the interaction between the localisation phenomena due to random
branching and trapping mechanisms by studying a hybrid model which combines these
mechanisms. Our main result is that, under certain natural assumptions, the localisation
effects due to random branching and trapping mechanisms tend to (i) mutually reinforce,
and (ii) induce a local correlation in the random fields (c.f. the ‘fit and stable’ hypothesis of

population dynamics).
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General notation

For ease of reference, we collect here general notation that will be used throughout the

thesis. All other notation will be introduced as needed.

Asymptotic notation: For real-valued functions f,g we use f(z) ~ g(x) to denote that
Jim f(z)/g(x) =1,

and f(x) =o(g(z)), f(z) < g(x) or g(x) > f(x) to denote that
Jim f(z)/g(x) = 0.

We use f(z) = O(g(z)) to denote that, as x — oo, there exists a ¢ > 0 such that eventually

[f(2)] < clg(a)].

Notation for collections of random variables: When we describe a collection X =
{X}ier of random variables as bounded above in probability we mean that {X;};c; is tight.

In other words, for each € > 0 there exists a ¢ > 0 such that

inf P(X;<¢)>1—c¢.
iel

Similarly, when we describe a collection X = {X,};er of strictly-positive random variables
as bounded below in probability we mean that {Xi_l}iej is tight. In other words, for each

e > 0 there exists a ¢ > 0 such that

inf P(X;>¢)>1—c¢.
iel

For random variables X and Y, we say that the random variable X stochastically dominates
the random variable Y, denoted by X =Y or Y < X, if for each x € R

Fx(x) < Fy(z),
where F'y and Fy denote the cumulative distribution functions of X and Y respectively.

Notation for subsets of Z%: We equip Z¢ with the standard ¢; distance, denoted by | - |.
For a site z € Z? and a radius r > 0, define the closed ball

B(z,r) := {yEZd:|z—y| <r}.

For a set S C Z¢, we denote the complement of*S by S¢ (similarly, for a probability event &
we denote the complement of £ by £¢.) For S C Z¢ define its r-extension, for r > 0,

B(S,r) = | ] B(z,7),

z€S



its separation distance
sep (S) := min |z — y|,
p(5) = min |z —y|
TH#Y

and its outer boundary
0S = {y € 5 : there exists z € S such that |x —y| = 1}.

For a set S C Z%, the function 1g denotes the indicator function of S, in other words, the
function 1g : Z% — {0, 1} that takes 1 on S and 0 elsewhere (similarly, where the function 1¢

is indexed by a probability event £, it denotes the indicator function of the event £.)

Notation for operators: Wherever a vector v is naturally interpreted as an operator, it

is understood as the multiplication operator associated to v, i.e. the operator V defined by

For an operator H on functions f : Z% — R, the restriction of H to a set S C Z¢ is the
operator on functions f|s: S — R induced by the operator 1sH1g.

Notation for paths: For k& € N and sites y,z € Z%, let I'y(y,2) be the set of nearest
neighbour paths in Z? of length k running from y to z, with each p € T'(y, ) indexed as

Yy=:ipo—+PL—P2—... > PLi=2.

Similarly, denote the path collections

Ti(y) = | Tw(y,2), T(,2) = |J Twlv,2),

z€Z4 kEN

Ly):= Uy, I'={J ITw).
keN yezd
For a site z € Z%, denote by n(z) the number of shortest paths from the origin to z, i.e.,
n(z) := |I';(0, 2)|. For a path p € T'x(y, 2) denote the path set {p} := {po,p1,...,pr} and
path length |p| := k. For a nearest neighbour random walk X let p(X;) € I'(Xy) denote the
path associated with the trajectory of {X;}s<;, and let pg(X) € I'y(Xo) denote the path

associated with the random walk {X,}s>0 up to and including its k™ jump.
Other notation:

We use 1 and 0 to denote, respectively, the vector of ones and the zero vector.

For a real-valued unbounded cadlag function f, we use the phrase right-continuous inverse

to describe the function

f~Yx) :==inf{t: f(t) > z}.

For z,y € R, define z A y := min{x,y}. Further, denote by [z] and =™ the integer and
positive parts of = respectively, i.e.,
+ .=

[z] =max{z €Z:2<z} and =z max{z,0}.
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Chapter 1

Introduction

This thesis studies intermittency and localisation phenomena in two distinct but related
models of random walks in random media — the parabolic Anderson model (PAM) and the
Bouchaud trap model (BTM) — which are models for random walks in a random branching
environment and a random trapping landscape respectively. The PAM and BTM both have
their origins in the statistical physics literature, the PAM as a model for electron localisation
inside a semiconductor, and the BTM as a model for the dynamics of spin-glasses on certain

intermediate time-scales.

The PAM and BTM are of great interest in the theory of stochastic processes because
they are important examples of intermittent processes. In other words, over long periods
of time these models develop pronounced spatial and temporal inhomogeneities. This may
be contrasted with the tendency of many commonly-studied stochastic processes, such as
the simple random walk, to homogenise over long periods of time. The term localisation
refers to an extreme form of intermittency in which the models tend to concentrate on small

subsets of the domain with high probability.

The overall goal of this thesis is to seek a better understanding of intermittency and
localisation phenomena in the PAM and BTM, to both determine the conditions under
which localisation occurs and to describe its qualitative and quantitative features. Our
focus will mainly be on the Cauchy problem for the models: given an initial configuration
of particles, we study the time-evolution of the (renormalised) probability mass function of
the model, that is, the relative likelihood of finding a particle at a given site. For both the
PAM and the BTM this evolution is governed by a parabolic partial differential equation
with environment measurable random coefficients, whose (environment measurable) solution
depends on the particular realisation of the random media. In this context, localisation refers
to the concentration, with high probability, of the (suitably renormalised) probability mass

function on small subsets of the domain.

A secondary aim of this thesis is to explore the interaction between the localisation
phenomena exhibited by the PAM and BTM. To this end we introduce a hybrid model
combining the dynamics of the PAM and BTM, and examine its localisation properties. We
refer to this model as the Bouchaud—Anderson model (BAM). The BAM has several links

to the existing literature, including in the study of population dynamics in mathematical
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biology, and in the study of quantum mechanics in the case of position-dependent mass.

This thesis is structured as follows. In Chapter 1, we introduce the PAM and BTM,
provide a review of known intermittency and localisation results for these models, and briefly
present the most salient aspects of our main results. We also introduce the BAM — our hybrid
model combining the dynamics of the PAM and BTM — and briefly outline our main results
on this model. In Chapters 2—4, which represent the bulk of the thesis, we explore in depth
our results on the PAM, BTM and BAM respectively. Finally, in Chapter 5 we comment
on some future directions for research on intermittency and localisation in the PAM, BTM
and BAM.

Although most of the results contained in Chapters 2-4 can be found in the published
works [28, 33, 58] and the preprint [59], we would like to remark on some important differ-

ences between what is presented here and what appears in these works:

» Perhaps the main innovation in this thesis is a new probabilistic proof of the results
in [33], which by-passes many of the technicalities present in that paper (in particular,
its reliance on the results and methods of proof of [2, 3, 4, 5]). Instead, our new proof
is essentially self-contained, and maintains the probabilistic interpretation of objects
associated to the PAM wherever possible. This proof is largely based on the method
developed in [59] (and inspired by [38]), but adapted (and simplified) to the PAM. As a
new application, we show how this method can be used to extend the results in [33] to
the more challenging case of potential distributions with fractional-double-exponential

tail decay.

= A secondary difference is the streamlining of the results and presentation of [28, 58]
(in Chapter 3) and [59] (in Chapter 4) in order to unify the methods of proof and
give as simple a presentation of the results as possible. Indeed, throughout the thesis
we aim to give as much intuition and heuristic insight as we can, even at the expense
of the full generality of the results found in the published versions. Most notably, in
Chapter 4 we give a stream-lined presentation of the results in [59] for a particular
special case of trap distribution. This avoids some of the technical difficulties of the

general case, while still capturing the relevant phenomena of interest.

1.1 The parabolic Anderson model

The PAM is the Cauchy equation on the lattice Z¢

augt,z) = (A+&)ult,2), (t,2) € [0,00) x Z%, (1.1)
u(0, 2) = 140y (2), zez4,

where A denotes the discrete Laplacian defined by

(Af)z) = > (fly)—f(2),

ly—z|=1
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and & = {£(2)}.cze is an independent identically-distributed (i.i.d.) random field known
as the (random) potential field. Let P denote the probability measure associated to the
potential field &, and note that u(¢, z) is a P-measurable random process that depends on
the particular realisation of £&. For a large class of potential field distributions,? equation (1.1)

has, P-almost surely, a unique non-negative solution defined for all time t.

The PAM is named after the physicist P.W. Anderson who used the random Schrédinger
operator H := A + £ to model the evolution of the wave-function of an electron inside a

semiconductor? [1] via the time-inhomogeneous (random) Schridinger equation

WD) _ ha+ w2, (t.2) € [0,00) x 2%, (1.2)
w(O,Z) = ]].{0}(2’), z € Zd7

where 1)(t, z) is complex valued, h is the reduced Planck length, and i denotes the complex
number v/—1. Anderson discovered the remarkable fact that, for many choices of the random
potential field &, the wave-function ¢ tends to concentrate, over long periods of time, on
just a few sites of the domain — a phenomenon now known as Anderson localisation — in
stark contrast with the general tendency of wave-functions to diffuse over time. Although
the Cauchy equation (1.2) bears superficial similarities with the PAM equation (1.1), the
presence of the complex number i ensures that the dynamics of the two models are actually
rather different, and we will not discuss equation (1.2) further. For a general overview of
the PAM, see [39].

Although the PAM can be studied in the case that £ takes negative values, we shall
restrict our attention to the case of non-negative potential £&. The reason is that we wish to
make a connection between the PAM and branching random walks in a random branching
landscape. To this end, consider a system of diffusive, branching particles on Z% specified
by:

» [nitialisation: A single particle at the origin;

= Branching: Each particle branches (i.e. duplicates) independently at the jump times
of a time-inhomogeneous Poisson process, with the rate of the Poisson process for a

particle at a site z given by £(z);!

» Diffusion: Each particle evolves as an independent continuous-time simple random
walk on Z%, that is, the waiting time for each particle at each site is independent and
distributed exponentially with unit mean, with the subsequent site chosen uniformly

from among the nearest neighbours.

It is not hard to see that the expected number of particles in the above system (i.e.

averaging over the jump times, trajectories and branching times of all of the particles in the

2More specifically, for all distributions satisfying a certain integrability condition on the upper-tail;
see [39]. If the condition is not satisfied, the solution P-almost surely ‘blows-up’ in finite time.

3A semiconductor consists of a base metal that has been ‘doped’ with small impurities. Anderson’s
ansatz was that the impurities are distributed as a homogeneous Poisson point process, and so the potential
can be modelled as an i.i.d. random field.

LOf course, if € takes negative values, the above interpretation remains valid as long as we also insist
that if {(z) < 0 then particles at z are killed at a rate given by |£(z)].
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system) at site z at time ¢ solves the PAM equation (1.1). In other words the PAM is the
thermodynamic limit of this particle system. Given the clear links between this system of
diffusive, branching particles and certain models of population dynamics — i.e. interpreting
the potential as the ‘fitness’ of certain geographic sites or genetic configurations etc. — this

provides a strong additional motivation for studying the PAM.!

Moreover, it turns out that the above system of branching particles gives a key prob-
abilistic insight into the PAM. Indeed, under the averaging described above (i.e. over the
jump times, trajectories and branching times) such a system is equivalent to a single particle
undertaking a continuous-time simple random walk X, whose ‘effective mass’ grows expo-
nentially at rate £(X;). This interpretation is formalised in the Feynman-Kac representation
of the solution to (1.1):

u(t, z) == Eg {exp {/Ot £(X,) ds} 11{Xt_z}] , (1.3)

where X denotes a continuous-time simple random walk on Z¢ and E, denotes the corre-

sponding expectation over Xy given that Xy = z.

A final motivation for studying the PAM is that it is an important example of an in-
termittent process; in other words, the solution w(t,z) develops pronounced spatial and
temporal inhomogeneities. The reason, broadly speaking, is that over long periods of time
the dominant contribution to the solution u(t, z) will come from regions of the potential £
that contain particularly high values. Since these large values are spatially inhomogeneous
(and also temporally inhomogeneous, from the point of view of the diffusive particles), the
solution wu(¢,z) can develop corresponding inhomogeneities. The qualitative and quantita-
tive features of intermittency in the PAM are one of the main topics of this thesis, and will

be explored in depth in Section 1.4 and Chapter 2.

Remark. Note that elsewhere in the literature (see, e.g., [5, 33]) the convention (Af)(z) :=
Ely*ZIzl f(y) is used to define the discrete Laplacian in the PAM. This is equivalent to
shifting the random potential field by the constant 2d, and makes no qualitative difference
to the model.

1.2 The Bouchaud trap model

To define the Bouchaud trap model (BTM), first let o = {o(2)},cz« be an strictly-positive
i.i.d. random field known as the (random) trapping landscape, and let P denote the prob-
ability measure associated to the field . The BTM in the trapping landscape o is the
continuous-time Markov chain on the lattice Z¢ defined by the jump rates

1 .
Sdo(z) ’ if |Z - y‘ =1 ’
Wy = 2do(z)
0, otherwise .

IThe system of diffusive, branching particles described above may also be studied on its own without
the averaging procedure, which arguably makes its relevance to population dynamics even stronger. This
‘unaveraged’ system exhibits similar, although subtly distinct, intermittency phenomena to the PAM, see [60]
and the comments in Chapter 5.
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Figure 1: A simulation of the (suitably renormalised) probability mass function of the PAM
with Weibull potential field at (i) a time close to ¢ = 0, and (ii) a slightly later time. Note
the concentration effects, which are markedly different to what would occur in the case of
homogeneous potential. Credit: A. Fiodorov.

In other words, conditionally on o, the BTM is the continuous-time symmetric random walk
on Z% with generator ¢~ ' A, where here we use a slightly different convention for the discrete

Laplacian A, namely

1
(Af)() = o POCOESIENE (1.4)
ly—z|=1
Note that this is equivalent to slowing down the evolution of the system by a factor 2d, and

makes no qualitative difference to the model.

The BTM is named after the physicist J.P. Bouchaud who used the model to study the
long-term dynamics of certain spin-glass models (see [21]). Broadly speaking, spin-glass dy-
namics can be thought of as a random walk in an energy landscape which is globally flat, but
characterised by sporadic deep wells. On short time-scales, the random walk cannot make it
out of the deep wells; on long time-scales, the random walk reaches equilibrium among the
set of deep wells. However, on intermediate time-scales, the dynamics of the random walk
should roughly look like the BTM — that is, a random walk among random holding times.
More recently, it has become clear that the BTM is an effective phenomenological model
for a wide variety of more physically realistic trapping behaviour. For a general overview of
the BTM and its relationship to spin-glasses see [12]. For a discussion of its application to

a variety of physically realistic trap models see [10] or our comments in Chapter 5.

Under the initial condition Xy = 0 and fixed trapping landscape o, denote by P(X; = z)
the quenched probability mass function of the BTM. This is a P-measurable random process

that solves the Cauchy problem on the lattice Z¢

augl; z) = AO'_1 u(t,z), (t,Z) € [0700) X Zd’ (15)
U(O,Z) — ]]_{0}(2)’ z € Zd.

We may also define an annealed probability mass function for the BTM, given by the semi-
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direct product
P(X; €)= /P(Xt €)dP.

Note, however, that under the annealed law the BTM is not a Markov chain, since the
trajectories of the BTM reveal information about the particular realisation of the trapping

landscape o.

Although the BTM can be defined in any dimension, and indeed on any graph, the
BTM on the integers is of particular interest because it is an example of an intermittent
process. Broadly speaking, over long periods of time the dynamics of the BTM on the
integers are dominated by the deepest traps in the trapping landscape ¢ that have been
visited by the particle. Since these traps are spatially inhomogeneous (and also temporally
inhomogeneous, from the point of view of the particle), the probability mass function P(X; =
z) can develop spatial and temporal inhomogeneities. The qualitative and quantitative

features of intermittency in the BTM will be explored in depth in Section 1.4 and Chapter 3,

Remark. Common generalisations of the BTM include defining the model on arbitrary
graphs (see [12]; indeed the BTM was originally defined on a complete graph [21]) and
also to relax the requirement that the waiting-time of the random walk be exponentially

distributed (see [9]; although in general this no longer defines a Markov process).

Figure 2: A simulation of the mass function of the BTM with Pareto trapping landscape
at (1) a time close to ¢ = 0, and (ii) a slightly later time. Note the concentration effects,
which are both markedly different to what would occur in the case of homogeneous trapping
landscape, and also distinct from the concentration effects in the PAM. Credit: A. Fiodorov.

1.3 The Bouchaud—Anderson model

As mentioned, a secondary aim of the thesis is to study how the localisation phenomena
in the PAM and the BTM interact. To do this, we consider the Cauchy problem on the
lattice Z4

= (Aot +Ou(t, 2), (t,z) € [0,00) x z4, (1.6)

U(O’Z) = ]]-{0}(2), z € Zda
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derived by replacing the discrete Laplacian in equation (1.1) with the generator of the BTM
in equation (1.5) (using the convention for the discrete Laplacian in (1.4)), where the P-

measurable random fields £ and ¢ are defined as above and are mutually independent.

To the best of our knowledge this thesis is the first work (along with [59] on which it is
based) to consider such a hybrid model combining the dynamics of the PAM and BTM, and
we shall refer to this model, for obvious reasons, as the Bouchaud-Anderson model (BAM).
As we shall see, the interaction between the effect of the random potential field £ and the

random trapping landscape o makes the behaviour of the BAM highly non-trivial.

By analogy with the PAM, the solution to equation (1.6) has a natural interpretation
as the thermodynamic limit of a system of diffusive, branching particles on the lattice Z¢

specified by:

» [nitialisation: A single particle at the origin;

= Branching: Each particle branches (i.e. duplicates) independently at the jump times
of a time-inhomogeneous Poisson process, with the rate of the Poisson process for a

particle at a site z given by £(2);

= Trapping: Each particle evolves as an independent BTM, that is, the waiting time at
each visit to a site z is independent and distributed exponentially with mean o(2),

with the subsequent site chosen uniformly from among the nearest neighbours.

As for the PAM, this interpretation of the BAM as the thermodynamic limit of a system

of diffusive, branching particles results in the following Feynman-Kac representation of the

solution to (1.6):
¢
u(t, z) := Eg {exp {/0 f(Xs)ds} ]l{Xt_Z}} ,

where X is the BTM and, for z € Z%, E, denotes the expectation over X given that Xy = z.

Although to the best of our knowledge the BAM has not been considered before in the
literature, there are clear connections between the BAM and other existing models. First
recall that, as described above, the BAM can be interpreted as the thermodynamic limit of
a particle system with random branching and trapping mechanisms. Similar systems with
slightly different trapping mechanisms have been considered before in the mathematical
literature, including systems in which the trapping mechanisms is given by asymmetric
transition probabilities [8] and random conductances [71]. Nevertheless, these works have

not considered the localisation properties of these models.

Such systems of trapped, branching particles also find an application in the study of
population dynamics, and have received considerable attention in the mathematical biology
literature (see, e.g., [23, 47, 54, 67]). In this context, the branching and trapping rates
may be recast as the fitness (‘adaptedness’) and stability (‘adaptability’) respectively of
individual states (e.g. geographic locations, genetic configurations etc.). Of primary interest
in this literature is the tendency of populations to concentrate on states which are both
fit and stable: the ‘fit and stable’ hypothesis. Although there has been numerical support
for this hypothesis (see, eg., [23]), our results provide the first rigorous analysis of this

phenomenon. Indeed, our results actually suggest a refinement of the hypothesis: that



1.4. Intermittency and localisation in the PAM and BTM 15

populations concentrate on states which are fit and stable, but also for which neighbouring

sites are both fit and unstable.

Second, operators of the form Ac~! + ¢ have important applications in quantum me-
chanics, since their eigenvalues give the energy levels of a particle whose effective mass is
position-dependent (see, e.g., [24, 32, 63]). To make the connection, consider the position-
dependent mass Schrodinger equation for a particle with effective mass o in a potential

field . This equation has a Hamiltonian of general form (see [63])

(67°Vo™PVo™" +077Vo Vo ) + &, a,p,y>0, a+B+vy=1.

[N

Although there is no canonical choice for «, 3,7, in the discrete setting a natural restriction
is 8 = 0, which avoids symmetry breaking in the definition of V. Specialising to the case

a = = 1/2 gives the operator

N

0TIACTI 4 =02 (Aot +¢&) oz (1.7)

We remark that (1.7) is the ‘symmetrised’ form of the operator Ac~! + ¢, and hence has
equivalent spectral theory. In Section 2.2.1 we develop general theory for operators of the
form Ao~!4¢, including deriving path expansions and Feynman-Kac representations for the
principal eigenvalue and eigenfunction respectively. This section is entirely self-contained,

and is completely deterministic, and we expect that it will be of independent interest.

Third, there are connections between the BAM and the PAM in the case where the
potential field distribution £(0) is allowed to take on highly negative (or even infinitely
negative) values, which may be interpreted as ‘traps’. Previous work has noted the minimal
influence of such ‘traps’ in d > 2 (see, e.g. [39, Section 2.4]), essentially due to percolation
estimates, an observation that finds echoes in our results and methods. However, there are
clear differences between this model and the BAM, primarily due to the fact that the traps in
the BAM may coexist with sites of high potential; this coexistence underlies the phenomena
of mutual reinforcement and correlation that we observe in the BAM (see Section 1.5 below).
On the other hand, in dimension one the effect of highly negative potential values in the
PAM is significant (see [16]). Indeed, since such sites cannot be avoided, their effect is to
‘screen’ off the growth that would otherwise occur from sites of high potential, and so the
asymptotic growth of the solution depends heavily on the relationship between the upper
and lower tails of £(0). Again, this is reminiscent of the behaviour of the BAM in dimension
one; indeed, in [59] we prove that our results on the BAM outlined in Section 1.5 below
are only valid if the trap distribution o(0) decays sufficiently fast to ensure that ‘screening’

effects are negligible (see also our comments in Chapter 5).

1.4 Intermittency and localisation in the PAM and BTM

Broadly speaking, intermittency phenomena in the PAM and BTM are a consequence of the
structure-forming effects of extremes in the respective random environments, and manifest
if these structure-forming effects dominate over the smoothing effects of diffusion. Hence,

as a general rule, intermittency occurs in random walks in random media if the extremes in
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the respective random media are both sufficiently pronounced and sufficiently regular.

Localisation is the most extreme manifestation of this phenomena, and refers to the
tendency of the models to concentrate on small subsets of the domain. Note that this is
a qualitative phenomena; as such there is no canonical way to define localisation. Indeed,
one of the challenges of research on intermittency and localisation phenomena is precisely

to develop well-adapted metrics to describe and quantify localisation.

We shall say that the PAM localises if, as t — oo, the solution of equation (1.1) is
eventually concentrated on a small number of sites with overwhelming probability, i.e. if
there exists a P-measurable set-valued process I'y, called the localisation set, such that, as
t — oo, |Ty| = t°M and

ZzEFf, u(t7 Z)

U —1 in P-probability, (1.8)

where U(t) := > yau(t, z) is the total mass of the solution; see the section on ‘General
notation’ at the start of the thesis for the definition of the asymptotic notation used here
and throughout the thesis. The PAM is said to localise almost surely if the convergence in

equation (1.8) holds almost surely as well as in probability.

Similarly, we shall say that the BTM localises if, as t — oo, the solution of equation (1.5)
is eventually concentrated on a small number of sites with overwhelming probability, i.e. if
there exists a P-measurable set-valued process I'y, called the localisation set, such that, as
t — oo, |Ty| = t°M and

Z P(Xi=2)—1 in P-probability , (1.9)
zel's

or equivalently, in terms of the annealed law,
P(Xt S Ft) — 1.

The BTM is said to localise almost surely if the convergence in equation (1.9) holds P-almost

surely as well as in P-probability.

Naturally, the primary measure of the strength of localisation in the PAM and BTM is
the cardinality of the localisation set I';. As such, the most extreme form of localisation is
complete localisation, which occurs if the total mass is eventually concentrated at just one
site, i.e. if T'; can be chosen in equations (1.8) and (1.9) such that |I';] = 1. We briefly

outline some known results on localisation in the PAM and BTM.

The parabolic Anderson model

The conditions under which the PAM localises in the sense of equation (1.8) has been the
subject of intense and ongoing research over the last 25 years. Naturally, the strength of
localisation in the PAM depends on (i) the asymptotic rate of decay, and (ii) the regularity

of the upper-tail of the random variable £(0). In this context, it is convenient to characterise
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£(0) by its exponential tail decay rate function

ge(x) := —log(P(£(0) > x))

for then (i) and (ii) translate to the asymptotic growth and regularity of the non-decreasing
function g¢. For simplicity, we shall assume here all necessary regularity conditions without
further specification; determining the optimum regularity conditions under which localisa-
tion results holds is an interesting open question,? although not one we will focus on in this

thesis.

The current understanding is that double-exponential tail decay (g¢(x) ~ €®) forms the
boundary of the complete localisation universality class. More precisely, it is conjectured
that the PAM exhibits complete localisation as long as log g¢ () < z. This has been proven
(in [52]) in the extremal® case of Pareto-like tail decay (ge¢(z) ~ vlogz, for v > d), and
more recently (in [64]) in the case of sub-Gaussian tail decay (g¢(z) ~ 7, for v < 2).
Nevertheless, this has left open the case of whether complete localisation occurs in the case
of Weibull-like tail decay for arbitrary parameter, including the important case of Gaussian
tails (y = 2), as well as the case of fractional-double-exponential tail decay (log ge () ~ z7,
for v < 1).

On the other hand, if log g¢(x) > =, then complete localisation is known not to hold
(see [38]), although the PAM is still intermittent in a certain weaker sense, and may indeed
localise in the sense of equation (1.8). What occurs in the interface regime of double-
exponential tail decay (log g¢(x) ~ cx, for ¢ > 0) is not currently well-understood, although
very recent work [17, 18] suggests that the PAM localises on a set I'; consisting of a single

connected island of bounded size.

The almost sure localisation behaviour (i.e. holding P-almost surely) of the PAM is much
less well-understood. Currently, only the extremal case of Pareto-like tail decay (ge(x) ~
~vlog z, for v > d) has been settled, in which it is known that the PAM almost surely localises
on just two sites eventually. Note that this is the strongest possible almost sure localisation
behaviour, since by simple continuity arguments there necessarily exist arbitrarily large
times at which the solution is spread across at least two sites. It is an interesting open
question as to whether two-site almost sure localisation holds in the entire class of sub-

double-exponential tail decay; we explore this question further in Chapter 5.

The Bouchaud trap model

The study of localisation in the Bouchaud trap model has also received considerable attention
over the last 10 years. Again, the strength of localisation in the BTM depends on (i) the

asymptotic rate of decay, and (ii) the regularity of the upper-tail of the random variable ¢(0).

A notable feature of the BTM is that localisation only occurs in dimension one. In higher

dimensions, the traps either have negligible effect in the limit (if the tail of o(0) is integrable,

2Although this question is largely open in the case of the PAM, quite a lot is known in the related
question of determining the behaviour of the top eigenvalues of the Anderson operator in a growing box, see
e.g. [6].

IThis case is extremal in the sense that if ge(x) ~ vlogx for v > d (or even v > d if d = 1) then the
solution to equation (1.1) P-almost surely ‘blows-up’ in finite time, see [39].



18 1. Introduction

essentially by virtue of the law of large numbers), or are visited in such a way that their
overall effect is spatially-homogeneous (see [12] and [35] for a proof of this result in the case
of Pareto-like tail decay, although the result is thought to hold more generally for arbitrary

non-integrable tail decay; see Chapter 5 for further comments).

Previous studies of localisation in the BTM on the integers has focused on the case that
the tail of ¢(0) is (i) integrable at infinity, or (ii) regularly varying with index « € (0,1) at
infinity.! In the first case, the BTM is known to homogenise over large times; indeed the
BTM, properly rescaled, converges to Brownian motion in the ¢ — oo limit. By contrast, it
has been shown (in [34]) that in the second case the BTM is intermittent, in the sense that

limsup supP(X; = 2) >0 P-almost surely .
t—oo  zeZ
In other words, for almost all trapping landscapes there exist arbitrarily large times at which
the BTM has non-negligible probability mass located at a single site. On the other hand,
this is a weaker property than the localisation in equation (1.9), and in fact it is known that
in this case the quenched probability mass function is asymptotically supported by a certain

‘dense’ set (after suitable rescaling of the distance scale).

1.5 Outline of main results

The main results of this thesis concern localisation properties of the PAM and the BTM
in various regimes: in the PAM, we prove that complete localisation holds in the case of
potential distributions with Weibull tail decay for arbitrary parameter, as well as in the
case of fractional-double-exponential (FDE) tail decay for parameters less than one; in the
BTM, we establish strong localisation properties for the BTM on the integers in the regime
of slowly varying traps. We also study the BAM in the regime in which both the potential
field and trap distribution have Weibull tail, which turns out to be a natural regime in which
to study the interaction between localisation effects due to the PAM and BTM.

In this section we give a brief overview of our results, highlighting the most important fea-
tures. A full description of our results on the PAM, BTM and BAM follows in Chapters 2-4

respectively.

1.5.1 Complete localisation in the parabolic Anderson model

Recall that previous work on localisation in the PAM has established the complete localisa-
tion of the solution in the case of potential field with Pareto tail decay and, more generally,
sub-Gaussian tail decay. Our main results focus on the PAM with Weibull potential (the

Weibull case), that is, in the case that there exists a parameter v > 0 such that

PEWO)>z)=e, x>0.

1Recall that a function L is said to be regularly warying with index o > 0 at infinity if
limy— 00 L(uv)/L(u) = v* for any v > 0.
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Note that the Weibull case includes the important sub-cases of exponential tail decay (y = 1)

and Gaussian tail decay (y = 2).

Although our results as stated hold only for precise, fully regular Weibull tail decay, we
expect that they hold more generally for approximate Weibull tail decay as long as certain
regularity assumptions are satisfied; determining the optimum regularity assumptions under
which our results hold is an interesting open question, although not one we focus on in this

thesis.

Complete localisation and the ‘radius of influence’

Our first main result is to confirm that the PAM with Weibull potential exhibits complete
localisation, that is, its renormalised mass function is eventually localised at a single site
with overwhelming probability. This extends the class of potential tail decay for which
localisation in the PAM is known to hold, since the previous known results only covered

sub-Gaussian tail decay, corresponding to v < 2.

Theorem 1.1 (Complete localisation for the PAM with Weibull potential). There exists a

P-measurable process Z; such that, as t — oo,

u(t, Zy)
U(t)

—1 in P-probability .

The process Z; can be described explicitly; we defer this description to Chapter 2.

One important by-product of our work on complete localisation in the Weibull case is to
quantify a new measure of localisation strength, which we call the radius of influence. This
measure allows us to distinguish various localisation strengths within the complete locali-
sation universality class. Informally, the radius of influence measures the extent to which
the localisation site itself is determined by purely local features of the random environment.
More precisely, the radius of influence p is the smallest integer for which the localisation
site Z; can be determined by maximising a functional on Z¢ that depends on the random

environment £ only through its values in balls of radius p around each site.

We remark that the concept of the radius of influence was not developed in previous
studies of complete localisation in the PAM. This is quite natural, since in both the case of
Pareto-like tail decay [52] and sub-Gaussian tail decay [64] it turns out that the localisation
site can be determined by maximising a functional that depends on the potential field £ only
through its value at individual lattice sites. In other words, interactions between neighbour-
ing lattice sites have no influence on localisation, which in our language corresponds to a
trivial radius of influence p = 0. In the case of Weibull potential with arbitrary parameter,

the situation is more delicate, and we quantify this in the following result.

Theorem 1.2 (Radius of influence for the PAM with Weibull potential field). The radius
of influence of the PAM with Weibull potential field is the non-negative integer

[

To be more precise, for any p > 0 describe a P-measurable functional ¥, : Z* — R to be
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p-local if, for all z € Z%, the value of W;(z) depends on the potential field & only through its
values in the ball B(z,p). Then, the following hold:

1. There exists a p-local P-measurable functional W, such that, ast — oo

t, Z
U(U7(t)t) -1 in P-probability (1.10)

where Zy »= argmax, ¢4 U¢(2), settling ties in the determination of argmax arbitrarily.

2. If p > 1, then for any n € [0, p) there does not exist a n-local functional Uy : Z¢ — R
such that (1.10) holds.

Note that the above result implies that p = 0 if and only if v < 3, recovering the
previously known results on completely localisation in the PAM with sub-Gaussian tail
decay. Note also that p — oo in the v — oo limit. We extract therefore an important and
subtle feature of the PAM, that there exist potential fields for which the PAM eventually
localises on a single site, but for which the exact location of this single site can depend on

interactions between the potential field at an arbitrarily long range.

Detailed description of complete localisation behaviour: Exponential decay, local

profile, and ageing

The remainder of our results give a more detailed description of the complete localisation
behaviour of the PAM with Weibull potential. To state these results, we need to introduce
several deterministic scales r¢, a; and d; which govern the asymptotic dynamics of the PAM.
The first scale r; is the distance scale at which complete localisation occurs

o t(dlogt)%

~ loglogt
Heuristics for determining the scale r; are given in Chapter 2. For now, let us remark that
this scale is very close to linear; in other words, almost all of the mass of the solution to the
PAM escapes to infinity at a speed that is ballistic up to a logarithmic correction. This is
in contrast to the case of potentials with Pareto tail decay, in which the distance scale is a

super-linear power of t.

The remaining scales a; and d; relate to the extreme value theory of the random vari-
able £(0), specifically the scale of (i) the largest value, and (ii) the gap between the top two
values, of the potential ¢ in a ball B(0,t) of radius ¢ around the origin. Standard extreme

value theory suggests that these scales satisfy, for each € R, as t — oo,
|B(0,t)] P (£(0) > a; + xdy) — e 7.

In the Weibull case, a simple computation (via a Taylor expansion) gives the value of these
scales as )
ap = (dlogt)% and d; := f(dlogt)%_l.
Y

Note that, under this analysis, the scales that describe the asymptotic dynamics of the PAM
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would be expected to be a,, and d,,, however since

ar, ~a; and dy, ~ dy

it is sufficient to work with the scales a; and d;.

Using the scales r¢, a; and d; we are able to give a much more detailed description of the
complete localisation behaviour of the PAM. First, we prove that the solution to the PAM
has exponential decay around the localisation site; the exponent of the decay is identified
as loga;. Note, however, that the exponential decay of the solution holds only up to the
distance scale ry; it turns out that on the scale r; the solution has a more complicated profile.
Rather than specify this profile precisely, we give a simple uniform bound which holds at,

and beyond, the scale r¢; see Chapter 2 for an informal description of the full profile.

Theorem 1.3 (Exponential decay of the renormalised solution). There exists a P-measurable
process Z and a constant ¢ > 1 such that, for any function k; — 0 decaying sufficiently

slowly, as t — oo the following hold:

(a) For each z € B(Zy, k) \ {Z4},

t 2 _
p (et < M6 oz g
U(t)

and the convergence in probability holds also for the union of these events;

(b) Moreover,

P | etdest Z ug,Z) <cl|] —1.
2&B(Zy,rekt)

The exponential decay result in Theorem 1.3 can be seen as a strengthening of the
complete localisation result in Theorem 1.1 above; this type of result has not been proven
before in previous work studying complete localisation in the PAM. As a corollary we deduce

the rate of convergence of the solution of the PAM to a completely localised state.

Corollary 1.4 (Rate of convergence of the PAM to complete localisation). There exists a

P-measurable process Zy and a constant ¢ > 1 such that, as t — oo,

P <c1 < <1 - Utt)u(t,Zt)> (logt)™ < c) 1.

Next, we give a detailed description of the asymptotic properties of the localisation
site Z;, which establishes the distance scale of the localisation site as well as the local profile
of the potential field around the localisation site. In order to state these results in full, we
shall need to define the concept of interface sites, which are sites at a distance of precisely
the radius of influence p from the localisation site, and moreover at values of the parameter ~
for which the radius of influence is transitioning from one integer to the next. To this end,

define the interface set )
7= {zezd\{O};|Z|72} ,

remarking that Z is non-empty if and only if v € {3,5,...}.
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Theorem 1.5 (Asymptotic description of the localisation site). There exists a P-measurable
process Zy satisfying (1.10) such that, as t — oo, the following hold:

(a) (Distance scale of the localisation site)

Z,
2o x n law,
Tt
where X is a random vector whose coordinates are independent and Laplace distributed

random variables with absolute-moment one;

(b) (Local profile of the potential field)
Define the function q : {0,...,p} — [0,1] by

using the convention that 0/0 := 0. For each z € B(0,p) \ T there exists a ¢ > 0 such

that
§(Z + 2)

ag(|z|) —C in P-probability;

on the other hand, for each z € T there exists a ¢ > 0 such that, uniformly on any

compact set,  fooo(2)
€ Jeo\r

Tz @) = Froo] -

where fe(z) denotes the density of the potential field & at the site z. Note that each of the

constants in the above can be described explicitly; we defer this description to Chapter 2.

Our description of the local profile of the potential field establishes that the potential
field inside the ball of radius p around the localisation site grows, asymptotically, as a certain
power of a; that decays with distance away from the site. At the interface sites (i.e. the
sites for which the power is precisely 0) we provide a finer description of the potential field.
Note that our description of the local profile is valid up to the radius of influence; this is
completely natural, since the radius of influence describes precisely the range of potential
field interaction, and hence the potential field beyond this range is necessarily independent

of the localisation site.

Finally, we derive the ageing behaviour of the PAM in the Weibull case. Ageing refers
to the tendency of a system to slow down its evolution over time, and is a common feature
of models of statistical physics.! For the PAM in the Weibull case, ageing manifests in the
spacing between the times at which the site of complete localisation is transitioning. As a

consequence, we can also establish the ageing of the solution of the PAM.

Theorem 1.6 (Ageing of the complete localisation site). There exists a P-measurable pro-
cess Zy satisfying (1.10) such that, as t — oo,
T;

7:>@ mn law

1See [57] for a detailed analysis of ageing in the PAM in the Pareto case.
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where
T, :=inf{s > 0: Zy1s # Zs},

and © is a non-degenerate almost surely positive random variable.

Theorem 1.7 (Ageing of the renormalised solution). For any e € (0,1), as t — oo,

TE
Tt =0 mn law

where
u(t,:)  ult+s,)
U(t) U(t+s)

Tf::inf{s>0: >5},
Loo

and © is the same non-degenerate almost surely positive random variable as in Theorem 1.6.

Extending our results to the fractional-double-exponential case

We also extend certain of our results to the case of potential distributions with fractional-
double-exponential (FDE) tail decay (the FDE case), that is, the case when there exists a
v € (0,1) such that

P(&(0) > z) = exp {—exv} , x>0,

Our main result is that complete localisation also holds in the FDE case.

Theorem 1.8 (Complete localisation for the PAM with FDE potential). There exists a

P-measurable process Z; such that, ast — oo

u(t, Zt)
Ut)

—1. (1.11)

The process Z; can be described explicitly; we defer this description to Chapter 2.

Recall that the FDE case sits just below the conjectured boundary of the complete local-
isation universality class, which is generally believed to be formed by potential distributions
with exact double-exponential tail decay (corresponding to v = 1). In this sense, Theo-
rem 1.8 completes the program of establishing complete localisation in the PAM begun in
[46, 52, 64]. As expected, our results and methods of proof break down in the limit as
~v — 1. Note that the FDE case has previously been studied in [7], in which the asymptotics
of the top order statistics of the eigenvalues of the Anderson operator in a growing box were
determined. Although this is strongly related to the localisation behaviour of the PAM, it

does not necessarily imply the complete localisation of the model.

On the other hand, not all of our results from the Weibull case carry over to the FDE
case. First, although we do not prove it, we strongly believe that the radius of influence
in the FDE case is no longer a fixed integer (as in Theorem 1.2 above), but instead grows
to infinity with ¢; in other words, the localisation site depends on interactions between the
potential field £ at an unbounded range. Indeed, we conjecture that the radius of influence

in the FDE case has order
_ loglogt
pe= logloglogt

We provide some heuristics for this conjecture in Chapter 2.
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Second, again although we do not prove it, we strongly conjecture that no exact expo-
nential decay of the solution holds throughout the entire distance scale of the localisation
site (as in the Weibull case; see Theorem 1.3 above). Instead, we expect that the solution
has two regimes of exponential decay, one that holds on short scales (up to the radius of

influence), and another that holds on longer scales (up to the distance scale).

Roughly speaking, the reason for this two-tiered exponential decay is because high sites of
the potential cluster on short scales around the localisation site, indeed the potential around
the localisation site is asymptotically flat on this scale (in the sense that {(y) ~ &£(Z:));
we make this heuristic more precise in Chapter 2. On the other hand, on longer scales the
potential is independent of the localisation site, and so by the law of large numbers a stronger
exponential decay should hold on average. Instead of proving such a detailed description
of the exponential decay, we simply establish an upper bound for the exponential decay
of the solution around the localisation site that holds on the entire distance scale; as in
Theorem 1.3 we combine this with a weaker bound that holds across the entire domain. As
a corollary, we deduce an upper bound for the rate of convergence of the solution of the

PAM to a completely localised state.

To describe this upper bound on the exponential decay of the solution, we need to

introduce the equivalent scales 7, a; and d; in the FDE case, i.e.

1 1
t(loglogt)~ ! loglogt)~*
T = (loglog?) at := (loglogt —&—logd)% and d; := 7( oglog?)

= 1.12
dlogtlogloglogt ’ ~vdlogt (1.12)

Heuristics for determining the scale r; are identical to in the Weibull case, and will be given
in Chapter 2. As in the Weibull case, the scales a; and d; follow from standard extreme
value theory of the random variable £(0). Note that, in comparison to the Weibull case, the
scales ¢, a; and d; replace logarithmic terms with double logarithmic terms, and double
logarithmic terms with triple logarithmic terms. This is completely natural, since tails with
FDE decay result from logarithmic transformations of tails with Weibull decay. Finally, we

also need to introduce the scale of the upper bound on the rate of exponential decay

ay := (log logt)%f1 . (1.13)
Theorem 1.9 (Distance scale of the localisation site). There exists a P-measurable process
Zy satisfying (1.11) such that, as t — oo,

Z .
o X n law,
Tt

where X is the same random vector as in part (a) of Theorem 1.5.

Theorem 1.10 (Upper bound on exponential decay of the renormalised solution). There
exists a P-measurable process Z; and a constant ¢ > 0 such that, for any function ky — 0

decaying sufficiently slowly, ast — oo the following hold:

(a) For each z € B(Zy, kere) \ {Zt},

u(tVZ)A*Z*Zt —|z—4
P(U(t)atl ‘<c‘ Z|>—>17
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and the convergence in probability holds also for the union of these events;

(b) Moreover,

P | eldeme Z ué_t’z)<c — 1.
2@ B(Zy,keTe)

Corollary 1.11 (Rate of convergence of the PAM to complete localisation). There exists a

P-measurable process Z; and a constant ¢ > 0 such that, as t — oo,

P <<1 - ﬁu(t, Zt)) (loglogt)7 " < c> —1.

Although we do not prove it, we conjecture that the upper bound on the exponential
rate of decay of the solution in part (a) of Theorem 1.10 is tight up to the choice of constant;
we provide some heuristics for this conjecture in Chapter 2. As expected, the decay rate a;
degenerates as v — 1 (i.e. a; — oo if and only if v < 1), which provides further evidence
that double-exponential tail decay is the boundary of the complete localisation universality

class.

1.5.2 Localisation in the Bouchaud trap model on the integers with

slowly varying traps

Recall that previous work on localisation in the BTM has studied the case in which the trap
distribution has regularly varying or integrable tails at infinity. In this thesis we consider

the case of slowly varying traps, i.e. in which the cadlag, non-decreasing and unbounded

function )
L =
() P(o(0) > )
satisfies the slow variation property
L
uli_>rrolo L((?Z})) =1, foranyv>0. (1.14)

Slowly varying trap models arise naturally in the study of certain random walks in ran-
dom media, such as biased random walks on critical Galton-Watson trees [27], and spin-glass
dynamics on subexponential time scales [11, 22]. They also have parallels with Sinai’s ran-
dom walk [65], as reflected in the logarithmic rate of escape to infinity and strong localisation
properties of that model. With regards to the BTM with slowly varying traps in particu-
lar, recent work has studied the extremal ageing [43] of this model, which is qualitatively

different from the equivalent phenomena in the case of integrable or regularly varying traps.

Note that all our results on the BTM relate exclusively to the BTM on the integers. This
is since, as mentioned above, the BTM does not exhibit localisation in dimensions higher
than one, even in the case of slowly varying traps (see also our discussion in Chapter 5).
Henceforth in this section, and throughout Chapter 3, the BTM will always refer to the
BTM on the integers.
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Two-site localisation

Recall that the localisation properties of the BTM have been previously studied in the case
of trap distribution with regularly varying tails at infinity [34, 35], in which it was established
that

limsup supP(X; =2) >0 P-almost surely . (1.15)

t—oo0 z2eZ

In [13] it was suggested that a stronger form of localisation than (1.15) should hold as the
index of regularly variation tends to zero, namely that at large times the probability mass of
the BTM should eventually be carried by just two sites with overwhelming probability (with
respect to trapping landscape distribution P). Although [13] gave heuristic justifications,

to the best of our knowledge this has not yet been rigorously established in the literature.

Our first main result takes up this suggestion, confirming the prediction of [13] that the

BTM exhibits two-site localisation with overwhelming probability.

Theorem 1.12 (Two-site localisation in probability). There exists a P-measurable set-

valued process Ty with |T't| = 2 such that, as t — oo,
P(X;eTy) =1 in P-probability,
or equivalently, under the annealed law,
P(X;ely) — 1.

The set-valued process I'y can be described explicitly; see Theorem 1.13 below.

Remark that Theorem 1.12 is a localisation result holding in probability. Almost sure
localisation results for the BTM with slowly varying traps — i.e. localisation results that hold
P-almost surely, such as (1.15) in the regularly varying case — are more delicate, and turn
out to depend on finer properties of the trap distribution. Such results will be the subject

of upcoming work [29]; we make some remarks about this in Chapter 5.

We give some intuition for why two-site localisation in the BTM is a natural consequence
of slowly varying traps. Recall the fundamental property of sequences of i.i.d. random vari-
ables with slowly varying tails: that the cumulative sum of such sequences are asymptotically
dominated, with overwhelming probability, by the maximal term. Translated to the BTM,
this means that the local time of the BTM is overwhelmingly likely to be dominated by
the deepest trap the BTM has visited. Given that this trap could be located either on the
positive or negative half-line, it is natural to expect the concentration of the mass function

on two sites.

Let us make the above heuristics slightly more precise. In light of the above, it is natural
to expect that, at time ¢, the BTM is likely to be located on the first traps on the positive and
negative half-line whose depth exceeds a certain level ¢;. This level should be determined
in such a way that, by time ¢: (i) traps with depth exceeding ¢; are too deep to escape
from; whereas (ii) traps with depth less than ¢; are very likely to have been escaped from

(meaning that excursions away from the trap are of sufficient length to discover traps of
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a similar depth). These heuristics allow us to give a detailed description of the two-site
localisation, both determining the two localisation sites explicitly, as well as the limiting
proportion of probability mass located at each site. As a corollary, we deduce the single-

time scaling limit, under the annealed law, of the BTM with slowly varying traps.

So first define, for each ¢ > 0, the level
l:=min{s > 0:sL(s) > t}, (1.16)

remarking that this is well-defined since L is cadlag. Further, denote by Zt(l) (respectively
Zt(2)) the closest site to the origin on the positive (respectively negative) half-line where the

trap value exceeds the level £, i.e.
Zt(l) :=min{z € Z* : 0(2) > ¢,} and Z§2) =max{z € Z” : 0(z) > {4},

and let Ty := {Zt(l), Zt(2)}, remarking that T'; is P-measurable. Abbreviate r; := L(¢;), and
note that ¢;, 7, — oo as t — oo.
Theorem 1.13 (Detailed description of two-site localisation). Fori = 1,2, ast — oo,

12"
ZzGFt |Z‘

Theorem 1.14 (Distance scale of the localisation set). Ast — oo,

P(X, = Zt(i)) + — 1 in P-probability.

! (Zt(l), —Zt(Q)) = (£1,&) in P-law,

where {€;}i=1,2 are independent exponential random variables with unit mean.

Corollary 1.15 (Single-time scaling limit). Under the annealed law, as t — oo,
r Xy = Y16, + Y20, ,

where {x;}i=1,2 are independent standard exponential random variables, 65 is a Dirac mea-
sure at the point x, and each i = 1,2 satisfies y; :== 1 —x;/ Zj=172 x;. Note that this implies
that

(y1.92) £ U, 1-U),

where U is a uniform random variable on [0,1]. Through a change of variable, the above is

equivalent to

1
;XtL—l(t) = ylé_xl + 925ac2 R (1.17)

where L™ denotes the right-continuous inverse of L.

Let us give some intuition for the level ¢; (and hence the localisation set I';). As discussed
above, recall that the slowly varying trap distribution implies that the dynamics of the BTM
should be dominated by the effect of the deepest visited trap. By standard properties of
i.i.d. sequences, the spacing between the successive record deepest traps on the positive

(respectively negative) half-line grows linearly with the distance from the origin. Hence, for
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the BTM to venture from the record deepest trap z to an even deeper trap, it must travel a
distance approximately |z|, and so, by simple random walk local time estimates, will return
to z approximately |z| times before doing so; such a displacement takes approximately a
time o(z)|z|. Finally, standard extreme value estimates give L(o(z)) as the correct scale for
the location |z| of the first trap of depth o(z). Hence, this displacement takes approximately
o(z)L(o(z)) time. As such, we expect the BTM to be located on the first site z that it visits
such that o(z)L(c(%)) > t, i.e. the first site in I'; that it hits.

A functional limit theorem for the BTM

Our second main result is to establish a functional limit extension of the single-time scaling
limit in Corollary 1.15; this functional limit theorem reduces to the single time scaling-limit
for any fixed time ¢. To describe this result, we need to introduce (i) the form of the scaling

limit, and (ii) the topology in which the convergence takes place.

Let P = (z4,v;)ien be an inhomogeneous Poisson point process on R x Rt with intensity
measure v~ 2dx dv; this process will be interpreted as the scaling limit for the trapping

landscape. Denote by B = (By);>0 a standard Brownian motion (independent of P). Let

mB = (mP);>0 be the B-explored extremal process for P, defined by
mf i=supiwv;: inf By <x; < sup By, (1.18)
s€[0,t] s€[0,t]

and let I = (I);>0 be its right-continuous inverse, i.e. I” := inf{s : mZ > t}. We shall
identify BItB as the scaling limit of the BTM with slowly varying traps. Note that B;s is a
highly singular process. Indeed, conditionally on P, its probability mass is concentrated, at

each time t > 0, on the two sites
2t i=min{z; > 0:v; >t} and 27 :=max{z; <0:v; >t},

in proportion to their hitting probability with respect to B. In other words, conditionally
on P,

Bys— 2}, with probability |2}]/(2} — 22),
' 22, with probability |27|/(z} — 27).
This is consistent with the two-site localisation of the BTM in Theorem 1.12, although it
does not imply it, since the scaling limit is not sensitive to the behaviour of the BTM on

fine scales.

We claim that B;e is the natural analogue of the FIN diffusion with parameter « € (0, 1)
in the limiting case « = 0 (the FIN diffusion is the scaling limit of the BTM with regularly
varying traps; see [34, 35]). For this reason, we refer to the process By as the extremal FIN
process. In Chapter 3 we make precise the sense in which the FIN diffusion convergences to

the extremal FIN process in the a — 0 limit.

Concerning topological issues, we need to introduce the Skorohod space of real-valued
cadlag functions on R*, D(R™), equipped with the non-Skorohod L 1o topology; a detailed
definition of this topology, and its relationship to the stronger Skorohod J; and M; topolo-



1.5. Outline of main results 29

gies, is provided in the appendix to Chapter 3. Our use of the non-Skorohod L1 joc topology
for our functional limit theorem is motivated by the form of the limiting processes; we make
this connection clear in Chapter 3. Indeed, our limit theorem would not hold in the stronger

Skorohod J; and M; topologies.

Theorem 1.16 (Functional limit theorem for the BTM). Under the annealed law, as n —

1 L
7Xn —1(n 5 (B ) )
(n L—1( t)>t20 1B >0

where éﬁ denotes weak convergence in the L1 1oc topology.

o0,

Remark that setting ¢ = 1 in Theorem 1.16 above results in the convergence in law
1
;Xthl(t) = Bys,

and by considering basic properties of the point process P and Brownian motion B it may

be seen that this is equivalent to the single-time scaling limit established in (1.17) above.

Two-regimes of slowly varying traps

Finally, we observe that within the class of slowly varying tails we can distinguish two
separate regimes that are relevant to the localisation behaviour of the BTM with slowly
varying traps. Specifically, under a certain strengthening of the slow variation assumption
we are able to give simplified versions of our main results. This is analogous to the simplified
limit theorems for maximum and sums of sequences of i.i.d. random variables with slowly
varying tails that are available under an analogous assumption, see [50]. Note that these
two regimes are also relevant in distinguishing the almost sure localisation behaviour of
the BTM (see the upcoming study [29], as well as the discussion in Chapter 5); indeed in
terms of almost sure localisation, the two regimes actually give rise to qualitatively distinct

localisation behaviour, rather than merely resulting in simplified scaling limits.

Let us introduce these two regimes by defining the following strengthening of the slow

variation property (1.14):
Assumption 1. [t is the case that

i L/ E@)
U— 00 L(u)
Note that Assumption 1 is satisfied for L(z) = (logx)” for all v > 0 (i.e. the class of
log-Pareto distributions), but is only satisfied for L(z) = exp{(logz)"} (i.e. the class of
log- Weibull distributions) for the parameter range 0 < v < 1/2.

Under Assumption 1 we can simplify our main results on the BTM with slowly varying
traps. First, we can simplify our description of two-site localisation by redefining the level ¢;

to be identically ¢. Accordingly, define

Zt(l) :=min{z € Z* : 0(2) >t} and 275(2) '=max{z € Z” : 0(z) > t}.
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We then have the following simplified version of our two-site localisation result in Theo-

rem 1.12.

Theorem 1.17 (Simplified description of two-site localisation). Suppose Assumption 1
holds. Then fori=1,2, ast — oo,

— 1 in P-probability.

Similarly, under the same assumption we also derive a version of our functional limit

theorem for the BTM in Theorem 1.16 in which the non-linear scaling of time is simplified.

Theorem 1.18 (Simplified functional limit theorem for the BTM). Suppose Assumption 1

holds. Then under the annealed law, as n — oo,

1 L
— X1 = (B .
<n o (nt))tZO ( I‘B>t20

Let us briefly give some intuition behind these simplified results. In regards to two-site
localisation, it can be seen that Assumption 1, combined with the definition of ¢;, implies
that L(¢;) ~ L(t). Since L(-) gives the appropriate non-linear rescaling for exceedances by o
of a certain level ¢ > 0, this implies that, with overwhelming probability, Zt(i) = Zt(i) for
i=1,2.

For the functional limit theorem, recall that the contribution to the time spent at deep
traps on a distance scale n is approximately nL~!(n), with L=!(n) the depth of deepest

trap on this scale, and n being the number of repeated visits to this site before escaping.

Note, however, that under Assumption 1
L(nL™(n)) ~n.

In other words, the contribution to the internal clock of the BTM from the repeat visits to

the deepest trap is rendered negligible by the non-linear rescaling of time.

1.5.3 Localisation in the Bouchaud—Anderson model

In this thesis we restrict our study of the BAM to the case in which both the potential
distribution £(0) and the trap distribution ¢(0) have Weibull tail decay, i.e. there exist
parameters v, i > 0 such that

PE(O)>z)=e® and P(o(0)>z)=e2", x>0. (1.19)

As we shall see, this turns out to be a natural regime of the BAM to study, since the inter-
action between the potential field and trapping landscape exhibits certain phase transitions
in (v, u). Note that equivalent results for more general classes of o(0) can be found in the
preprint [59]. In particular, the results in [59] also include the boundary case u = 0; we shall

make some remarks on this case below.

In addition to the above, for our results to hold we shall also need to assume that the
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trapping landscape o has no quick sites, that is, the trapping distribution ¢(0) is bounded
away from zero. Hence, for simplicity, instead of (1.19) we shall assume that there exists a
constant d, > 0 such that

Plo(0)>z)=e", &>0,,

and moreover that
P(o(0)=6,)=1—e"% .

Again, the results in [59] allow for slightly more general assumptions on the lower tail.

Complete localisation

Our first main result establishes the complete localisation of the BAM across the entire

regime of Weibull potential and trapping landscape.

Theorem 1.19 (Complete localisation in the BAM with Weibull potential and trapping

landscape). There ezists a P-measurable process Z; such that, as t — oo,

u(t, Zt)

0 -1 in P-probability . (1.20)

The process Zy can be described explicitly; we defer this description to Chapter 4.

That the BAM completely localises for certain (v, u) is perhaps expected, since the PAM
with Weibull potential also exhibits complete localisation. More surprising, however, is that
complete localisation occurs regardless of the presence of very large traps, even in dimension
one, since a priori it might be thought that large traps would draw probability mass away
from the localisation site. Even more surprising is that, in dimensions higher than one, this

result holds for arbitrarily heavy traps (i.e. it holds even in the p — 0 limit; see [59]).

Note that, as in the PAM, we expect that the solution of the BAM decays exponentially
around the site of complete localisation (at least the exponential decay should hold as an
upper bound, although perhaps it is not matched exactly by a lower bound). For simplicity

we do not attempt to prove this additional result here.

Mutual reinforcement of localisation effects due to the PAM and the BTM

Since complete localisation holds in the entire regime, in order to probe the interaction
between the potential field and trapping landscape we need a finer measure of localisation.
Such a measure is provided by the radii of influence pe¢ and p, which, analogously to in
the PAM, are the smallest integers for which the localisation site Z; can be determined by
maximising a P-measurable functional on Z? that depends on ¢ and o only through their
values in balls of radius p¢ and p, respectively around each site. Our second main result is

to determine the radii of influence ps and p,, and to prove that they are optimal.

Theorem 1.20 (Radii of influence in the BAM with Weibull potential and trapping land-
scape). The radii of influence of the BAM with Weibull potential field and trapping landscape
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10 %

pe, po =0

Figure 3: A partition of the parameter space of the BAM according to the radii of influence p¢
(dashed lines) and p, (bold lines). The boundary curves are of the form p = (2i—1)/(y—2i)
and p = (24)/(y—2i — 1), for i € N\ {0}.

are the non-negative integers

+ +
y—1 u Yy—1 n 1
= d p,=|———+-| € , 1}.
Pe { 5 M+1] and p [ 5 u+1+2} {pe; pe +1}
The precise meaning of this statement is the same as in Theorem 1.2. A partition of the

parameter space of the BAM according to pe and ps is depicted in Figure 3.

Note that ps and p, are decreasing functions of the strength of both the potential field
and trapping landscape (i.e. increasings functions of v and p). Moreover, if we define
ppam = [(7—1)/2]" to be the radius of influence in the PAM for the same potential field &
(see Theorem 1.2), then we have that pg < ppam. In other words, the localisation effects
due to the PAM and BTM are mutually reinforcing. The relationship between p¢, p, and
ppaM is depicted in Figure 4.

The conclusions of Theorem 1.20 also holds in the g — 0 limit; see [59]. Surprisingly, it
is not necessarily the case that p, — ppam in the p — oo limit; indeed, if v € [24,2i + 1)
for ¢ € N, then in fact p, — ppam + 1, meaning that influence of the trapping landscape o
on the BAM is not continuous in the degenerate limit (i.e. as o(z) — 1 simultaneously for
each z). On the other hand, p¢ — ppam in the p — oo limit, i.e. there is no discontinuity in
the effect of the the trapping landscape o on the BAM on the level of the radius of influence
of the potential field &.

Reducibility of the BAM to the PAM

We next ask whether the BAM is ‘reducible’ to the PAM. There are actually two distinct
notions of reducibility that are relevant. Strong reducibility describes the situation in which
the trapping landscape o plays no role in determining the localisation site Z;, and the macro-
scopic behaviour of the system is adequately approximated by the PAM with potential &.
Weak reducibility describes the situation in which all necessary information to determine Z;
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PPAM =1 PPAM =2 PPAM =3 PPAM =1 PPAM =2 PPAM = 3
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Figure 4: A partition of the parameter space of the BAM according to the relationship
between pg (bold lines) and ppam (dashed lines), and p, (bold lines) and ppam (dashed
lines) respectively, where ppan denotes the radius of influence in the equivalent PAM with
identical potential field. The boundary curves are of the form p = (2¢ — 1)/(y — 2¢) and
= (2d)/(y — 2i — 1) respectively, for i € N\ {0}.

is contained in the ‘net growth rate’  := £ — !, and moreover, the macroscopic behaviour
of the BTM is adequately approximated by the PAM with potential replaced with 7. The
term ‘net growth rate’ comes from the interpretation of the BAM in terms of the system
of diffusive, branching particles as introduced above. Our third main result is to determine
the regimes in which the BAM is strongly and weakly reducibility to the PAM.

Theorem 1.21 (Reducibility of the BAM to the PAM). The BAM is strongly reducible
to the PAM if and only if v < 1. The BAM is weakly reducible to the PAM if and only if
v > 1 and p, = 0. These regimes are depicted in Figure 5. The precise meaning of ‘strongly

reducible’ and ‘weakly reducible’ are given in Theorem 4.3.

SR
WR

\V]
S

2 v 3 4 5

Figure 5: A partition of the parameter space of the BAM according to the whether the
BAM is ‘strongly reducible’ to the PAM with the usual potential £ (left of the dashed line)
or ‘weakly reducible’ to the PAM with the potential replaced with the ‘net growth rate’ n
(left of the bold curve). The boundary curve is u = 1/(y — 2), and is not included in the
weakly reducible region.
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Local correlation between the potential field and trapping landscape: The ‘fit
and stable’ hypothesis

Our final result is to establish the local correlation between the potential field and trapping
landscape (where ‘local’ is from the perspective of the localisation site); this is the so-called
‘fit and stable’ hypothesis that has been predicted numerically in the mathematical biology
literature (see, e.g., [23]), but never rigorously confirmed. Interestingly, the correlation that
we observe is positive at the localisation site, but negative away from the localisation site,

providing an unexpected extension to the ‘fit and stable’ hypothesis.

Theorem 1.22 (Local correlation between the potential field and trapping landscape).
Assume that v > 1, so that the BAM is not strongly reducible to the PAM. Then there exists

a P-measurable process Z; satisfying (1.20) such that, as t — oo eventually:

1. For all z € B(Zy, pe), the random variable £(z) stochastically dominates £(0);
2. The random variable o(Z;) stochastically dominates o(0); and
3. For all z € B(Zy,po) \ {Z:}, the random wvariable o(z) is stochastically dominated

by o(0).

In Chapter 4 below we make the nature of this correlation explicit, as well as providing
a full description of the localisation site, determining its distance scale, the local profile of

the potential field and trapping landscape, and its ageing behaviour.



Chapter 2

Complete localisation in the

parabolic Anderson model

2.1 Introduction

In Chapter 1 we presented our main results on the PAM with Weibull potential, that is, in

the case where the potential field satisfies

PEO)>z)=e®, z>0.
To summarise these results, we show that the PAM with Weibull potential exhibits the

following localisation phenomena:

1. The renormalised solution of the PAM completely localises on a single site with over-

whelming probability (Theorem 1.1);

2. The radius of influence is the non-negative integer (Theorem 1.2)

_ =177
p‘_ 2 9

3. The renormalised solution has exponential decay around the localisation site (Theo-
rem 1.3), giving a lower bound on the rate of convergence to a completely localised
state (Corollary 1.4).

We further provide a complete asymptotic description of the localisation site, presenting
limit formulae for its distance scale and the local profile of the potential field, and also

establish the ageing of the solution (Theorems 1.5 — 1.7).

The primary aim of this chapter is to give a full, essentially self-contained proof of these
results. Although most of these results are contained in the published work [33], the method
of proof we present here will be quite different, and is much closer in spirit to the probabilistic

method developed in [59] (and inspired by [38]). In the final section of this chapter, we show

35
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how this proof can be extended to establish complete localisation in the case of potential

with fractional-double-exponential tail decay.

2.1.1 Defining the localisation site explicitly

To begin, let us define the localisation site explicitly. Recall the Feynman-Kac representation
of the solution u(¢, z) in equation (1.3), and notice that we can decompose u(t, z) into disjoint
components by reference to the trajectories, or paths, of the underlying simple random walk

in this representation. A natural question is then the following:
Which collection of paths makes the dominant contribution to the solution?

The essential feature of the complete localisation regime of the PAM, including the
Weibull and FDE cases, is that the dominant contribution to the solution comes from a
single collection of paths: those that travel ‘quickly’ to a certain t-dependent ‘good’ site z,
stay within a ball of ‘small’ radius around this site, and end up back at the same site.
(Precisely what constitutes ‘quickly’, ‘good’ and ‘small’ will be explored in detail below.)
The contribution to the solution from such paths can be well approximated by two competing

terms:

1. The exponential growth rate due to paths which stay near the site z — this rate is
essentially given by the local principal eigenvalue at the site z, which is the principal

eigenvalue of the operator A + £ restricted to a small ball around the site z; and

2. A penalisation term representing the probabilistic cost for the particle to diffuse to

the site z — this is primarily determined by a penalty factor

-
£(2) —&pi)

for each step p; along each of the shortest paths p from the origin to the site z, and

hence the probabilistic cost is

1
2. 1l £(z) —&(pi)

p€el|;(0,2) 0<i<| 2]

see the section on ‘General notation’ at the start of the thesis for the definition of the

path notation used here and throughout the thesis.

By some simple a priori bounds, we may restrict our attention to sites z such that
&(z) > d1aq for any &1 € (0,1), recalling that the scale a; = (dlog t)% determines the
largest value of the potential £ in a ball of radius ¢ around the origin. Moreover, we
can show that the majority of the sites y; along any shortest path satisfy £(y;) < daas
for any d2 € (0,01). Together these imply that the probabilistic penalty, on the

exponential scale, is approximately

|2

——loglogt.
v

log{at_lzl} ~ —|z|loga; ~
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The site of complete localisation Z; is the site z which possesses the best balance between

these two competing terms.

Let us make this analysis precise. Recall the radius of influence p and define the positive
integer
. v
j= [5} €{pp+1},

which determines the radius that we will use to define the local principal eigenvalues. We
shall see later that our choice of j is largely arbitrary, and we could in fact replace it with

any larger! integer without affecting the results. For each z € Z¢, define the operator
H(Z) =A + g]]-B(z,p)

restricted to B(z,j), where here £ and 14 are to be interpreted as the multiplication oper-
ators associated to the vectors & and 14 respectively. In other words, H(z) is the operator

on functions f : B(0,j) — R induced by the operator

1p(ej) (A+E€lB(zp) 1B(zj) = 1B(2.)ALB(2,5) + ELB(z,p) -

Denote by A(z) the principal eigenvalue of this operator (which is real, since H(z) is sym-
metric). We refer to A(z) as the local principal eigenvalue at z. Note that the {A(2)},cza
are identically distributed, and have a dependency range bounded by 2j, i.e. the random
variables A\(y) and A(z) are independent if and only if |y — z| > 2j. Remark also that in the
special case 7 < 2 (which implies p = j = 0), the principal local eigenvalue A(z) reduces to
the ‘net growth rate’ n(z) := £(z) — 2d. For any sufficiently large ¢,> define a penalisation
functional ¥, : Z* — R by
Uy (z) := A(z) — Zjloglogt.

Note that ¥, represents precisely the trade-off between an exponential growth rate given by

the local principal eigenvalue A(z) and a penalisation term that we described above.

As discussed above, it is natural to expect that localisation occurs on the maximiser of
this functional. However, rather than maximising this functional over all of Z%, we first need
to thin the space Z% to allow us to focus on a set of suitable candidate sites. The reason for
this thinning is two-fold. First, we wish to place some a priori bounds on the (i) the value of
the potential at the candidate site, and (ii) the distance of the candidate sites to the origin.
Second, we wish to avoid the fact that the local principal eigenvalues, as defined, are large
at all points in a j-ball around sites of high potential; without thinning, this would lead to a
cluster of sites for which this functional is large, all representing essentially the same region

of the space.

To achieve the required thinning, introduce a large ‘macrobox’ V; := [~ Ry, R;]*NZ4, with
R, :=t(logt) 5. The idea is that this macrobox is large enough that the solution to the PAM
can easily be shown, by a priori estimates, to be overwhelmingly contained within this box;
the precise value of R; is not so important. Second, fix a constant 0 < 6 < 1/2 and define the
macrobox level L; := ((1 — 6) log \Vt|)% Let the subset II1) := {z € Z%: £(2) > Li} NV,

L Although we could not replace it with p, at least not in the case of general v > 0; see the remarks in
Section 2.3.3.
2By ‘sufficiently large’, we just mean any t such that loglogt is well-defined.
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consist of sites in V; at which &-exceedances of the level L; occur. We shall think of IT(5¢)

as the set of suitable candidate sites of high potential.

We can now define the site of complete localisation to be the P-measurable site

Zy = argmax Uy(z2) .
z€II(Lt)

The site Z; is well-defined eventually almost surely since, as we show in Lemma 2.18, the
set TI(X*) is non-empty (and of course finite) eventually almost surely. Moreover, for ¢
sufficiently large, Z; almost surely does not depend on the particular choice of 8; indeed, as
we show in part (b) of Theorem 1.5, the site Z; has potential on the order a;, and so lies in

1) eventually for any choice of 6 € (0,1).

With this explicit definition of Z;, we present again a summary of our results in Theo-

rems 1.1 and 1.3:

Theorem 2.1 (Complete localisation and exponential decay). There exists a constant ¢ > 1

such that, for any function ky — 0 decaying sufficiently slowly, ast — oo the following hold:

(a) For each z € B(Zy, kere) \ {Z4},

—|z2—2Z¢ u(t’ Z) z—2Zy z2—4Ly
P(C Z‘<WCLL ‘<C| Zl)*}l,

and the convergence in probability holds also for the union of these events;

(b) Moreover,

P | efdeme Z u(t,2) <c| —1.
2@ B(Zy¢,kiTt)

We make a comparison between the functional ¥, and analogous functionals that have
appeared in previous works on complete localisation in the PAM with Pareto potential [46,
52] and sub-Gaussian potential [64]. In all these works, the penalisation functionals replace
the principal eigenvalue A(z) by the potential £(z) — for instance, in [64] the penalisation
functional

Ui(z) :=&(2) — |;|loglogt
is used — which restricts the validity of the analysis to situations where there is an exact
correspondence between the top order statistics of A(z) and £ in V;. Clearly this holds! for

~ < 2 by our definition of A(2), since then p =0 and
Az)=¢&(z)+2d.

On the other hand, the exact correspondence turns out to be false if v > 3, and so an

analysis based on these functionals fails for arbitrary v > 0.

INote that we restrict to § < 1/2 for other reasons, namely to ensure the almost sure separation in
Lemma 2.19 below.

Tt turns out that the correspondence is true for v < 3, which means that the functional ¥} is actually
sufficient to determine Z; for any v < 3. Nevertheless, to establish this in the regime v € [2, 3) requires the
path expansion machinery that we develop in Section 2.2; this is why the proof in [64] broke down for v > 2.
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The above explicit description of the localisation site Z; allows us to give an informal
derivation of the localisation distance scale ;. Recall again that the scale a; determines
the largest value of the potential £(z) in a ball of radius ¢ around the origin, and hence
also approximately determines the largest value of A(z) in this ball as well (see Lemma 2.3

below). With this fact, the maximiser of ¥; should occur approximately at distance

argmax {ar — % log logt} = argmax {(d log r)% — % log log t} .
v r Y

r

Differentiating and solving for r gives precisely the scale 7.

The above explicit description of the localisation site Z;, along with our description of
local profile of the potential field in Theorem 1.5, can also be used to deduce the radius of
influence, i.e. to prove Theorem 1.2. First, the definition of Z; places an immediate upper
bound on the radius of influence, since the penalisation functional ¥;(z) depends on the
potential field £ only through its values inside the set £(P)(z) := {6(W)}yeB(z,p)- It remains to
establish a lower bound. This is actually a simple consequence of our description of the local
profile of the potential field, which states that the potential field £ is positively correlated
with £(0) within the entire ball B(Z;, p). Since we know that Z; is located within the set
of candidate sites II(¥*) with overwhelming probability, and since we show in Lemma 2.18
that II(X4) is j-separated eventually almost surely, this implies that any functional which

can determine Z; cannot be (p — 1)-local, completing the proof.

Finally, we give a brief informal description of the shape of the solution u(t, z) outside
the ball B(Z;, ki), explaining why it is natural that the exponential decay in Theorem 2.1
breaks down at the scale r;. The key point is that near-maximisers of the functional W, also
lie at this scale. Since the solution is well-approximated by a superposition of mass due to
the exponential growth of particles visiting all the near-maximiser, we expect the solution
to have small ‘peaks’ at these sites, which are larger than the background exponential decay

around Z;.

2.1.2 Outline of proof of complete localisation

Before embarking on the proof of our main results, let us give a brief outline of our ap-
proach. As discussed above, the solution u(t, z) can be decomposed into disjoint components
by reference to the trajectories of the underlying simple random walk in the Feynman-Kac
representation in (1.3). Using such a path decomposition, our strategy to prove complete
localisation can be summarised as: (i) establish that a single component carries the entire
non-negligible part of the solution; and (ii) show that the non-negligible component is lo-
calised at Z;. To prove the exponential decay of the solution, instead of (ii) we actually
establish the stronger result (iii) that the non-negligible component has exponential decay

away from the localisation site Z;.

To assist in the proof, we introduce auxiliary scaling functions f;, hy,e;, by — 0 and
gt — 00 as t — oo that are convenient placeholders for negligibly decaying (respectively
growing) functions. For technical reasons, we shall require some of these functions to be

eventually monotone, and also satisfy certain relationships, as follows. First choose a by — 0
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decaying sufficiently slowly such that
1/loglogt < by < 1.
Then choose ft, ht, e; and g; which are (i) eventually monotone, and (ii) satisfy
gt/ loglogt < by < fihy < gihy < ey . (2.1)

It is easy to check that such a choice is always possible.

Path decomposition

Here we explain how to construct the path decomposition; again, see the section on ‘General
notation’ at the start of the thesis for the definition of the path notation. For a path p € T'(0)
such that {p} C V;, let 2(P) denote the largest local principal eigenvalue on the path, i.e.

2(P) .= argmax \(2)
ze{p}

which is well-defined almost surely. Abbreviate the large ball

We partition the path set I'(0) into the following five disjoint components:

{peT(0):{p} C B, 2P = 27,} , i=1,
{pel(0): {p} S Vi, 2V el™\ 7z},  i=2,
Ej:={{pel(0): {p} C Vi, {p} £ B, 2 =2}, i=3,
{peT(0): {p} C Vi, 2 ¢ I} i=4,
{pel(0):{p} ZVi}, i=5,

and associate each component E} with a portion of the total mass U(t) of the solution. As
such, for z € Z% and p € T, define

¢
uP(t,z) == Ep, [exp {/ &(Xs) ds} ]l{Xt_z}]]-{p(Xt)_p}] , UP(t) := Z uP(t,z),
0 z€Z4
and for each 1 <17 <5, let
u'(t,z) == Z uP(t,z) and U'(t) = Z u'(t,z).
pEE; zezZd

Our strategy is to establish that each of U?(t), U3(t), U*(t) and U®(t) are negligible with
respect to the total mass U(t) of the solution. More than this, we seek to ensure they play

no role in the exponential decay of the solution around the localisation site. For this, we
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show that

Uz'
ﬂetdtbt —0  in P-probabilit for i =2,3,4,5. 2.2
U(t) p y7 b b 9

To complete the proof of localisation, we also prove that U!(t) is localised at Z;, and

moreover exhibits precise exponential decay inside the entire ball B;. Finally, we have that
P (B(Zt,bt’l”t) - Bt) — 1.

Putting these three facts together we have Theorem 1.3 satisfied with b; in place of k;. Since
the scale b; was chosen arbitrarily as long as it decays slower than 1/loglogt, this implies

the result.

Note that this strategy requires a balance to be struck in how B, is defined; it must be
large enough that U3(t) is negligible, but small enough to ensure that the localisation and
exponential decay hold inside the ball. The scale h; has been fine-tuned in (2.1) precisely

to ensure this balance is struck correctly.

Negligible paths

The negligibility of U#(¢) and U®(t) are simple to establish, since these represent paths which
either: (i) do not hit any site of high potential; or (ii) exit the macrobox. The main difficulty
is establishing the negligibility of U?(t) and U3(t). Our proof is based on formalising two

heuristics.

First heuristic: For each z € Z% and n € N define )\(”)(z) to be the principal eigenvalue
of the n-local operator
HM(2):=A+¢

restricted to B(z,n), and recall the positive integer j := [y/2]. We expect that, for a path
peT(0)\ B,

UP(t) ~ exp {t)\(j)(z(p))} a Pl (2.3)

which represents the balance between (i) the exponential growth of the solution at each site,

and (ii) the probabilistic penalty for travelling each step along the path p.

The accuracy of this heuristic relies on some subtle observations about the PAM which we
shall briefly discuss further. First is the claim that the j-local principal eigenvalues closely
approximate the exponential growth rate of the solution at a site. This approximation, in
turn, is based on the fact that there is a lack of resonance between the top eigenvalues of
the operator A + £ restricted to V;.

Second is the claim that it is never beneficial for a path to visit other sites of high
potential, other than z(»). This is proved by way of a ‘cluster expansion’ (see Lemma 2.15)
which bounds the contribution to UP(t) between the time p visits a site z of high potential
until it leaves the ball B(z,j). Crucially, j is chosen precisely to be the smallest integer

for which this ‘cluster expansion’ bound is smaller than the probabilistic penalty associated
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with the path getting from outside the ball B(z,j) to z (see the proof of Proposition 2.36).

Finally is the claim that the probabilistic penalty for travelling along the path p is
approximately 1/a; for each step of the path. This is a consequence of the well-separatedness

of sites of high potential (see our description of the derivation of Z; above).

Second heuristic: We expect that, for i = 1,2, 3,

Ul(t) ~ max UP(t) , (2.4)

peE}
which represents the idea that U*(t) should be dominated by the contribution from just a
single path in the path set E¢. This is essentially due to the fact that the number of paths of
length k grows exponentially in k, whereas the probabilistic penalty associated with a path

of length k decays as a; ¥, which dominates since a; — oc.

Let us consider what these heuristics imply for U?(¢) and U3(t). By analogy with ¥,

and Z;, define
|

V@) =20 - 5

loglogt

and Zt(j )= argmax, cry(z,) \I'Ej ). Clearly, by the two heuristics, the dominant contribution
to U(t) will come from a path p € T'(0) that goes directly from the origin to (), and so we
expect that

U(t) ~ max {exp {t)\(j)(z(p))} at_‘z(p)‘} = exp {t max \Ilgj)(z(p))} = exp {t\Ifgj)(Zt(j))} .
p z
Indeed, we formalise this approximation as a lower bound

logU(t) > tO(Z9) + O(td;b,) . (2.5)

Similarly for U?(t), the heuristics imply that the dominant contribution will come from

the path p € E? that goes directly from the origin to the site

Zéj’Q) — argmax v \IIE]) (Z) )
5 CNAD

and so "
. . 7,2 . .
U2(t) ~ exp {tw) (zy’?))} ;17" x exp {t\ng) ( Zt(“))} .

We formalise this approximation as an upper bound
2 (3) ( 7(5,2)
IOg U (t) < t\Ilt (Zt ) + O(tdtbt) y
which, together with equation (2.5), implies that
20\ _ @ 7@y _ ) (0:2)
logU=(t) —logU(t) < =t (V. (Z,)) = U (Z;7) + O(diby) ) -

Remark that the negligibility of U?(t) is then a consequence of the gap in the top order
statistics of \Ilgj) being larger than d;b; (which is the scale of both the error in these bounds,
and the amount of negligibility we seek to establish in equation (2.2)).
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At this point, our analysis indicates that Zt(j ) should be the localisation site. Indeed, it
will turn out that Zt(j ) = Z; with overwhelming probability (see Corollary 2.29). The radius
of influence p is precisely the smallest ball to which we can restrict the potential £ in the
definition of H(z) in order to ensure that the top order statistic of AU)(-) and A(-) in the

macrobox V; is identical.

Finally, the heuristics imply that the dominant contribution to U3(t) will come from a

path p that visits Z; but that also ventures outside By, and so
U (1) ~ exp {IA(Z,) | a, 121000
We formalise this approximation as an upper bound
log U3(t) < tAY)(Z,) — %|Zt\(1 + hy) loglogt + O(td:b;) (2.6)
which, together with equation (2.5), implies that
log U3(t) —log U(t) < —%|Zt|ht loglogt + O(tdsby) .

Remark that the negligibility of U3(t) is then satisfied if | Z;|h loglogt > td;b;.

In Section 2.3 we study extremal theory for A) and \Ilgj ), showing in particular that
vz — 9 (292 > dye, and | Z9|hy loglogt > tdse

both hold eventually with overwhelming probability. We also show that Zt(j ) = Z; with
overwhelming probability. Note that these are, as outlined above, precisely what we need to
establish the negligibility of U2(t) and U3(t). In the process, we also establish the description
of the localisation site Z; that is contained in Theorem 1.5, as well as the ageing of the
localisation site in Theorem 1.6. In Section 2.4, we show how to formalise the heuristics in
equations (2.3) and (2.4) into the bounds in equations (2.5) and (2.6), and so complete the
proof of the negligibility of U?(¢) and U3(¢).

Note that the above analysis also suggests why the exact exponential decay of the solution
in Theorem 2.1 breaks down at the distance scale r;. At this scale, the solution has non-
negligible contributions both from the exponential decay around the localisation site Z; and
from the near-maximisers of the functional W,, the latter of which are rather delicate to
control precisely. On the other hand, since these near-maximisers contribute approximately

only
exp {—t (0 (2) — v (27)) |

proportion of the total mass, we can use the bound on \ng)(Zt(j)) - \Ifgj)(Zt(j’m) to control

their influence.

Complete localisation, exponential decay and ageing

In Section 2.5 we establish that the solution component U*(t) has exponential decay around

the localisation site Z;, hence completing the proof of Theorem 2.1. The first step is to
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obtain an upper bound for the exponential decay of the solution around the localisation
site Z;, which is achieved by comparing the solution component u!(,z) with the princi-
pal eigenfunction of the operator A + ¢ restricted to the domain B;. This is sufficient to
give an upper bound on the exponential decay of the solution, and hence implies complete

localisation, but does not yet give a lower bound on the exponential decay.

The second step is to complete the proof of the ageing of the solution in Theorem 1.7,
showing in particular that this is a consequence of complete localisation and the correspond-
ing ageing of the localisation site Z; in Theorem 1.6. We may then use the ageing of the
solution to obtain a lower bound for the exponential decay of the solution, completing the

proof of Theorem 2.1.

Throughout, we draw on the preliminary results established in Section 2.2, including
general results on Schrodinger operators of the form A 4 &, as well as properties of the high

points of the random field &

2.2 Preliminary results: General theory for Schrodinger

operators and the geometry of high points

In this chapter we present the preliminary results that will constitute the main input into
our proofs. In the first part we develop the general theory of Schrodinger operators, that is,
operators of the form A + £. In the second part we study the potential field £, establishing
asymptotics for the upper order statistics and studying the geometry of these high points.

2.2.1 General theory for Schrodinger operators

In this section we develop general theory for Schrédinger operators of the form A 4 & which
is valid for arbitrary €. This section will be entirely self-contained and is completely deter-
ministic, and may be of independent interest. While most of the results are known, they
are often difficult to find in the literature and we collect the relevant theory for general

reference.

Throughout this section, let D C Z¢ be a (non-empty) bounded domain and let ¢ be
an arbitrary function ¢ : Z% — R, abbreviating n := £ — 2d. Denote by H the operator
A + & restricted to D, and let {\;}i<|p| and {y;};<|p| be respectively the (finite) set of
eigenvalues and eigenfunctions of H, with eigenvalues in descending order and eigenfunctions
{o-normalised. Finally, let X denote a simple continuous time random walk and define the

stopping times

T, =inf{t >0: Xy =2} and 7p.:=inf{t>0:X; ¢ D}.

We start by presenting representations and deriving simple bounds for A\; and ;.

Lemma 2.2 (Principal eigenvalue monotonicity). For each z € D and § > 0, let Ay be the
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principal eigenvalue of the operator
7'_[ = A—FE—F(S]I{Z}

restricted to D. Then A\ > A\i. Moreover, for each bounded domain D containing D as a

strict subset, let A1 be the principal eigenvalue of the operator
Hi=A+¢
restricted to D. Then Ay > \y.

Proof. These are general property of elliptic operators, which can be proved by considering
the min-max (Reyleigh-Ritz) representation for A;, and using ¢; to obtain a lower bound

for this representation. In particular, for the first statement we have

A= sup <7:l”0,’0>52(13) > <7:LS017§01>22(D)

lvlleg(py=1

= (He1,01)0(p) + (01101, 01)e(p) = A1 + 097 (2) > A1,

where (-, )¢, (p) denotes the (Euclidean) inner product on £3(D), and where the last inequal-
ity follows from the strict positivity of ¢; (guaranteed by the Perron-Frobenius theorem).

For the second statement, defining the natural extension of ¢; to D

<,01(y), inyD,

®1(y) = _
0, ifye D\ D,

we have instead that

A= sup  (Hv,v)ep) > (Hé1,01)0,5) = (He1, 01)6m0) = M1 s

lvlleg(py=1

since equality in the min-max representation is only achieved by the principal eigenfunction

of H which, unlike ¢, is strictly positive on D (again by the Perron-Frobenius theorem). [

Lemma 2.3 (Bounds on the principal eigenvalue).

max {n(2)} < M < max{¢(2)} .

Proof. The lower bound follows from the min-max representation for the principal eigenvalue

M= sup  (Hv,v)p(p) = max(Hly, L) e (p) = maxn(z).
[[v]ley(py=1 z€D z€D
The upper bound follows from the Gershgorin circle theorem. O

Proposition 2.4 (Feynman-Kac representation for the principal eigenfunction). For each

y,z € D the principal eigenfunction @1 satisfies the Feynman-Kac representation

‘gg; =E, [exp {/OT (€(X,) = \p) ds} Jl{Tsz}} - (2.7)
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Proof. Consider z fixed and define v*(y) := ¢1(y)/¢1(2). Note that the function v* satisfies
the Dirichlet problem

0, ye D\{z},
,Uz(y) = l{z}(y)v Yy ¢ D\{Z}

It is easy to check (i.e. by integrating over the first jump time) that the Feynman-Kac
representation on the right-hand side of equation (2.7) also satisfies this Dirichlet problem;
hence we are done if there is a unique solution. So assume another non-trivial solution w

exists. Then the difference q := v* — w satisfies the Dirichlet problem

0, y € D\ {z},
q(y) =0, y¢ D\ {z}.

and so ¢ is not identically zero if and only if A\; is an eigenvalue of the operator A + &
restricted to D\ {z}. By the domain monotonicity of the principal eigenvalue in Lemma 2.2,

this is impossible. O

Lemma 2.5 (Path-wise evaluation). For each k € N, y,z € D, p € T'x(z,y) such that p; # y
fori <k and {p} C D, and ¢ > maxo<;<k n(p:), we have

E. [exp{/om(f(Xs) —()ds }hm(x P}] H ¢ —n(ps)

Proof. This follows by integrating over the holding times at the sites {p;}o<i<k—1, which

are independent. The restriction on ( ensures that the resulting integrals are finite. O

Proposition 2.6 (Path expansion for the principal eigenvector). For each y,z € D the

principal eigenfunction p1 satisfies the path expansion

ZZZH

k>1  pely(y,2) O<z<k
piFz, 0<i<k
{p}CD

Proof. The expectation on the right-hand side of equation (2.7) can be expanded path-wise

using Lemma 2.5, which is valid by the lower bound in Lemma 2.3. O

Proposition 2.7 (Path expansion for the principal eigenvalue). For each z € D the principal

etgenvalue has the path expansion

@+ > 1 5=

k>2  pely(z,z) 0<i<k
piFz, 0<i<k
{p}CD

1—7)

Proof. Recalling that the eigenfunction relation evaluated at a site z gives

v1(y)

pr(z)

/\1—77
Iy z|=1
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the result follows from Proposition 2.6. O

We can use the path expansion for the principal eigenvalue to obtain a refined estimate
for eigenvalue monotonicity under certain assumptions; while this estimate is not strictly
needed for our main results, it appears to be new, and may be of independent interest. Fix
a domain E C D, a site 2 € E, and define the operator H¥ := A + ¢ restricted to E, with
A its principal eigenvalue.

Proposition 2.8 (Refined principal eigenvalue monotonicity). Assume each z € E \ {x}

satisfies
M —¢(2) >4d +9, (2.8)
for some § > 0. Then there exists a constant ¢ > 0, depending only on § > 0, such that

le

0< A\ —
yEBE

Remark. Note that this bound can be used to show that the localisation of the principal
eigenfunction in D at the site x € E implies that the principal eigenvalue of D is well-

approximated by the principal eigenvalue of the subdomain F.

Proof. Consider the respective path expansions for A; and A\¥ in Proposition 2.7 and denote
by S\tE the perturbation to AP that results from replacing A in the right-hand side of the

path expansion for A¥ with \;. By the eigenvalue monotonicity in Lemma 2.2 we have
\E E
A <A < Aq

Moreover, from the path expansions it is clear that

SRR D DEEED DR | [ v )

k>1 peTly (z,x) 0<i<k
piFx, 0<i<k
{pYZE{p}CD

1—77

Splitting each path p at the first index for which p; ¢ E, and collecting paths with identical

subpaths from this index onward yields

>y oy (i = Ois)

yEOE (>1 pely(y,x) \0<i<l k>1  pely(z.y) O<z<k
piFx, 0<i<l piFz,y, 0<i<k
{p}CD {p}CEU{y}

Note that the condition (2.8) implies that A\; — 7n(p;) > 2d + ¢ for each p; € E. Moreover,
we have that |T'(z,y)| < (2d)¥~1. Putting these together yields

> > I 5

k21 pelp(zy) 0<i<k
piF2z,y,0<i<k
{p}CEU{y}

< 2d) =1 (2d + 6)" kY < ¢,
Sy < X0

from which we get the result. O
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We now study the solution w, (¢,y) to the Cauchy problem

W =Hu(t,y) , (t,y) € [0,00) x D, (2.9)
uz(O,y) = ]l{z}(y> ’ TES z<¢.

In particular, we give the spectral representation of u,(t,y) and deduce upper and lower

bounds.

Proposition 2.9 (Feynman-Kac representation of the solution). For each y,z € D,

t
w.(t,y) = E. [exp{ / 5<Xs>ds}n{xt:y}1{mc>t} .
0

Proof. Tt can be directly verified (i.e. by integrating over the first jump time) that the

Feynman-Kac representation satisfies (2.9). O
Lemma 2.10 (Time-reversal). For each y,z € D,
U, (ta y) = uy(t7 Z) .

Proof. This follows from the fact that H is symmetric. O

Proposition 2.11 (Spectral representation). For each z € D we have
ua(t,2) =Y eMpi(z).
i

Proof. This follows from the spectral theorem. O

Corollary 2.12 (Bounds on the solution at the origin). For each z € D we have the bounds
M2 (2) < u(t,z) < eMt.
Proposition 2.13 (General bound on the solution). For each y,z € D,

e1(y)
v1(2)

Uz (tv y) S e/\lt

and therefore

> usty) <eMt ?28'

yeD yeD

Proof. First decompose the Feynman-Kac representation for u,(t, z) in Proposition 2.9 by

conditioning on the stopping time 7, and using the strong Markov property:

Tz]
7-z:| ]1{Tz<t}:|

Tz:| uz(t — Tz, Z)]L{ngt}] ’

witn) = [m ey fow{ [T €00 -0 a5} 1
t—7,
X E, [exp {/ f(X;) ds} ]l{Xt/_Tz:z,T'DC>t77‘z}
0

=E,, {e/\m Ey {QXP {/ (§(Xs) — A1) ds} Lir. <rpe}
0
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where E;, denotes expectation taken over 7., X/ is an independent copy of X;, and 7p. :=
inf{t > 0 : X; ¢ D}. Using the upper bound in Corollary 2.12, deleting the condition
that 1{, <, and then combining with the Feynman-Kac representation for the principal

eigenfunction in Proposition 2.4, we have that

uy(t,2) < MUE, [exp { / ey - a) ds} MW}} _ iﬁyi

Applying the time-reversal in Lemma 2.10 and summing over y € D yields the result. O

Proposition 2.14 (Bounds on the solution at different times). For eachy,z € D and s < t,

if
Z uz(w,x) < uy(w,y) forall we(s,t),
le—yl=1
then
us(by) _ u-9)ew)
Uz(S,Y
Proof. This follows directly from the definition of the Cauchy problem for w, (¢, y). O

Next we state a ‘cluster expansion’ that is useful for bounding expectations of the
‘Feynman-Kac type’; this result can be found in [38, Lemma 4.2] and [40, Lemma 2.18],
but we give the proof for completeness.

Lemma 2.15 (Cluster expansion). For each z € D and for any ¢ > A1,

e o { [ e - 9as}] <14 220

Proof. First abbreviate

) =€ [ { [ ex0 - s

and note that u solves the boundary value problem

(A+¢&=Quly) =0, yeD, (2.10)
1, ye¢ D.

With the substitution w := u—1, where 1 denotes the vector of ones, (2.10) can be rewritten

(A+&-Quy)=—-((A+£-01)(y), yeD,
w(y) =0, y¢D.

Since ¢ > A1, the solution exists and is given by

w(y) =Re (A+£=01) (y) = Re(€ = ()

where R, denotes the resolvent of # at (. By Lemma 2.3 and since { > A; we have that

fly)—¢<2d
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for all y € D and so by the positivity of the resolvent (guaranteed since H is elliptic and
¢ > A1) and the Cauchy-Schwartz inequality we obtain,

1
w(z) <2dR¢(1)(2) < 2d|D|2[|R¢(1)lle, < 2d[D[|Rcll,

where || - || denotes the spectral norm. By considering the spectral representation of the
resolvent, we have |R¢|| < (¢ — A1) ", which gives the bound. O

Finally, we give a general way to bound the contribution to the solution w,(¢,y) from
paths that hit a certain site x € D and then stay within a subdomain £ C D that contains x.
In particular, we show that this contribution is bounded above by a quantity proportional
to the principal eigenfunction of H restricted to E, which is crucial to proving the complete
localisation of the solution. This result can be found in [38, Theorem 4.1]; we give the proof
both for completeness and also with a view to extending it to case of ‘Bouchaud—Anderson

operators’ in Chapter 4.

Fix a domain E C D, a site x € E, and recall the definition of the operator H¥ := A +¢
restricted to E, with A¥ and o the principal eigenvalue and eigenfunction respectively.
Define the stopping time

Ty pe :=Inf{t > 7, : Xy ¢ E}.

Then the contribution to the solution w,(¢,y) from paths that hit = and then stay within E

can be written

t
UJZC’E(tay) =E. [exp {/ f(Xs) ds} ]I{Xt:y,rzgt,rz,Ec>t;rDc>t} .
0

Proposition 2.16 (Link between solution and principal eigenfunction; see [38, Theorem
4.1]). For eachx € E, y € E\ {z} and z € D,

ub P (t,y) 1
dyepU:(ty) T (of(2))

IN

ser (y).

Proof. The first step is to make use of time-reversal, suitably adapted to u®®(¢,y). In

particular, defining

t
uz’ (ta Z) = Ey |:€Xp{ g(XS) ds} ]]-{Xf,=z,7'1,§t,7'm<7'Ec,‘rDc >t}
0

we can write

-
ul B (t,y) utE(t,y)  ubE(t,z2)
< = : (2.11)
ZyED uz(tvy) uz(t; «T) ’me(t,z)

-
Next we decompose the Feynman-Kac formula for u?”jE (t,z) as in the proof of Proposi-
tion 2.13, by conditioning on the stopping time 7, and using the strong Markov property.

More precisely, we write

—

u;,E(t’Z) =E,, {erw,\f E, {exp {/0 ’ (g(XS) — )\{E) ds} L, <rme}

Tm] (2.12)
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t—T74
X By |:eXp {/ g(Xs) } IL{Xt rp =2 THe>t—Ta}
0

where E, , X] and 7). are defined as in the proof of Proposition 2.13. Next, note that an

Tz:| ]]-{-rfft}:| P

application of Corollary 2.12 gives the bound
z,E 1 —wA\E
L<up™(w,z) —5—~5 € ", (2.13)
x

and recall the representation

u’;E(w,x) =E, [exp {/0 f(X;)ds} H{X{U=x,7';ac>w}:| .

Combining the bound in (2.13) with equation (2.12) (setting w = 7,), gives

—

§F05) < T,{y{exp{ | ey ) ds}ﬂ{mm}

1

x E, exp{/ &(X }l{x4 =T, The >Ta }

xE, [exp{ ( é)dS} H{X; pa=ETpe >t =Ty }

Ta

< W E. [Ey [exp{ (€(Xs) = A7) ds} Lirpesr,)

0
><Egc {exp{/ f ds} ]l{lez TDc>t}

SW%( y) ug(t, 2),

T:r:| ]l{'r <t}:|

Tac] ]l{r <t}:|

where the inequality in the second step results from deleting the condition that X, = z,
and where the last inequality results from deleting the condition that 7, < ¢, and where
we have used the Feynman-Kac representation for ¢! given by Proposition 2.4. Combining

this with equation (2.11) gives the result. O

2.2.2 High points of the potential field

In this section we establish some preliminary properties of the potential field &, particularly
asymptotics for the upper order statistics and the geometry of these statistics. Note that
several of these results are stated as almost sure asymptotics, although for our purposes it

would be sufficient to have these results holding only in probability.

Lemma 2.17 (Almost sure asymptotics for §). Let {{;};en be a sequence of i.i.d. random
variables with distribution £(0), and denote by &, ; the i'" highest value in the set {&;} <.
Further, for each a < 1 define the level L, o := ((1 — a)log n)% and the set TI(Fna) =
{{7 <n:& > L, o} of exceedances of this level. Then for a € [0,1) and ¢’ € (0,1], as
n — 00,

pna) ~ Lia  and  [IEne)| o nd

hold almost surely.
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Proof. These follow from well-known results on sequences of i.i.d. random variables; they
can be proved by observing that the random variables {¢]} are exponentially distributed,
and then applying standard results on i.i.d. sequences of exponential random variables, see

for instance the proof of [46, Lemma 4.7]. O

For each a < 1, define the macrobox level L, , := ((1 — a)log |Vt|)% and let the subset
MEea) = {z ez &(z) > Lm} N V; consist of sites in V; at which -exceedances of the
level L; , occur. Recall that L; := Ly g.

Corollary 2.18 (Almost sure asymptotics for £). Denote by &.; the i*® highest value of &
in Vi. Then for a € [0,1) and @’ € (0,1], as t — oo,

Evie) ~ Lea  and  [ITFee)] ~ 1

hold almost surely.

Lemma 2.19 (Almost sure separation of high points of £). For any a > 0 and n € N let
ke .= {2 € B(Vy,n) : €(2) > Lyo}

be the set of Ly, exceedances of & in the n-extended macrobox B(Vy,n). Then, for any

a <a, ast— oo
1—2a’

sep (H%Lt*“) U {0}) > Vi 4

eventually almost surely.

Proof. This result follows from the almost sure asymptotics for £ in Corollary 2.18, for

instance as in [2, Lemma 1] (see also [52, Lemma 2.2]). O

Remark. Note that we need the almost sure separation of high points in the n-extended
macrobox B(V;,n) rather than just in V; because each A" (z), for z € V;, depends on
the random potential £ in the ball B(z,n) C B(V;,n). The result in Lemma 2.19 implies
that, eventually almost surely, each z € TI(¥+.e) has the property that &(y) < Ly, for all
y € B(z,n) \ {z}.

Corollary 2.20 (Paths cannot always remain close to high points of £). There exists a
¢ € (0,1) such that, for each n € N, all paths p € T(0,z) such that {p} C V; satisfy, as

t — 00, ||
z

{i:pi ¢ BOIEO Y| > 12 - 2

eventually almost surely.
Proof. Abbreviate N := sep(ITt#*) U {0}) and
Q= ‘{z (pi ¢ B(H(L‘)7n)}’ .

Suppose a path p passes through m distinct B(z,n) with = € (L) Then, since there is a

minimum distance of (N — 2n) between each such ball, the path p satisfies

Q >m(N —2n).
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On the other hand, it is clear that @ > |z| — (2n 4+ 1)m. Therefore

(2n —1)|z|

| (N = 2n)]4
> - - > =
Q> min max {m(N —2n),|z| — 2n+ 1)m} Nl

= TN+1 2l -

and the result follows from Lemma 2.19. O

2.3 Extremal theory for local principal eigenvalues

In this section, we use point process techniques to study the random variables Zt(j ) and
\I'Ej )(Zt(j )), and generalisations thereof; the techniques used are similar to those found in
[3, 33, 64], although we strengthen the results available in those papers. In the process, we
complete the proof of Theorems 1.5 and 1.6. Throughout this section, let ¢ be such that
0<e<d.

2.3.1 Upper-tail properties of the local principal eigenvalues

The first step is to give upper-tail asymptotics for the distribution of the local principal
eigenvalues AW (2) for z € TI**) and n € N. These will allow us to study the random
variables Zt(j ) and \Il,gj )(Zt(j )) via point process techniques. For technical reasons, we shall
actually consider a punctured version of A" (z) which will coincide with A" (z) eventually

almost surely for each z € TI(F+),

To this end, let {éz}zevt be a collection of independent potential fields &, : Z% — R
defined so that, for each z € V;, we have &,(z) = £(z), and, for each y € V; \ {2}, instead

£.(y) is i.i.d. with common distribution

£(0), if&(0) < Ly,

0, otherwise .

£(0) =

Then, for each z € V; and n € N, let Xﬁ")(z) be the principal eigenvalue of the punctured
operator H(™(z) := A + £, restricted to B(z,n).

Proposition 2.21 (Path expansion for S\E")). For each n € N and z € TIF4<) uniformly,

ast — oo,

“(n 1
M@ =0+ Y > I g +oldier),
2<k<2j p€ly(z,2) 0<i<k At (2) = n(pi)
pi#z,0<i<k
{pP}CB(z:n)

= 5(2) + Oa;).

Moreover, as t — o0,
A (z) = A0 (2)

eventually almost surely.
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Proof. Applying Proposition 2.7 we have that

. .
WEH=n+Y > I <o
k>2 pely(zz) O<ick At (2) —n(pi)

piFz, 0<i<k

{P}CB(2:n)

Now recall that, by Lemmas 2.19 and 2.3, for each p; € B(z,n) \ {z},
N(2) = npi) > Lie — Li+2d ~ (0 — €)ay,
eventually almost surely. Moreover, as t — oo,
at_(2j+2) = o(diey)

by the definition of j. This means that, up to the error o(d;e;), we can truncate the sum
at paths with 2j steps. It also means that the total contribution from the sum over paths
p € T1(2,2) is O(a; ). Finally, the fact that S\E") (2) = A")(2) eventually almost sure follows
directly from Lemma 2.19. O

Proposition 2.22 (Extremal theory for S\En); see [3, Section 6], [33, Proposition 4.2]). For
each n € N, there exists a scaling function Ay = a; + O(1) such that, as t — 0o and for each
fixed x € R,

P (x@ (0) > A, + xdt) SeT,

Moreover, there exists a ¢ > 0 such that, as t — oo and uniformly for x > 1,
P (X,E")(O) > Ay + xdt) < eme™ Y
Proof. First remark that, by Lemmas 2.19 and 2.3, as t — oo,

AN™(0) > Ay + 2d, implies that £(0) > Ly,

eventually almost surely, which means that we can apply the path expansion in Proposi-
tion 2.21 to S\,En)(O) Let A; be an arbitrary scale such that A; = a; + O(1), and define the

function )
Q(A;€) =24+ ) > I1 A, 0’

2<k<2j peT4(0,0) 0<i<k
pi#0,0<i<k
{p}CB(z,5)

if £(y) < L; for each y € B(0,7) \ {0} and Q(A; &) := 0 otherwise. Note that, as t — oo,
and uniformly in &, Q(As; €) = O(1) and moreover

Q(Ar + zdi; §) = Q(Ar: ) + o(dy) -
Then, since 5\12") (0) is strictly increasing in £(0) we have that, as t — oo,
p (xgm (0) > A, + ;z:dt) ~P (5(0) > Ay + wdy + Q(A; + wdy; g))
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.
~t e /gexp {az — (At + Q(At§§)> }dl‘f

~ fde—a / exp {a) — (A¢ + O(1))"} dpie
3

where the first asymptotic accounts for the error in the path expansion Proposition 2.21,
the second and third asymptotics result from Taylor expansions, and are uniform in &
(as is the fourth asymptotic), and where p¢ stands for the joint probability density of
{€(W) tyeB(0,n)\{0}- Note that, for C' > 0 sufficiently large, eventually

a] —(a; +C+0(1) <0< al —(a; —C+0O(1))".

Hence, by continuity of @, there exists an A; = a; + O(1) such that, as ¢t — oo,

-
/5 exp {a? - (At + Q(At%f)> }dﬂﬁ —1

which gives the first result. For the second, instead of (2.14) we bound Q(A; +xdy; €) above,
uniformly in x > 0, by Q(A;€), which produces the bound

t_d/éexp {az - (At + Q(At;é)y (1 + %(log t)—ly} dpie .

In the case v > 1, we bound this expression above uniformly in 2 > 0 by

’y .
t—d/gexp {a? - (At + Q(At;ﬁ)) (1 + j(IOgt)_l) } dpte ~ e~ 5 (o))

using the definition of A; and the fact that A; + Q(A¢; &) ~ ay in the last step. The case

v < 1 is simpler, since then we have simply
P<§(O) > A+ xdy + 2d> - P<§(0) > ay + ady + O(l)>
and the bound follows from the Weibull tail of £(0). O

We now define the set-up we shall need to examine the correlation of the potential field
near sites of high A in Theorem 1.5. Since the profile differs at the interface sites Z, our

set-up shall necessarily need to take these sites into account.
For each n € N and y € B(0,n A p) define the positive constants
2,
Tl(y)'*fl, 1fy¢-,za _ 2

ce(y) = and ¢ (y) :==vn(y)”,
0, else,

recalling that n(y) := |T'|,|(0,y)| denotes the number of shortest paths from the origin to y.
Define the rectangles

Le = H (=fe, fe) x H (fe,9t),

y€(B(0,nAp)\{O})\T y€(B(0,n)\B(0,nAp))UT
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Se = H ag(lyl)(cé(y) = frce(y) + fr) x H (fr:90)

yE€(B(0,nAp)\{0})\T ye(B(0,n)\B(0,nAp))UT

the event

St = {{&(Zt + v)}yeBomn\ (0} € S}

and, for each = € R and the scaling function A; from Proposition 2.22, further define the

event

Ay = {i§">(0) > A+ xdt} :
Proposition 2.23 (Profile of the local potential field). For each n € N, as t — oo,
P (S| A4;) — 1.
Moreover, as t — oo,

efg(y)xfg(m)
ff(y)IAf (:E) — W y fOT each Yy € I, (215)

uniformly over x € (0, Ly).

Proof. Define a field s : B(0,n) \ {0} — R. For a scale C; ~ a; define the function

1
QCrs)=2d— > > ] , v
2<k<2j peln(0,0) O<ick Ct — ag(‘pll)(cé(pi) + s(pi)) +2d
P70, 0<i<k

{p}CB(0,n)

if, for each y € B(0,n) \ {0},

af!"D (ce(y) + s(y)) € (0, Ly)

is satisfied, and Q(Ct; s) := 0 otherwise. Define further the function
R (C,: —qY _ C C,: ¥ 1 q€(|y\) 1 q(lyl)
t(Cr; s) == a] — (Cr + Qu(Ct;8))” + Z og fe (a; (ce(y) +s(y)) ) +loga :
yEB(0,n)

To motivate these definitions, consider that, similarly to the above, we can write

P (5\§”)(0) > A+ xdt) ~ t_de_x/ exp {R:(As; 8)} ds. (2.16)

RIB(0,n)|—1

It remains to show that the integral in (2.16) is asymptotically concentrated on the set
E¢ and that equation (2.15) is satisfied. This fact can be checked by a somewhat lengthy

computation which we only sketch here.

The function R,(s) can be decomposed into two parts, one whose dependence on s¢(y)

is of order, as t — oo,

n(y)?y al ) a7 2 (e () + s(y)) (1 +0(1))
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uniformly in s, another whose dependence is

af 107 (ce(y) + ()7

Hence, since we defined ¢(|y|) precisely so that

q(lyl) +v =1 =2yl = q(|ly)v,

if y € B(0, p¢), the function R, has the asymptotic form, as t — oo,
Ri(s) = f(t;s) + aff (g(s(y)) +o(1))

where f(¢;s) is some function not depending on s(y), x is some non-negative constant with
k > 0 if any only if y € B(0, p¢) \ Z, the function g(z) satisfies

g(x) = vn(y)*(ce(y) + o) — (ce(y) +2)7,

and where the error term o(1) is uniform in s. Then we have, uniformly in s, as ¢t — oo,

e st ~ ) [ exp (afals)} dsto).
If y € B(0,p) \ Z, and since g(z) achieves a unique maximum at 0 (by the construction
of c¢(y)), by the Laplace method this integral is asymptotically concentrated on s(y) €
(=ft, ft)- On the other hand, if y € Z, then the integrand is asymptotically

eag(y)S(y)ﬁ (s(y)),

uniformly over s(y), which establishes (2.15). Trivially, if y ¢ B(0, p), then the integral is
concentrated on s(y) € (ft, 9¢), and we have the result. O

2.3.2 Constructing the point process

The existence of asymptotics for the (punctured) local principal eigenvalues allows us to
establish scaling limits for the penalisation functional \IIEJ ). We start by constructing a
point set from the pair (z,\Ifgj )(z)) which will converge to a Poisson point process in an

appropriate limit.

For technical reasons, we shall actually need to consider a certain generalisation of the
functional \I/Ej ). More precisely, for each ¢ € R, define the functional \Ilgjc) : Vi = R by
09 (2) = A0 (2) = Fioglogt + 12
£(2) = A9(2) - loglogt + o
Further, for each z € II(Z) define

(”)
. Ull(z)— A j
Vi == and ML= Y Ty

tic,z
2€I1(Lt)
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Finally, for each 7 € R and o > —1 let

HY = {(2,y) e R 1y > ala| + 7},
where R4t is the one-point compactification of R4t1. The set ﬁﬁ‘ is the the domain on
which we shall prove the point process convergence of MEJC) ; even though H’?‘ is unbounded,
(7)
t,c

it turns out that ﬁf‘ contains a finite number of points of the set M; . eventually almost

surely (here the restriction « > —1 is crucial).

For clarity of exposition, we record here some remarks on the nature of the term c|z|/t in
the modified penalisation functional \Ilgjé) First note that, as we shall see in Proposition 2.27
below, this term does not, with overwhelming probability, affect the determination of the
maximiser of the functional. Nevertheless, there are two separate places in our proof that
necessitate the addition of this term, one of which we could eliminate with a finer analysis

of the potential field, the other unavoidable.

First, recall that our analysis of the potential field distinguishes three groups of sites
inside the macrobox V;: ‘high’ sites with potential above the level L, ., typical sites with
potential below L;, and those in between. The gap between the levels L;. and L; is a
constant multiple of a;, and since the probabilistic penalisation due to diffusion to a site z
is calculated via a product of such gaps in potential along each shortest path to z (see the
discussion in Section 2.1 above), this leads precisely to a term of the form c|z|/t. On the
other hand, the above analysis of the potential field is rather rough; if we instead introduce
a fourth group of sites with potential negligible with respect to a;, and show that most sites
along any shortest path to z belong to this group, we could avoid this term. Indeed, this
kind of fine analysis turns out to be necessary in our extension to the case of fractional-

double-exponential potential (see Section 2.6 below).

Second, as mentioned, the probabilistic penalty also includes a sum over all shortest paths
to z. Since the number of shortest paths n(z) is exponential in |z|, and since the base of the
exponent differs among the candidate sites, this also introduces a term of the form c|z| into
the penalisation. This term is unavoidable, and indeed if we were to undertake an analysis
of almost sure localisation such a term would play a crucial role in the determination of the

localisation sites (see the discussion in Chapter 5 and the similar analysis in [52]).

Proposition 2.24 (Point process convergence). For each 7,¢ € R and a > —1, as t — oo,
MEQC)|H =M inlaw,
where M is a Poisson point process on PAIS with, intensity measure v(dzx, dy) = de@e=Y~1dy.

Proof. The idea of the proof is to replace the set {\9)(2)},crz,) with the set of i.i.d.
punctured principal eigenvalues {S\EJ )}zew and then apply standard results in i.i.d. extreme

value theory to show convergence to M in H o

To this end, define \I'EJC) (z) and fft(j ) equivalently to \Ilgjc)(z) and YY), after replacing

c,z t,c,z

AU)(2) everywhere with 5\§] )(z), and further define
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Recall that {5\§] )}zeV,, are i.i.d. with tail asymptotics and uniform tail decay governed by
Proposition 2.22. By applying an identical argument as in [64, Lemma 3.1] and [45, Lemma
4.3], we have that, as t — oo,

ngc)’Hg =M inlaw.

Note that the uniform tail decay is necessary here since it guarantees that fff contains a
finite number of points almost surely (see [45, Lemma 4.3]). We claim that if z € V; is such
that

(zr;l,?(j) ye HY,

t,c,z

then, eventually almost surely,
z e,

This is since (27} !, fft(i)z) € H? is equivalent to

oy d,
32 > Ay, + e Bl - g,
’ T vt t ’

which implies that, as t — oo,

3> a1+ (1) + 0+ 1+ o(1) El g og -+ 0(a)

> ar(1+o(1)) + O(dy)

since A,, ~ ar, ~ a, dr, ~ dy and o > —1. The claim then follows by the upper bound in

Lemma 2.3. As a consequence, we have that, as t — oo,

> 11(27,;1,%(,_22)|H$;s/\4 in law . (2.17)
2€I1(Lt)

To complete the proof, we construct a coupling of the field £ with the fields {éz}zenw with
the property that

{)\(j)(z)}zen(h) - {j\gj)(z)}zen(h) ’ (2.18)

for t sufficiently large. In particular, by Lemma 2.19 there exists a tg such that almost
surely, for all ¢ > ¢y, we have r(H(Lt)) > 2j. For such ¢t we define the coupling as follows:
for z € II'E) and y € B(z, j) set &, (y) = £(y); otherwise choose &, (y) independently. Since
t > to, {€.}.cv, is indeed a set of independent fields and also (2.18) holds. Combining
with (2.17) completes the proof. O

We now use the point process M to analyse the joint distribution of top two statistics
of the functional \I/?Z So let

Zt(jc) := argmax \I'EJC) (z2) and Zt(jgz) := argmax ‘Il§j0) .
' z€TI(Lt) ' ' zemrEe) ’
=#2,7)

These are well-defined eventually almost surely, since II(#*) is finite and non-zero by Lemma 2.18.
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Figure 6: A simulation of the point set MEQ in the case d = 1 with the top two points

marked, and a depiction of the approximate trajectories t — (z;r; v VA ) of subsets of the

t,c,z;
process (ME?C))QO corresponding to the pair (z;, \Ilgj)(zi)), for fixed sites 21 < 0 and zo > 0.

Credit: A. Fiodorov.

Corollary 2.25. For each c € R, ast — o0,

D68 -
<Z£?2 200 W20 — A WINZE) —An>

3 ) )
Tt Tt dm drt
converges in law to a random vector with density

p($1,$27y1,y2) = eXp{_(yl + y2) - ‘xl‘ - |$2|) - 2deiy2}]]'{y1>y2} .

Proof. This follows from the point process density in Proposition 2.24 using the same com-
putation as in [64, Proposition 3.2] (although note that the exact form of the density in [64]

is slightly different, due to different normalisations for the scales d; and ). O

2.3.3 Properties of the localisation site

We now use the results from the previous subsection to analyse the localisation sites Zt(jc)
and Z;, and in the process complete the proof of Theorems 1.5 and 1.6. For each ¢ € R,

introduce the events
Gre = {020 - W(20D) > dier},
Ht = {tht < ‘Zt(])| < rtgt} and It = {at(l — ft) < \Ifgj) (Zt(-])) < (Zt(l + ft)},

and the event
e =G0NGreNH NI N St(Zt(]))

which acts to collect the relevant information that we shall later need.

Proposition 2.26. For each c € R, ast — oo,

P& — 1.
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Proof. This follows from Propositions 2.22 and 2.23 and Corollary 2.25, since A,, ~ a; and
dy, ~ di. O

In the next few propositions, we prove that the sites Zt(JC) and Zt(j ) are both equal to the

localisation site Z; with overwhelming probability.

Proposition 2.27. For each c € R, on the event & ., ast — oo,
Zzg,j) _ Zt(j)
holds eventually.

Proof. Assume that Z,s(f;) # Zt(j) and recall that 1/loglogt < e;/g; eventually by (2.1). On
the event & ., the statements

v (27) - w20 > den and W2 — VEAZY) > diey

and, eventually,

[ (27) - v (2] = |el
all hold, giving a contradiction. O
Lemma 2.28. For each c € R, on the event & ., ast — oo,
Az = NzZ) and A9 (Zy) > A(Zy)
and
AD(ZON = \(2P) < dye,

all hold eventually.

Proof. The first two statements follow from the domain monotonicity of the principal eigen-
value in Lemma 2.2. For the third statement, remark that the event & . implies that
Zt(j) € TIFee) | that £(y) < Ly for all y € B(Zt(j)7p)7 and that £(y) < g; for all y such that
ji>ly— Zt(j)\ > p. Hence, by considering the path expansion in Proposition 2.21, we have
that for some ¢y, co > 0,

- ; ; 1 1 C20t
)\(j) Z(J) —A Z(J) ‘1 _ 2 d
(27 (27 < (Lgye = Li)* \Lie — 9t Ly < a?”+2 < e
eventually, with the last inequality holding since we defined p precisely to be the smallest
integer such that —2p —2 < 1 — v holds O

Remark. Note that the above proof lies at the heart of why we need to define the localisation
site Z; by reference to the principal eigenvalue A(z) of the operator A + {1 (., restricted
to B(z,7), rather than simply using the principal eigenvalue A(?)(z) of the operator A + &
restricted to B(z,p). In particular, if p > 0 (i.e. if v > 3), then by considering the path
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expansion in Proposition 2.21 we can guarantee only that

. i i Cc —92y—
)\(])(Zt(])) - A(p)(Zt(j)) < (Lt _ Zt)2p+1 =0 (at 2 1) 5

and since the inequality —2p — 1 < 1 — v does not hold in general, this is insufficient to

conclude the necessary bound in the general case v > 3.

Corollary 2.29 (Equivalence of Zt(j) and Z;). For each c € R, on the event &, ¢, ast — oo,
Zt(j) 7

eventually.

Proof. Assume that Zt(j) # Z;. On the event & ., Lemma 2.28 implies that

(0027 —wi(2)) - (v (2) - wi(20))

- (/\(j)(Zt(j)) _ )\(Zt(j))) _ (W)(zt) _ /\(Zt)> < dyes

holds eventually. On the other hand, on the event & ., and by the definition of Z; and Zt(j )

as the argmax of ¥; and \Ilgj ) respectively,
Uz — w9 (7)) > de, and  W,(Z,) — U (Z7) >0

also hold, giving a contradiction. O

2.3.4 Completion of the proof of Theorems 1.5 and 1.6

Fix an arbitrary ¢ € R. We prove Theorems 1.5 and 1.6 on the event & ., since by Proposi-

tion 2.26 this event holds with overwhelming probability eventually.

The distance scale of the localisation site (part (a) of Theorem 1.5) follows directly
from the scaling limit in Corollary 2.25. The local profile of the potential field (part (b)
of Theorem 1.5) is implied by the definition of the event & ., combining with Proposition
2.27 and Corollary 2.29. Finally, the ageing of the localisation site Z; (Theorem 1.6) is a
simple consequence of the point process convergence in Proposition 2.24, and is proved in

an identical manner to the corresponding result in [64].

2.4 Negligible paths: Upper bounds, lower bounds and

cluster expansions

In this section we show that the contribution to the total mass U(t) from the components
U2(t), U3(t), U*(t) and U®(t) are all negligible. We proceed in two parts: first we prove
a lower bound on the total mass u!(t,z) for each z € B;, which implies a lower bound on
U(t), and then we bound from above the contribution to the total mass from each U(t).
Throughout this section, let € be such that 0 < e < 6.
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We begin by proving a general result on eigenfunction decay around sites of high poten-
tial, which will be used in both the lower and upper bound. For each z € II(Fte) let o,

denote the principal eigenfunction of the operator H)(z).

Proposition 2.30. For each z € I154<) uniformly, ast — oo, almost surely

> pily) 0.

y€B(2,5)\{z}

Proof. By Proposition 2.6, we have the path expansion

(v) 1 1 .
D) II OG0 y € B(z,7) \ {z}.

z

Sol( ) k>1  peli(y,z) 0<i<k
pi7#z,0<i<k
{P}CB(2.5)

Since, by Lemmas 2.19 and 2.3, for each y € B(z,j) \ {z}, almost surely
AD(2) = n(y) > Lee — Ly,

the result follows. O

Corollary 2.31 (Bound on total mass of the solution). For each z € H(Eee) uniformly and

any ¢ > 1, as t — oo, almost surely

E. ef(;g(x'*)dsTB(z’j)c > t| < ce?”®

eventually.

Proof. This follows by combining Propositions 2.13 and 2.30. O

2.4.1 Lower bounds on the solution

Recall that, by the discussion in Section 2.1.2, the contribution to the solution from paths
can be approximated by considering both the benefit of being near a site of high potential
and the probabilistic penalty from diffusing to that site. To formalise a lower bound for

ul(t, z) we need a bound on both of these terms.

We begin by bounding from below the benefit to the solution from paths that start and
end at a the site Z;. Recall the definition of the path set E} and the solution component
ul(t, z), and define by analogy the path set

Etl,y ={pel(y) : {p} C By, 2P = 7}
and the solution component

ué(t,z) = Z uP(t, z).

pGE}ﬁz

Lemma 2.32. Abbreviate z = Z; for simplicity. On the event &, ast — oo,

logul(t, z) > tAU)(2) 4 o(1)
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eventually almost surely.

Proof. Recall the Feynman-Kac formula for ul(t,z) (see, e.g., Proposition 2.9), and note
that since B(z,j) C B; the expectation is larger than the corresponding expectation taken

only over paths that do not leave B(z,j). Using Corollary 2.12, we then have that
ul(t;z) = MO (),

where ¢, denotes the principal eigenfunction of the operator %) (z). Since the domain
B(z,j) is finite, the fact that the eigenfunction ¢ is localised at z (by Proposition 2.30)

ensures that the square eigenfunction ¢? is also localised at z, and the result follows. O

We are now ready to prove the lower bound on the solution; our proof follows closely the

analogous arguments in [52, 64].

Proposition 2.33. For each c € R, on the event & ., ast — oo,
1 ) 2]
logu™(t, Zy) > tAY)(Z;) — — loglogt + O(td.b;)
Y
almost surely.

Proof. In the following proof set z = Z; and fix r € (0,1). By the Feynman-Kac for-
mula (1.3), the non-negativity of £ and using the Markov property, we have, for each y € By,

ul(t, z) > ui((l —r)t,z) P(X, = 2, TRe > rt), (2.19)

where P denotes the law of the simple continuous-time random walk X = (X;)s>0 initialised
at the origin. We bound the probability by using Poisson process jump rates and the fact
that X is symmetric. Applying Stirling’s formula, we obtain

2d
logP(X,,t = 2,7pe > 1t) = —rt — |z|log (;:') + O(logt). (2.20)

Next note that on the event & . we have that Z; € II(Lt2) . Hence we can combine equations
(2.19)—(2.20) and Lemma 2.32 to bound log u!(t,y) below by

d|z|

(1 —r)tAD(2) — rt — |2|log (2t> + O(logt) .

er
We are now free to maximise the bound over r. Setting

Ed
N (z)”

ro=
it is clear that on event &, . we have r € (0,1). With this value of r we obtain the bound
logul(t, z) > tAU)(2) — |2z]log A9 (2) + O(|z]) + O(log t) .

On event & . we have that \Ilgj)(z) < ai(1 4+ fi). Since also |z| < rpg; on event & . we find
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that
M (2) < a1+ fo) + dugy
and
logu'(t,z) > t)\(j)(z) — M loglogt + O (r:g:)
v
> t/\(j)(z) — |’YZ| loglogt + O (td:by)
with the last inequality following from our choice of scaling functions in (2.1). O

Corollary 2.34. For each c € R on the event & ., ast — oo,
) |Z¢]
logU(t) > tAY (Z;) — T loglogt + O(td.b:)

almost surely.

2.4.2 Contribution from each U'(t) is negligible

In this section we prove that the contribution to U(t) from the each of the components U (t),
for i = 2,3,4,5, is negligible. The most difficult step is bounding the contribution from the
components U?(t) and U3(t); these paths are permitted to visit sites of high potential that
are not Z;. Away from sites of high potential, there is a probabilistic penalty associated with
each step of the path; this is easy to bound. However, close to these sites, the maximum
contribution from the path may come from a complicated sequence of return cycles to the

site, which are somewhat tricky to deal with.

This motivates the idea of grouping paths into equivalence classes depending only on
their trajectory away from sites of high potential. So for each ¢, define a partition of paths
into equivalence classes as follows. Suppose p,p € I' are two finite paths in Z¢. Define

inductively, r® = 0, and
s*:=min{i > 771 p; e MED} and  rf :=min{i > s° : p; € IB(pye, j)}

for each ¢ € N, setting each to be oo if no such minimum ¢ exists, and define similarly
(5,74 ¢>1 for path p. Then we say that p and p are in the same equivalence class if and
only if, for all £ > 0,

Lt =g _F and Drey; =Prey; , foreachie{0,1,..., st —pfy

S
Note that although s’ and r* depend on ¢ (through the set H(Lt)) we suppress this dependence
for clarity. If p and p are in the same equivalence class at time ¢ we write p ~ p. Denote by
P(p):={p €T : p~ p}. Informally, the equivalence class P(p) consists of paths that have
identical trajectory except for when they are in balls of radius j around sites z € I1(2+) (or,

more accurately, when they first hit a site z € II**) until when they leave the ball B(z,)).

It is natural to group these equivalence classes P(p) according to (i) how many balls of

radius j around sites z € II(%*) the path visits, and (ii) the total length of the path outside
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such balls. So for m,n € N, let P, ,, be the set of equivalence classes P(p) of paths p that
satisfy

m

max{/: r’ < oo} =m and Z(s”l Alp)) =7t =n.

£=0
Note that if a path p satisfies these two properties for some m and n then any other path
D € P, will also satisfy these properties for the same m and n and hence P, ,, is well-defined.
The quantity m counts the number of balls of radius j around z € IIZ+) that the path exits
(which is easier to work with than the number of balls the path enters); the quantity n
counts the total length of the path between leaving each of these balls and hitting the next
site z € TI(F),

Recalling the definitions of p(X;), define the event

{p(X) € P(p)} == |J{p(X.) € P(p)},

s>0

and remark that we have the relationship

{p(X:) € P(p)} € {p(X) € P(p)}. (2.21)

Denote by
t
Ur® (1) = E, [GXP {/ §(Xs) ds} ]]'{p(Xt)GP(p)}:|
0

the contribution to the total solution U(¢) from the path equivalence class P(p).

The following lemma bounds the contribution of each P(p) € Py, », in terms of m and n.

The key fact motivating our set-up is that the contribution is decreasing in n.

Lemma 2.35 (Bound on the contribution from each equivalence class). Let m,n € N and
p € T(0) such that {p} C V; and P(p) € Py.m. Define z(P) := argmax, ¢, A9 (2) and let
¢ > max{)\(j)(z(p)),Ltyg}. Then there exist constants c1,co > 0 such that, for each m,n,p

and ¢ uniformly, as t — oo,

n , —1\™
UP® (1) < et (e (¢ — Ly)) (1 + e (g - A<J>(z<p))) )
eventually almost surely.

Proof. The strategy of the proof is to split UF(®)(t) into three components, corresponding
to the contribution: (i) from when X, is outside B(IT(/*), 5) until X hits a site z € TI("¢);
(ii) from when X hits z € B(IT(**), j) until when X, leaves the ball B(z, j); and (iii) if X,
hits z € II¥*) and does not subsequently leave B (2,7), from this component separately. To
bound the contribution from these components, we make use of Corollary 2.31, Lemma 2.15

and Lemma 2.5 respectively.

There are two cases to consider, depending on whether the event described in (iii) occurs,

that is, if s™*! < co. We begin with this case. To simplify notation in the following we

b
12 = exp { / (€(X.) - Q) ds}.

abbreviate
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Recall the definition of (s%,7¢),en and define the stopping times
RO:=0, S‘:=inf{s>R"': X,=py} and R’ :=inf{s>S*: X, :p,.f}

m+1

for each £ € {1,...,m}, and similarly define S™*! since s < 0o. We can then write

UPO(1) = By [ €O epin | = € Bo [T Lpxneri)]

0 i £
= e Ey [(H IS +1> (H Iﬁ’) I§m+11{p(Xf,)eP(p)}] :

£=0 {=1

Note that, conditionally on S™*!, the quantity I%,.., is independent of all other I? in this

expectation. Thus we have

UP(P)(t) — { [(H IS£+1> (HI ) Lip(x,)eP(p ‘Serl

X Eo I:ISm+1 ]l{p(X,)eP ‘Sm—H] } (2.22)

where the outside expectation is over the hitting time S™*!. We use Corollary 2.31 to bound
the expectation on the second line of (2.22); in the calculation that follows, abbreviate
s:= st and S := S™*!1. We obtain, for some C > 1,

— — ) —
Eo [1§ Lpxnerimy| ] < Lis<n Ep. [Ig S]l{TB@s,j)»—S}’S} < =9V @)-0 < ¢

almost surely, since ¢ > AU)(p,). Combining with (2.22) and using equation (2.21) we obtain

04+1 m i
[ I5 & l{p(Xt)EP(p)}} < (et Eo [(H IS > (H Ig-’) ]l{P(X)EP(P)}‘|
{=1
@+1 £
= Cet' By KH The ) Lin( x)em)}] Eo KH 15@) 1{p<X>eP<p>}] - (223)

(=1

Let gmax = max,¢<cse+1 §(pr), for £ = {0,1,...,m}. By Lemma 2.5, which we can apply

here since { > L. > Ly > maxo<¢<m fr(f;x,

1

Eo KHIRZH> Il{pmep(,,)}] H IT (¢ +2d) 1 (2.24)
L=

£=0 k=rt
<(2d)7"(C— L))",

4

almost surely, using the definition of n. Making the new abbreviation s := s“, we have

[ o

HE TB(Pc 7) (X) c P(p)} < HEP:, [IgB(pS’ﬂ] .
=1 =1
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Since ¢ > A9 (2(P)), we can apply the cluster expansion in Lemma 2.15 to deduce that
. B 2d|B(0,7)] \"
B(ps,J) ?
1IE. [15°"] < (1 T EAGEwy) (2.25)
=1

Using these two estimates, we obtain from equation (2.23) the desired bound.

We now deal with the case that s™*! = co. Similarly to the above, we condition on R™
to write UP®)(t) as

i 41 " ¢ m
e“E{Eo [(H e ) (H I?e) Lpooeren| R

£=0 (=1

Eo [T 1 rm<r| R™] }

Set { ;= |p| —r™ > 0 and Tenq := inf{s > 0: X; = X, }. Observe that, since { > Ly . > L; >
g(Xt)a

Eo [Tn Lpxoermy| B™] < Eo [Tt Lipx,)epm)y| R™]

and applying Lemma 2.5 (valid by Lemma 2.3) we get that

Eo [T Lip(xoepey| B™] < (24)7(¢ = Ly) ™
almost surely. The rest of the proof proceeds similarly to the previous case. O

We can use Lemma 2.35 to bound the contribution from U?(t) and U3(t).

Proposition 2.36 (Upper bound on U?(t)). There erists a constant ¢ € R such that, as
t — oo,

log U2(t) < t T (2) + O(tdsb
og U=(t) zeH(I?t%)\({Zf,} te(2) + O(td;by)

almost surely.

Proof. Recall the path set E?, and for each m,n € N define

Note that P2, | < k"™, with £ = max{2d, |0B(0,j)|}. We observe that

PeP?2 ., PeP?

U2(t) _ Z UP?“”” (t) < ZKH_H” max {Up(t)} _ Z K7 max {/@2(”+m)UP(t)}
| (2.26)

< max max {ﬁ2("+m)UP t } KT
~ n,m PepP2 . ( ) Z
’ n,m

For each P € P2

n,m>

denote by z(P) the site y € II¥*) on a given path p € P which maximises
AU)(y), remarking that this a class property of P eventually almost surely by Lemma 2.19.
Using Lemma 2.35, for each P € P2 and for any ¢ > max{\)(2("), L, .}, we have that
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there exist constants ¢, co,c3 > 0 such that, eventually almost surely,
R U (1) < e (er(C = L)) (o2 ea(¢ = AP (2077

Set ¢ = max{)\(j)(z(P)),Lt,E} + d;b;. To lower bound n, observe that the number of steps
between exiting a j-ball and hitting another site in IIX*) is at least j + 1. We apply
Corollary 2.20 to the balls B (H(L‘)7 j+ 1) to deduce that, eventually almost surely

n>m(j+1)+ ]z —[2)]es ] (2.27)
for some ¢4 < 1. Then, by monotonicity in n,

g2(ntm) UP(t) < et()‘(j)(z(P)Hdtbt)(Cl(Lt,e - llt))le(P)H‘Z(P)‘04

x ((e1(Lte = Le)) 77 Hea + Csdtbt)il)m

eventually almost surely. Note that j was chosen precisely to be the smallest integer such
that

(j 4+ 1)logas + log(d;) — oo (2.28)
which implies, since b; > 1/loglogt by (2.1), that
(j + 1) loga; + log(ca + c3diby) — .

By Lemma 2.19, for z € TIX4) | as t — oo,

tdiby
loglogt

|2 log (c1(Ly.e — Lt)) <
eventually almost surely. Moreover,
log (L¢,e — Ly) > logay + 5
eventually for some c5 > 0. So there exists a constant ¢ € R such that
2(n +m)logk 4+ log UL (t) < ¢|zP)| + XD (2Pt — %|2(P)\ loglog t + td.b;

eventually almost surely, which yields the result. O

Proposition 2.37 (Upper bound on U3(t)). There erists a constant ¢ € R such that, as
t — oo,
' 1
log U3(t) < tWY)(Z,) — ht;|Zt\ loglogt + O (tdsb,)

almost surely.

Proof. Recall the set of paths E} and define P,g{ym by analogy with ”Pﬁ’m. The proof then
follows as for Proposition 2.36 after strengthening the bound in (2.27) to give that for each
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p € E} and for some ¢; < 1, eventually almost surely
. 1 ¢

n>m(]+1)+(1+ht);|Zt|loglogt—|Zt| L. O

Proposition 2.38 (Upper bound on U*(t)). For allt >0,
Ut(t) < effr.
Proof. This follows trivially from the definition of U*(t). O
Proposition 2.39 (Negligibility of U®(t)). Ast — oo, almost surely,
U(t) — 0.

Proof. This result was proved in [40, Section 2.5]; for completeness we repeat the proof here.
For each n € N, let e, (X) denote the event that max,; | Xs|p = n. Let U2(¢) denote the
expectations in the definition of U®(t) restricted to the event e, (X). Then, if ﬂn) is the

largest value of ¢ in the box {z € Z% : 2|4~ < n}, we have
UR(H) < e P(en ().
As n — 0o, we can bound f%n) almost surely with Lemma 2.18:
& ~ (dlogn)* .

For n > R; and by Stirling’s approximation, we can also bound the probability P(e, (X))
by
log P(en (X)) <logPngg(n) < —nlogn + nlogt + O(n)

where Pn, (n) denotes the probability mass function for the Poisson distribution with mean a,

evaluated at n. Combining these bounds, for n > R; and as t — oo eventually
U(t) < exp{t(dlogn)%(l +¢) —nlogn+nlogt+Cn)}

almost surely, for any ¢ > 0 and for some C > 0. Since n > R; = t(log t)%, for t large
enough this can be further bounded as

U2(t) < exp{—(1 —&)nlogn}.
This implies that, eventually

Z Us(t) < 6—(1—5)Rt log R Ze—(l—a)nlogRt — O(e—Rt)
n>R, n>0

holds almost surely, which implies the result. O
Corollary 2.40. There exists a constant ¢ € R such that, as t — oo,

wapn, UR(E) + U (1) + U(t) + UP(t)
‘ ()

]]'Et,,c — 0
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almost surely.

Proof. Let ¢ be the maximum of the constants appearing in Propositions 2.36 and 2.37.
Combining Corollary 2.34 and Proposition 2.36, and recalling that Zt(’jc) = Z, eventually
by Proposition 2.27 and Corollary 2.29, we have that, on the event & ., eventually almost
surely

log U%(t) ~ log U (1) < t (W27 — wil(2{2))) + el Zi] + Oltduby)
(4)

Using the gap in the maximisers of ;. and since |Z;| < r;gs, we have that, as t — oo,

log U%(t) —log U(t) < —tdes + O(regs) + O(tdsby) — —o0

by the properties of the scaling functions in (2.1). Similarly, combining Corollary 2.34 and

Propositions 2.33 and 2.37, we have that, on the events & ., eventually almost surely
log U3 (t) — log U (t) < —h%|zt| loglog ¢ + ¢l Z| + O(tdsbr)

and so, using that |Z;| > r¢ f; on the event & ., as t — oo,
log U3(t) —log U(t) < —rtftht% loglogt + O(tdby) — —o0

by the properties in (2.1). Finally, combining Corollary 2.34 and Propositions 2.38 and 2.39,
we get the result. O

2.5 Localisation, exponential decay and ageing

In this section we complete the proof of Theorems 1.3 and 1.7. We first obtain an upper
bound for the decay of the solution u(t, z) away from the localisation site Z;, which implies
the complete localisation of the solution. Next we establish the ageing of the solution in
Theorem 1.7. Finally, we use the ageing of the solution to obtain a lower bound on the
exponential decay, which completes the proof of Theorem 1.3. Throughout this section, fix

the constant ¢ > 0 from Corollary 2.40, and abbreviate & := & ..

2.5.1 Upper bound for exponential decay and complete localisation

Our upper bound for the exponential decay of the solution relies on a comparison between
ul(t, z) and the principal eigenfunction of the operator H := A + ¢ restricted to B;. So let
A+ and vy denote, respectively, the principal eigenvalue and eigenfunction of the operator H,
renormalising v; so that v;(Z;) = 1. Remark that, on the event &, we have that B, € V;.
Hence we can apply Proposition 2.16 which implies that, for any y € B; \ {Z:},
1

u t7y) 2

—— 7L < lvg||5, v . 2.29

Ul(t,Zt) = H t”fg t(y) ( )
Hence, to establish the exponential decay of the solution it will be sufficient to prove the

exponential decay of principal eigenfunction v;(z); we shall achieve this via the Feynman-Kac
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representation and a similar ‘cluster expansion’ analysis to in the upper bound.

Lemma 2.41 (Gap in j-local principal eigenvalues in B;). On the event &, each z €
B\ {Z;:} satisfies
)\(j) (Zt) — )\(])(Z) > dies + o(dtet) .

Proof. On the event &, we have that \9)(Z;) > as(1 — f;) and so the claim is true for
z ¢ TIF) by Lemma 2.3. On the other hand, if z € TI(**) then

z| = |Zi]

dey < U (2,) =D (2) = \D(Z,) — AO)(2) + | loglogt .

To complete the proof, notice that, for each z € By,

—|Z h
M loglogt < %ttt loglogt = dygihy < dyey
Y

since g:hy < e; by (2.1). O

Corollary 2.42. Eventually on the event &, each z € B, \ {Z;} satisfies
)\t > A(j)(Z) + dtet + o(dtet) .

Proof. First note that, on the event &, the ball B(Z;, j) C B;. Hence, by the domain mono-

tonicity in Lemma 2.2, we have \; > A\ (Z,), and so the result follows from Lemma 2.41. [

Proposition 2.43 (Feynman-Kac representation for the principal eigenfunction). Fventu-

ally on the event &,

T e A CC SRR ST

where
Tz, = inf{t >0: Xy = Z;} and 7pe:=inf{t >0: X; ¢ B;}.

Proof. This is an application of Proposition 2.4, valid precisely because of Corollary 2.42. [

Recall the partition of paths into equivalence classes in Section 2.4, the quantities r*

and s’ associated to each equivalence class, and, for m,n € N, the set of equivalence classes
Pn.m- Recall also the event {p(X) € P(p)}.

Define the path set
E} = {pe El:|p|=min{i:p; = Zt}} ,
and for each m,n € N define

,ﬁrlz,m = U Pt(p) N Pn,m .

peE}
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Further, for each P € P, ,, and y € B, define

oF(y) ==, [exp { /0 e - a) ds} np<x>ep} . (2.30)

For each P € ﬁ%’m denote by z(F) the site y € TIX*) on a given path p € P, excluding the
site Z;, which maximises AU)(y), setting 2(") = @ (and A\U)(@) = 0) if no such y exists.
Remark that, whenever z(F) is defined, it is a class property of P eventually almost surely,
by Lemma 2.19.

Lemma 2.44 (Bound on the contribution from each equivalence class). Let m,n € N and
Pe 75,117,”. Then there exist constants c1,co > 0 such that, for eachm,n, P andy € Bt\H(Lf)

uniformly, as t — oo,
. m—1
of (y) < (@1 = L))" (1+ ol = AD (7))
eventually almost surely.

Proof. Starting with the Feynman-Kac representation for v} (y) in equation (2.30), the proof
follows similarly as in Lemma 2.35 for { = A;, which is a valid setting for { because of
Corollary 2.42. One modification is necessary to adapt the proof, namely that, for any
p € P, the final site Z; gives no contribution to the expectation, and hence we have m — 1

instead of the m in Lemma 2.35. O

Proposition 2.45 (Exponential decay of principal eigenfunction). On the event & there
exists a C > 0 such that, for each y € By \ {Z:} uniformly, as t — oo,

ly — Zi

log v (y) < — loglogt + Cly — Zy|

eventually almost surely.

Proof. Abbreviate z = Z;. Similarly to in the proof of Proposition 2.36, decomposing the
Feynman-Kac representation in Proposition 2.43 we observe that there exists £ > 1 such
that

vi(y) = Z Z Uf(y) < Irrll%i( Prenglx {nz(”er)vf(y)} annfm'

= n,m
n,m pepl .

Suppose y € By \H(Lt). Then for each P € 7571“”, by Lemma 2.44 there exist c1,co,c3 >0
such that

K2(n+m)UtP(y) < (Cl(>\t _ Lt)>_n(02 +C3()\t — )\(j)(Z(P)>)—1)m—1

eventually almost surely. Note also that by Corollary 2.20 (similarly to (2.27)), eventually
almost surely
n>m-10G+1)+y—z[+ly—2t7
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for some 0 < ¢4 < 1. Then, on the event & and for any 0 < € < 6,

m—1

RO (y) < (er(Lee = L) IO (e (L — L) 7 (e + ea(dier) ™)

eventually almost surely by monotonicity in n and Corollary 2.42, and so, applying equa-
tion (2.28), we have that

2(n +m)logk + logv! (y) < —|y — z|loglogt + Cly — 2|

eventually almost surely, for some C' > 0. Suppose then that y € II(*). Here we proceed
similarly, but we now need the stronger bound n > m(j + 1)+ |y — z| + |y — 2|t~ for some

0 < ¢4 < 1, valid eventually almost surely for y € II#*) by Lemma 2.19. Then,

K2 P (4) < ((e1(Lee — L)) Hdver) ™Y (e2(Lye — L))~ P7A0F)

m—1

X ((e1(Lie — Le)) 77 (ea + es(dier) ™) :

and the rest of the proof follows as before. O

Corollary 2.46. On the event &, as t — oo,

Z ”UtHfz —-1.

z€By

We are now in a position to prove our upper bound for the exponential decay of the
solution (i.e. the upper bound in parts (a) and (b) of Theorem 1.3), and hence to establish
complete localisation in Theorem 1.1. We work on the event &, since this holds eventu-
ally with overwhelming probability by Proposition 2.26. Combining Proposition 2.45 and
Corollary 2.46 with equation (2.29), for y € B; \ {Z:} we have the bound

-z
ul(t,y) _(a ly—Z:|
ul (ta Zt) - Qg ’
eventually almost surely, for some ¢; > 0. To finish the proof, pick a k; sufficiently small

such that k; < b, eventually. Combining the above with the negligibility results already
established in Corollary 2.40, each y € B(Zy, r¢k+) \ {Z:} satisfies

-7 -7
u(t,y) < (Cl>y t‘+ —tdyb, <C2>y ‘!
< e < )
’UJ(t,Zt) Q¢ Q¢

for some ¢y > 0, since

at_ly—Ztl S at—mm — eftdtnt+0(tdtlit) < 26*tdt/it

eventually. On the other hand,

u(t, y)
Z (tv Zt) S Z
y¢B(Z¢

u
yEB(Zi,rike) T)

1 ly—2Z:|
<) + e_tdtbt < Ce—tdtnt ’
at

for the same reason, and the proof is complete. O
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2.5.2 Completion of the proof of Theorem 1.7

We are now in a position to prove the ageing of the solution, and hence complete the proof
of Theorem 1.7. We achieve this by a direct comparison between the ageing of the solution

and the ageing of the localisation site Z;, which we already established in Section 2.3.

Fix an s > 0. Note first that our proof of complete localisation in the above subsection
demonstrates that, for sufficiently small € > 0 and sufficiently large ¢t > 0, we have the chain

of implications

ﬂ {Zt = th} N 5t'w — {/I’tE > tS} — ﬂ {Zt = th} U 5tc U (C/’tC(l+S) . (231)
we[l,1+s] we[l,1+s]

The next proposition bridges the gap between the two sides of this statement.

Proposition 2.47. For each s > 0, as t — oo,
m {Zt = th} N gwt = n {Zt = th} N gt N gt(l-i-s)
we[l,1+s] we([l,1+4s5]

eventually almost surely.

Proof. Fix an s > 0. Recall that the event & consists of the events G; ., H; and Z;. Since
H: and Z; involve properties of Z; and the (eventually) monotone scales ag, r¢, f: and gz,

we have that, as t — oo eventually

n {Z = Z1o} " Hw NLy o {Zi = Zya45) VHe U He145) N L N Ly14) -
we[1,1+s5]

Hence it remains to consider the events §;.. Consider then two sites 21,22 € L)y

(Lea+) | which by monotonicity of L; implies that

1,22 € n ()

we[l,1+5]

z

Denote by Ay := A(z!)—=\(22), A, = |21 —|22|, and g, = U,y (21) =W (22) for w € [1,1+5].
Then, as t — oo, uniformly in Ay, A, and w € [1,1 + s],

& + A.
gtw dtw Ttw
o A)\ + Az
o di(1+0(1)  r(1+s)(140(1))
w A,
=gt — Trwr, (1+o0(1)) .

Hence g4, is monotone on w € [1,1+ s] eventually. Since this is true for all pairs z! and 22,
if the maximiser Z; = Z;(14) exceeds all other sites at time ¢ by a gap d;g;, this gap must

be preserved across the whole time interval [t, (1 + s)], which establishes the result. O

We can now complete the proof of ageing. Since the events & hold with overwhelming

probability by Proposition 2.26, and applying the eventually event equivalence in Proposition
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2.47, the chain of implications at (2.31) can be written as
P{T: > ts})(1+0(1)) = P{T; > ts}) =2 P({T; > ts})(1 +o(1)),

and so
P{T; <ts}) =P{I; <ts})(1+o(1)).

Hence the convergence result for T; implies the equivalent convergence result for 77 .

2.5.3 Completion of the proof of Theorem 1.3

To finish the section, we now use the ageing result to complete the proof of the lower bound
for the exponential decay of the solution, and hence complete the proof of Theorem 1.3. We
work on the events & and

Fo :=A{T{_1)105: > t/logt},

which hold with overwhelming probability as t — oo by Proposition 2.26 and the ageing of
the solution in Theorem 1.7 respectively. Abbreviate z = Z; and fix y € By and

_ly—=+
ri=-"—
tat

)

which satisfies » < 1/logt for all y € B; on the event &. First note that, by the strong
Markov property
’U,(t, y) > u(t —rt, Z) Pz(Xrt = y)

where P, denotes the probability law of the simple continuous-time random walk started
at z. On the other hand, by Propositions 2.14 and 2.22 and the fact that we are working on
the event

Fr = {Ty_,, >rt}
we have that

u(t — Tt’ Z) > e—rt{(z) )
u(t,z) —

Combining these, and using the Poisson jump rates, we have

(rt)lv==I
ly— 2|t

U(t,y) > e—rtf(z) (2d>—|y—z| e—rt
u(t,z)

Using the above choice of r, and combining with the fact that £(z) < 2a; on the event &,
the bound simplifies to

), (o) sl ey
U(t,z) B Q¢ |y — Z|' — ag )

for some ¢; > 0, as required.
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2.6 Extending our results to the case of fractional-double-

exponential potential

In this section we extend our results to cover the case of fractional-double-exponential po-

tential, that is, the case when there exists a parameter v € (0, 1) such that
P(£(0) > z) = exp {fe“ﬁ} , x>0.

Let us begin by recalling our main results on the FDE case, namely establishing complete
localisation (Theorem 1.8) and an upper bound on the exponential decay of the solution

(Theorem 1.10). In the process we shall make the localisation site Z; explicit.

The localisation site Z; is defined similarly to in the Weibull case, although we have
to make suitable modifications to take into account (i) the new scales ry,a; and d;, as
introduced in (1.12), and (ii) the fact that it will be also be necessary to consider local
principal eigenvalues inside balls of growing radius p; := loglogt (note that, unlike in the

Weibull case, we do not seek to identify p, as the optimum radius of influence).

Taking these modifications into account, the penalisation functional we consider is

|Zt| logloglogt,

i(z) == A(z) — 7

where A(2) is the principal eigenvalue of the operator H(z) := A + £ restricted to B(z, p:).
Note that the double logarithmic term from the Weibull case is now triple logarithmic, which
is natural since the scale a; is now double logarithmic rather than simply logarithmic. To

thin the space, we keep the same macrobox V;, but adjust the corresponding level to be
Ly := (loglog |V;|)™ — By,

for some 0 > %logQ and a; defined as at (1.13). As before, we let TI(/) be the set of

Li-exceedances in V;, and define the site of complete localisation to be

Zy »= argmax U(z) .
Z€T1(Lt)

The following is a summary of our main results in Theorems 1.8 and 1.10.

Theorem 2.48 (Complete localisation and upper bound on the exponential decay of the
solution). There exists a constant ¢ > 0 such that, for any function k; — 0 decaying suffi-

ciently slowly, as t — oo the following hold:

(a) For each z € B(Zy, kere) \ {Z:},

u(t’Z)A—Z—Zf, —|z—4¢
P(U(t)at ‘<c| Z|>—>1,

and the convergence in probability holds also for the union of these events;
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(b) Moreover,

P [ et Z ult, 2) <c| —1.
U(t)
2¢B(Zy,ktrt)

Let us give some intuition as to why a; represents the upper bound on the rate of expo-
nential decay, and moreover why the same scale appears in the definition of the macrobox
level L;. Indeed this goes to the heart of the difference between the Weibull case and the
FDE, and will provide motivation for why our proof of complete localisation needs to be
subtly adapted in the FDE case.

Recall that in the Weibull case the macrobox level L; was defined to be a constant
multiple of the scale a¢, and recall also that the exceedances of this level TI(#*) — the so-
called ‘high sites’ — were well-separated eventually almost surely (see Section 2.2). There
are two crucial points to note here. First, the well-separatedness of the high sites II(Z*) was
essential in our proof of complete localisation, since it allowed us to apply cluster expansions
around these sites. On the other hand, the fact that the potential at sites not in IT(&+) (or,
more precisely, the gap between the potential at these sites and the maximum potential
in V;) was of order a constant multiple of a; was the origin of the exponential decay of the
solution on the scale a; (see, e.g., the informal derivation of the penalisation functional ¥,

above).

In the FDE case, by contrast, in order to maintain the well-separatedness of the ex-
ceedances II(F*) we are forced to define the macrobox level L; to be much larger than a
constant multiple of a;, basically because the potential field £ is less inhomogeneous. In-

deed, the scale a; represents precisely the largest scale at which exceedances of the level
L, == (loglog [Vi|)™ — 0 dy

are well-separated. On the other hand, the scale a; is precisely the scale of the gap between

(Z+) and the maximum potential in V;. Since we expect a

the potential at sites not in II
cluster of potentials of order L; around the localisation site, on short scales (i.e. up to the
radius of influence) this suggests that the solution decays, at short scales, at an exponential

rate given by the scale ay.

Note, however, that this analysis is insufficient on its own to establish complete localisa-
tion, since in order to prove complete localisation we need to control the exponential decay
everywhere inside the macrobox V;. Indeed, in order for the penalisation function ¥; to
accurately describe the solution profile, we need to show that the exponential decay at large
scales is actually given by a;. In order to achieve this we introduce a new ‘semi-high’ level
inside the macrobox — precisely a constant multiple of a; — and control how many semi-high
points can lie along any given path from the origin in the macrobox. This two-tiered system
of high sites and semi-high sites represents the main innovation needed to prove complete

localisation in the FDE case.

Finally, let us give some intuition about why we conjecture that the radius of influence is
of order loglogt/logloglogt. Recall that the radius of influence is precisely the scale n; at
which the contribution to the local principal eigenvalues from sites at a distance larger than

n; is approximately the same order as the gap d; in the top order statistics of the eigenvalues
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inside the macrobox. Given the discussion above, the contribution is approximately a; ™,
and so n; should solve the equation

&t_nt ~ dt .
A brief computation confirms that this implies n; = O(loglogt/logloglogt).

In the rest of the section we prove our main results in Theorems 1.9-2.1. Since a sub-
stantial portion of the proof is identical to in the Weibull case, we will keep our focus firmly
on the aspects of the proof that differ. Wherever the proof of preliminary results is identical

to in the Weibull case, we shall state these results without proof.

2.6.1 Preliminary results: High and semi-high sites

We start by recalling our results on the high sites, which as in the Weibull case are ex-
ceedances of the level L;. Since a Weibull distributed random variable can be mapped to a

FDE distributed random variable by the mapping
x — (log x”)% ,

we will be able to translate these results directly across from Section 2.2.2.

For each a € [0,1) define
11 .
Lo = (loglog|Vi|)> + S log(1 — a)ay .

Lemma 2.49 (Almost sure asymptotics for ¢). Denote by & ; the i*™ highest value of & in
Vi. Then for each a € [0,1) and o’ € (0,1], as t — oo,

Lio— & qvie] ~ Lo — Lty and |H(Lt’a/)| ~ |V;5|a/

hold almost surely.

Lemma 2.50 (Almost sure separation of high points of £). For any a > 0, let
M = {z € B(Vi.pr) : £(2) > Lra}

be the set of Ly, exceedances of & in the p,-extended macrobox B(Vi,n). Then, for any

a <a,ast— oo
1—2a’

sep (H;ft’“) U {0}) > Vi 4

eventually almost surely.

Corollary 2.51 (Paths cannot always remain close to high points of £). There exists a
c € (0,1) such that all paths p € T'(0, z) with {p} C V; satisfy, as t — oo,

Ed

{pi:pig B@™), 00} > 12 - 2,

eventually almost surely.

Proof. Note that the above result is slightly stronger than Corollary 2.20, since (i) we now
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consider paths that avoid certain balls of growing radius B(II**), p;), and (ii) the bound
is for distinct sites, rather than total indices. However, despite these changes, the proof of
Corollary 2.20 goes through exactly as before. For the first, this is since p; satisfies p, < t¢

for any ¢ > 0; for the second, this is immediate from the proof. O

We now introduce our semi-high sites, which as described above will be a constant
multiple of the scale a;. We aim to control how many semi-high sites can lie on a certain

set of shortest, or near shortest, paths inside the macrobox.

For any a € (0,1), define the semi-high level L , := (1 — a)a;. For any constant ¢ > 1
denote by Jt¢,q the event

Toea =) N {[{p:p ¢ BO, 00), €00) < Lua}| > (1= )11}

zEV; pel(0,z), {p}CV4,
[{i:pi g BAIED) p)}|<cle|

In words, J;.c,q is the event that all of the paths from the origin to sites z € V; either (i) have
a very large number of sites (> ¢|z|) lying outside balls around sites of high potential, or
(ii) have a reasonably large number (> (1 — p;)|z|) of such sites that also have potential
lying below the semi-high level. The decay term p, ! here is not crucial, as long as it decays

faster than (loga;)~t. We use p; for convenience.

To assist in bounding the probability of this event we recall the following classical large

deviations inequality.

Lemma 2.52 (Chernoff-Hoeffding bound). For any n € N and p € (0,1), let S, , denote
the sum of n i.i.d. Bernoulli random wvariables with probability p. Then, for any p < q < 1,

P(Snp > qn) < e~ nH(a;p)

where H(q;p) = qlog(q/p) + (1 — q)log((1 — q)/(1 — p)) is the Kullback—Leibler divergence

between Bernoully distributed random variables with parameters q and p respectively.

Proof. This is a well-known inequality, but we include a proof for completeness. By Markov’s

inequality, for any 8 > 0

P(S, > qn) = P(exp(3S,) > /) < E[exp(BSn)]efﬁq" = (eiﬁq(l —p—|—peﬁ))n )

8 =log <1zq> —log <1fp> >0

yields the result. O

Setting

Corollary 2.53. For anyn € N and 0 < ¢ < p, each N > n satisfies
P(Snp>gqn)>1-— e nH(ap)

Proof. Use the fact that P(Snp, > qn) > P(Spp > qn) =1—P(Sp1-p > (1 —¢)n). O
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Proposition 2.54 (Most sites on paths are below the semi-high level). For any a € (0,1)
and ¢ > 1, ast — o0,
P(Jtca) = 1.

Proof. Fix a ¢; € (0,1) that satisfies Corollary 2.51, and consider a fixed z € V; and path
inp eT,(0,2) with n < ¢|z| and {p} C V4. First note that since

P(£(0) > Lyq) = exp{—(log t)' 7},
we have that, eventually as t — oo,
H (o7 /(L= £ P(E(0) > Lea)) > pi7* (10g 1)~ + O(1) > (log )"
for some constant co € (0,1). Second, by Corollary 2.51, there are at least
|2|(1 =)

distinct sites on the path p that satisfy p; ¢ B(II'L*), p,), eventually almost surely. Applying
Corollary 2.53 with the (valid eventually) parameters

n=l2(1+17), p=1—exp{—(logt) ™} and q=1-p;'/(1—t"),
we deduce that

P (|{piipi ¢ BO™ .00, 6i) < Leaf| > (1= pi )1z
>1—exp{—|z|(1—t)(logt)**} + o(1)
> 1~ exp {~|#|(log#)°*}

eventually, for some c3 € (0,1). Note that this is a bound on the probability of a single path
p € T'(0, z) having a large number of sites with potential below the semi-high level IAJW.

We next seek to limit the number of essentially distinct such paths we need to consider,
in order that we may efficiently apply the union bound to complete the result. To do this, we
introduce an equivalence class on paths; this is similar to our approach in Section 2.4 above.
So let two paths p,p’ € T'(0, z) be considered equivalent if they have the same trajectories
outside the balls B(II¥*), p,). Then the events

{|{i 0 ¢ BOE, p)}| < =1}

and
{[{p: v ¢ BO®.p). € < Luaf| > (1= 5121}

are both class properties with respect to this equivalence class. Further, note that there are
less than
max{2d, |0B(0, p)|}°*! < eclzlee
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such equivalence classes with the property that

it pi & BOTED, o)} < 2],

Hence by applying the union bound over equivalence classes, and by the definition of p;, we
have that

P(Ji.c.a does not hold) < Y~ exp {|z|epy — |2[(log)=} — 0,
zeVy

as t — oo, which implies the result. O

2.6.2 Extremal theory for local principal eigenvalues

The results and proofs in this section follow very closely the Weibull case but in simplified
form — we do not seek to prove a local profile for the potential around Z;, which was the
source of many of the complications in the Weibull case. Note that, in place of the fixed
integer n, we shall prove our results for the growing radius n := p;. Here and throughout,
we shall fix a ¢ € (0,1) such that —1/ylog(1 —€) = 0 + 1. Note that our choice of € implies
that

Lio—Li~ay.

This choice is essentially arbitrary, as long as ¢ is sufficiently close to one. We also make use
of the same set of auxiliary scaling functions f, ke, eq, by — 0 and g — oo in (2.1), although
in the FDE case we shall need the slightly stronger assumptions that

1/logloglogt < by < 1
and

g:/logloglogt < by < fihy < gihy < ey (2.32)

Recall first S\En)(z), the punctured version of A (z), and define completely analogously
A(2) to be the punctured version of A(z) = A(#*)(z).

Proposition 2.55 (Path expansion for Xt) For each z € TIEve) yniformly, as t — oo,

Au(z) + > > I —_ +o(deey)

2<k<p; p€lp(z,z) 0<i<k )‘ n(pi)
piFz, 0<i<k
{p}CSB(z,pt)

— (=) + O ).

Moreover, as t — 00,

eventually almost surely.

Proof. The proof is the same as for Proposition 2.21, except that we now have, for each

pi € B(z,n) \ {2},
AN (2) = 0(pi) > Lie — Ly +2d ~ .,
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eventually almost surely. Moreover, p; has been chosen to satisfy, as t — oo,
CAlt_pt’ = o(dtet) 5

by the definition of p;. This means that, up to the error o(d:e;), we can truncate the sum
at paths with p; steps. It also means that the total contribution from the sum over paths
p € Th(z,2) is O(a; ). O

Proposition 2.56 (Extremal theory for A;; see [7]). There exists a scaling function A, =
ar + O(1) such that, as t — oo and for each fixed x € R,

t4p (5\,5(0) > A+ xdt) —e 7.

Moreover, there exists a ¢ < 1 such that, as t — oo and uniformly for x > 1,

ca”Y

‘P (S\t(O) > A + a:dt) <e °

Proof. The proof of the first result is similar to Proposition 2.22. Defining A; to be an
arbitrary scale a; + O(1), we still have that, by Lemmas 2.50 and 2.3, as t — oo,

j\gn) (0) > Ay + 2d; implies that £(0) > Ly,

eventually almost surely. Define the function

Qase) =21+ > Y ] ﬁn(m)’

2<k<p: pel'x(0,0) 0<i<k
pi#0,0<i<k
{r}CB(z,p+)

if £(y) < Ly for each y € B(0,5) \ {0} and Q(A+;€) := 0 otherwise. Then since, as t — oo,
uniformly on &,

Q(A; + xdy; &) = Q(A4;€) + o(dy)

and

exp {(A: + Q(A56)" } ~ dlogt,

we can compute the asymptotics as
P (3"(0) > A, +2d,) ~ P (g(o) > Ay + xdy + Q(A; + ady; 5))
~ P(§(0) > Ap + xdy + Q(At;f))
~t e /exp {e“Z — e(AerQ(A“g))W} dpie
3
~t e /eXp {ea7 — e(A”'O(l))W} dpre
3

where all the asymptotics are uniform in £. Since, for C' > 0 sufficiently large, eventually

¢ _ (@ +CH0)T () < gal _ glar—C+O()
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and so, by the continuity of @, there exists an A; = a; + O(1) such that, as t — oo,

/ exp {eaz _ e(Ari‘Q(At%f))’Y} dlj’E -1
&0

which gives the first result.

For the uniform bound, we again bound Q(A; + xd;; §) above, uniformly in = > 0, by
Q(As; €, 0), which produces the bound

Y v €T v
tid/exp {eat — exp { (At —|—Q(At;£)) <1 + (dlogtloglogt)1> } }dug.
13 v

We bound this expression above uniformly in > 1 using the bound, for some ¢ < 1, that

l4+cx, iifx<l1,
(I+z) >
1+cxY, ifx>1,

to get the upper bound

t_d/exp {ea? — e(At“’Q(At;g))’yeczw(dIOg t)71 } dug .
3

Combining with the bound e* > 1 + z and the definition of A; yields the result. O

Using the same method from before, we can use the above results to determine the

properties of the maximisers of the functionals ¥, ., defined by

\Il,gjc)(z) = A (z) - 2l logloglogt + cm ,
’ vt t
as well as their top two statistics
Zt(jc) = argmax \Ilgjc) (z) and Zt(jf) = argmax \II,E]C) .
1 zell(Et) ' ’ zeT1(&t) ’
2]}

In particular, using the scaling factor A; from Proposition 2.56, we have an identical point
process convergence as in Proposition 2.24 (with the same limiting point process density),

which implies the following scaling limit (and, as a consequence, Theorem 1.9).

Corollary 2.57. For each c € R, ast — oo,

(22 242 ) - e WA -

3 ) 3
Tt Tt d'rt drt
converges in law to a random vector with density

p(x1, 2, y1,y2) = exp{—(y1 +y2) — |z1] — [22]) — 2d€7y2}1{y1>y2} :
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We also introduce, for each ¢ € R, the events
Gre = A{Wro(Zte) — Wi o(Z) > drer},

He = A{rife <|Zi| <rge} and Ty :={ay — g¢ < Vi(Zy) < a¢+gi},

and the event
Ete =GoNG e NHL NI,

Proposition 2.58. For each c € R, ast — oo,
P& — 1.

Proof. This follows as in Proposition 2.26; the tighter bounds for Z; are achievable (and

turn out to be necessary) since now A,, ~ a; + O(1). O

Corollary 2.59. For each c € R, on the event & ., as t = oo,
Zt,c = Zt
holds eventually.

Proof. This holds just as in the proof of Proposition 2.27, using the fact that 1/logloglogt <
et/ g: eventually by (2.32). O

2.6.3 Negligible paths: Upper bounds and lower bounds

Recall the division of the solution into path components U?(t). We prove the negligibility

of U(t), for i = 2,3,4,5 in an identical manner as in the Weibull case, with a few minor

differences as noted below. These differences relate mainly to the use of high sites and

semi-high sites. Recalling our choice of ¢ < 1, define the constant ¢, := (1 — )~ > 1 and

abbreviate the event J; := J; ¢, ... Note that the constant ¢, is chosen so that, as t — oo,
s—calzl

ay Qg .

We begin by restating the lower bound on the total solution.

Proposition 2.60. For each c € R on the event & ., ast — oo,
logU(t) > tA(Z:) — |Z’Yt| log loglogt + O(td.b;)
almost surely.
Proof. ldentically as in the proof of Proposition 2.33, we have, on the event & ., as t — oo,

VA
logul(t, Zt) > tA(Zt) - Ipyt| IOg )\(Zt) + O(tdtbt) .
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On event &; . we have that Uy(z) < a; + g;. Since also |z| < ryg; on event & . we find that

At(Z) <a;+ g+ dtgt

and so we have the result. O

For the upper bound on UZ?(t) and U3(t), the proof proceeds as in the Weibull case.
Namely, we start with a bound on the contribution from equivalence classes P(p) € Py m,
and then we use this to prove the upper bound on the solution components. However, we
need to make a small modification to this argument to take advantage of our introduction
of ‘semi-high’ sites. To do this, for each equivalence class P(p) € P, m, denote the set of
indices

N = {z ip; ¢ B(H(Lt),pt)}

which is a well-defined on each equivalence class P(p) € Py, .

Lemma 2.61 (Bound on the contribution from each equivalence class). Let m,n € N and
p € T'(0) such that {p} C Vi and P(p) € Ppm. Define z(P) = argmax, e,y A(z) and
let ¢ > max{)\(z(p)),Ltﬁg}. Then, for each m,n,p and ¢ uniformly, there exist constants

c1,C2,c3 > 0 such that, as t — oo,
_ e —1\™
UP®i(t) < e I (ea(C = &lps) +2d)) " (eaay)" WD (1 +¢3 (C - )\(Z(p))) >
ieEN

eventually almost surely.

Proof. Note first that n > |N| + mp; eventually almost surely, since each visit to the centre
of a ball in B(H(Lf), pt) from outside requires at least p; steps, since moreover these balls
are well-separated eventually almost surely by Lemma 2.50, and since 0 ¢ B(II(E*), p,)
eventually almost surely. Then the rest of the proof follows as in Lemma 2.35, although we

now, in equation 2.24, only apply the bound
Li.—&(pi)+2d> Ly — Ly +2d ~ a4

to sites that lie inside B(H(Lt),pt); for the remainder of the sites p;, we keep track of the
potential £(p;). O

Proposition 2.62 (Upper bound on U?(t)). There exists a constant ¢ € R such that, on
the event J;, as t — oo,

log U2(t) < t ) O(tdsb
og U=(t) zeH(I?t%)\({Zf,} te(2) + O(tdyby)

almost surely.
Proposition 2.63 (Upper bound on U3(t)). There exists a constant ¢ € R such that, on

the event J;, as t — oo,

,C

1
log U3(t) < t¥0Y)(Z,) — he | Z,| logloglog t + O (tdyby)
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almost surely.

Proof. The proof of Propositions 2.62 and 2.63 is very similar to the proof of Propositions
2.36 and 2.37 in the Weibull case, with certain minor modifications relating to our intro-
duction of semi-high sites. We outline below the necessary modification to the proof of

Proposition 2.36; the modification to the proof of Proposition 2.37 are identical.

First, recall that in the proof of Proposition 2.62 we considered the pathset P2 whose

n,m

cardinality we bounded above by P2, | < "™, with k = max{2d,|0B(0,j)|}. In the
FDE case it will be necessary to instead bound this by |7327m| < KTKY, with kK1 = 2d, kg =
|0B(0, pt)|. Then, as in (2.26), we have that

U?(t) < max Jax (k" 3mUT ()} k"R
n,m n,m

Moreover, by Lemma 2.61, there exist c1, ca2,c3 > 0 such that

Wi U () < e T (ea(¢ = €i) +20) ™ (ean) "D (b3 + ema(¢ = AD (7)) 71) "
ieN

Note that we have the ‘naive’ bound
Li.—&pi)+2d> Ly — Ly +2d ~ ay

and hence the above expression is monotonous decreasing in n. Moreover, as before, we can
apply the cluster expansion to achieve monotonicity in m; the monotonicity holds precisely
because we have

n—|N|>mp;

and since we defined p; to satisfy
dt_pt < dtbt|8B(O, Pt)|71 = dtbt/HQ .
After invoking the monotonicity in m, we are left with the bound

K202 UP (1) < oSt 11 (ex(C — &lpi) +2d)) ™"
{izpig B(II(E) pr)}

Now recall that the event J; guarantees that either
{i:pi @ BOIY, p)}| > calz]

or else
{pi s pi & BAIEY p,), E(pi) < Lec} > (1= p;t)|2] .

The former corresponds to the situation where the path is very long, and indeed long enough
that the naive bound on &(p;) is enough to establish the correct penalty term. The latter
corresponds to the situation where the path is short, but we know instead that a stronger
bound holds for most £(p;) on the path.
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If the first holds, then applying the naive bound that {(p;) < L. we have
keI U () < e%;%'z'c';'
for some ¢z > 0. Since we defined ¢, precisely so that a, calzl | ag, this is equivalent to
keI U () < eCta;'z'ch'
for some cg > 0. If instead the second holds, then we may apply the stronger bound that
Lie—&(pi) +2d > Ly — it,a +2d ~eay
to at least (1 — p; ')|z| of the indices. This leads to the bound
rRIZMUP (1) < ectat_lz‘(l_p;l)clfl .
Since p; < log as, this is equivalent to
kMM UP (1) < e<ta;|z|cgz‘ )
This brings the proof back in line with the Weibull case, which we complete as before. [

Corollary 2.64. There exists a constant ¢ € R such that, as t — oo,

vapn, UZ(E) + UB(t) + U(t) + UP(t)
‘ Ut)

]].gt‘c ]]-.71, —0

almost surely.

Proof. The negligibility of U2, U? and U® follow from the above as in the Weibull case.
For U*, the upper bound of e‘ft is still sufficient since the event & . guarantees that
logU(t) > t(as — g¢ — digr) — tdrge and so

U4(t)/U(t) N et(Ltfat)etgt+2tdtgt < eftdtbt ’

as required. Note that here we used the tighter bound on ¥,(z) provided by the event Z;,
as well as the fact that a; — Ly = 0ay + o(1) > db;. O

2.6.4 Complete localisation and exponential decay

The completion of the proof of complete localisation (Theorem 1.8) and the upper bound
on exponential decay (Theorem 1.10) follows almost identically as to the proof of the cor-
responding results in the Weibull case; the necessary modifications have already been ad-
dressed in our proof of the upper bounds in the previous subsection. On the other hand, to
bound the exponential decay of the principal eigenfunction v;(y) we do not, as we did in the
previous subsection, make use of the semi-high sites. This is because, due to the correlation
in the potential field around Z;, we are unable to control the number of semi-high sites

on short scales near the localisation site Z;. Instead, we establish an upper bound for the
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exponential decay given by the rate a;.

Proposition 2.65 (Exponential decay of principal eigenfunction). Let ¢ € R be defined as
is Corollary 2.64, and abbreviate & := & .. Then there exists a ¢c; > 0 such that, on the
event & and for each y € By \ {Z:} uniformly, as t — oo

1
logve(y) < — <fy — 1) ly — Z|logloglogt + c1|y — Z]
eventually almost surely. As a corollary,
ul (t,y) . 1 ly—2Z¢|
U1 (t, Zt) &t ’
eventually almost surely.

Once we have established Proposition 2.65, the proof of Theorems 1.8 and 1.10 follow by
combining with Corollary 2.64 and Propositions 2.58 and 2.54, just as in the Weibull case.



Chapter 3

The Bouchaud trap model with

slowly varying traps

3.1 Introduction

In this chapter we study the BTM on the integers with slowly varying traps, that is, in the

case in which the tail function of the trap distribution

1

L) = 500

satisfies the slow variation property (1.14). In Chapter 1 we outlined our main results on

the localisation properties this model, which can be summarised as follows:

1. The BTM eventually localises, under the annealed law, on the first trap on the positive
and negative half-line respectively to exceed a certain deterministic level ¢; (defined
at (1.16)), in other words, the BTM exhibits two-site localisation (Theorem 1.12);

2. The probability mass on each of the two localisation sites is, asymptotically, in inverse
proportion to their distance from the origin (Theorem 1.13) — along with the scaling
of the localisation set (Theorem 1.13) this implies a single-time scaling limit, under
the annealed law, of the BTM (Corollary 1.15);

3. The BTM satisfies a certain functional limit theorem, under the annealed law, which

generalises the above single-time scaling limit (Theorem 1.16); and

4. Under the strengthening of the slow-variation property in Assumption 1, we obtain

simplified versions of our main results (Theorems 1.17 and 1.18).

In a sense each of our main results on the BTM can be viewed as manifestations of a
single phenomena, namely that in the slowly varying case the dynamics of the BTM are
dominated by the influence of the deepest trap the process has visited. This, in turn, is
essentially due to the following classical limit theorem on the sum/max ratio of sequences

of i.i.d. slowly varying random variables.

90
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Theorem 3.1 (Sum/max ratio of sequences of i.i.d. slowly varying random variables;

see [30]). Let o = {0;}ien denote a sequence of i.i.d. copies of o(0). Then, as i — oo,

i g;
@ -1 in probability .
maXi;<n 0;

In words, this result states that sequences of i.i.d. slowly varying random variables have
a partial sum which is asymptotically dominated by the maximal term with overwhelming
probability. Our results will be based on certain functional limit analogues of this limit

theorem (see Section 3.2.2), which are essentially due to Kasahara [50].

The rest of this chapter is organised as follows. In Section 3.2 we collect preliminary
results which will act as the main input into our proofs. In Section 3.3 we complete the
proof of two-site localisation (Theorem 1.12), as well as the ancillary results which lead to
the single-time scaling limit (Theorems 1.13 and 1.14). We also prove the simplified versions
of these results under Assumption 1 (Theorem 1.17). Finally in Section 3.4 we establish
our functional limit theorem for the BTM (Theorem 1.16), as well as its simplified version
under Assumption 1 (Theorem 1.18). Note that our functional limit theorems rely on certain
convergence lemmas for the various topologies on the Skorohod space D(RT) of real-valued

cadlag functions on R™; we collect these convergence lemmas in Appendix 3.5.

3.2 Preliminary results: Random walks and sequences

of slowly varying random variables

In this section we collect preliminary results which will be crucial to our proofs. Most of
these results are well-known, however certain extensions appear to be new (for example,
the joint convergence in (3.2) below). We first present properties of random walks and
finite-state Markov chains, and then establish properties of sequences of i.i.d. slowly varying

random variables.

3.2.1 Random walks and Markov chains

We start by presenting some basic properties of simple discrete-time random walks (SRW).
Let D = (D,,)n>0 denote a SRW on Z based at the origin. For a level I > 0 and a site z € Z
define the two-sided hitting time

a; :=min{n : |D,| > 1},
and the accumulated (discrete) local time up to this hitting time
L=|{n<a:D,=2z}.

Finally, let

d, := max D; — min D;
i<|n] i<[n]

denote the diffusion distance of D after n steps.
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Proposition 3.2 (Bounds for the local time of a SRW at the stopping time). As ! — oo,
both
Ly

1
max, L and =

l

are bounded below and above in probability.

Proof. These are simple consequences of invariance principles for random walk local times
(see, e.g., [62, Chapter 10]). Indeed, these invariance principles actually imply the stronger
result (see [20, Theorem 7.6]) that, as [ — oo,

1 pl J.
(l 113[21])26[_1 1 = (Vzl)ze[ﬂ,l] )

where v} denotes the local time of Brownian motion at the point z accumulated up to
the first hitting time of +1, and 2 denotes weak convergence in the Skorokhod space
D([-1,1]) of real-valued cadlag functions on [—1, 1] equipped with the J; topology; see [70]
or Appendix 3.5 for a description. O

Proposition 3.3 (Hitting probability for the SRW). For any x € ZT andy € Z~,

Y
P(by < by,) = ,
(be < by) =
where b, := min{n > 0: D,, = z}.
Proof. This well-known fact follows from the optional stopping theorem. O

Proposition 3.4 (Bounds for the diffusion distance of a SRW). As n — oo,

dn
Jn

18 bounded below and above in probability.
Proof. This is a simple consequence of Donsker’s invariance principle. O

Next, we shall establish some analogous results for continuous-time simple random walks
(CTSRW). Consider a CTSRW on the integers, initialised at the origin, and let v(n,x) be

its (continuous) local time after n steps, that is,

v(n,x) = Z iy

{0<i<|n]:D;,=z}

where ¢ = {¢;};en 18 a sequence of i.i.d. unit-mean exponential distributions. Further, let
Vmax (1) and vmin(n) be respectively the maximum and minimum (continuous) local times

among the sites visited after n steps

Vmax(n) = pehax v(n,z) = max v(n,z);
Umin(n) == min  v(n,x).

z€{D;:i<n}
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Proposition 3.5 (Bounds for the local time of a CTSRW). Asn — oo,

v(n,0) and Vmaz(n)

vn vn

are both bounded below and above in probability.

Proof. If (B¢)i>0 is a Brownian motion, and (L;())¢>0,zep is its local time process, then
it is standard that L,,,(0) has an exponential distribution with mean one, where o4 is
the first hitting time of £1. It follows that (v(n,z))n>0,0cz has the same distribution as
(Lo(n)(®))n>0,0ez, where 0(0) = 0 and, for n > 1, o(n) := inf{t > o(n —1) : B; €
Z\{By(n—1)}}- Since n~to(n) — 1 almost surely, it follows that

\/ﬁ \/ﬁ zeD

in distribution, where to deduce this it is also helpful to recall the scaling property of

= L1(0) and

Brownian local times, i.e. (L¢(2))t>0,zeD 4 (/\’1/2L>\t(Al/zx))tzoyxeR. O

Proposition 3.6 (Bound for the minimum local time of a CTSRW). For any T > § > 0,
asn — oo,

n min = Vpyin(t
1€[n26,n2T) ( )

is bounded below in probability.

Proof. Combine the identity

. d
nminy; =v¢y, neN
i<n

with the bounds on the diffusion distance of Proposition 3.4. O

To complete this section, we state a useful aspect of the convergence of a finite-state

Markov chain to equilibrium.

Proposition 3.7 (Monotonic convergence of a Markov chain to equilibrium). Let M =
(Mi)i>0 be an irreducible, finite-state, time-homogeneous, continuous-time Markov chain,
initialised at a state 0. Suppose further that the transition rates w of M satisfy the detailed

balance condition, i.e. there exists a non-negative vector w such that

T(T)Way = T(Y) Wy

for each pair of states x and y. Then w is the unique equilibrium distribution for M and
satisfies, as t — oo,
P(M; =0) |l 7(0) monotonically.

Proof. This is a well-known result from continuous-time Markov chain theory. It can be
proved by considering the spectral representation of P(M; = 0) in terms of the eigenvalues \;

and eigenfunctions ; of the generator of M, i.e.

P(Mt = 0) = Zekit@?(0)7
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recalling that the detailed balance condition ensures that each \; and ¢; is real. Since
P(M; = 0) is bounded as t — oo, each \; must satisfy \; < 0, resulting in the monotonic
convergence of P(M; = 0) to its equilibrium density. O

3.2.2 Sequences of slowly varying random variables

Here we state general properties of sequences of i.i.d. random variables with slowly varying
tail. Let Y := {¥,}nen be a sequence of i.i.d. copies of ¢(0), and let M := (M,)n>0 and

Y := (3,,)n>0 be, respectively, the extremal and sum processes for the sequence Y, i.e.

M, :=max{Y;:i < |n|} and X, := Z Y.
i<|n]

The key to our analysis of the trapping landscape is the fact that the extremal and sum
processes for Y have scaling limits that coincide; this can be considered as a functional limit
extension of the classical result on the sum/max ratio of sequences of slowly varying random

variables (see Theorem 3.1).

Proposition 3.8 (Functional limit theorems for the extremal and sum process; see [50, 53]).

Asn — o0,
1 J 1 J
(L(Znt)> :i (mt)t>0 and (L(Mnt)> :é (mt)t>0 5 (31)
>0 - n >0 -

where m 1= (my)r>0 denotes the extremal process
my = max{v; : 0 < z; <t}

for the set T := (%;,v;)ien, an inhomogeneous Poisson point process on RT x RT with
intensity measure x~2dx dv, and 4 denotes weak convergence in the Skorokhod space D(RT)
equipped with the Jy topology; see [70] or Appendiz 3.5 for a description. Further, the

convergence in equation (3.1) occurs jointly, in the sense that

nL(Mnt)) 2 (0),5 - (3.2)

The first statement in equation (3.1) is the main result of [50]; the second statement
may be derived by applying [53, Theorems 2.1, 3.2] to the sequences 1 = {t; };en of i.i.d.
unit-mean exponential random variables, and then transforming using the inverse transform

theorem,
d ,_
Y, = L (exp{vn}).

Denoting by MY the extremal processes for 1, i.e. M¥ := max{t; : i < |n|}, this yields
MY, —logn L Jog my (3.3)

(where we note that the limit process (m(t)):>o in [53] is (logmy)i>0 in our notation). For

the final step, we need to be slightly careful since L(Y;) is not identically distributed as ¥
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in general. However, we do have that

L (M) L L(L7 (M) o

P X
eMnt n

as processes. By (3.3), the second product converges in distribution to (my);>o in the Ji
topology. As for the effect of multiplying by the first term, this can then be controlled using
the facts that eM+ — oo almost surely, L(L~!(z)) ~ x as & — oo (since L is slowly varying),

and also, for any ¢ > 0,

lim lim P (n™'L(My) >¢) < lim lim P (n 'L (Z,) >¢) =0

t—0n—oo t—0n—oc0
by the first part of the proposition.

To establish the joint convergence in equation (3.2) we shall need the following two

additional lemmas.

Lemma 3.9 (Monotonicity implies joint convergence). Let {X,,}nen and {Y,}nen be se-
quences of random wvariable defined on a common probability space, and suppose that, as
n — oo,

Xo=72 and Y,=7Z inlow

for some limiting random variable Z. Assume further that X, > Y, for each n. Then, as
n — oo,

X,—-Y,=0 inlaw.
Proof. For each n € N, y € R and € > 0 we have

P(Yn>y):P(Yn>y7 Xn_Yn25)+P(Yn>yv ‘Xn_Yn‘ <€)
<PX,>y+e, X, - Y, >e)+P(X, >y, | X, Yo <e)
:P(Xn >y+5)+P(Xn€ (y7y+5]7 |Xn_Yn| <€)7

and so
P(X,€(Wy+el, | Xo—Yo|<e) 2PV, >y) —P(X,>y+e) " P(Ze (y,y+e]).

To complete the proof note that, for arbitrary C > 0, we can cover (—C,C] with a finite

number of disjoint regions (y;, y; + €]. Summing over these, we have that, for each C' > 0,
liminf P(|X,, — Y,| <¢e) > liminf P(X,, € (-C,C], | X, — Y| <e) >P(Z € (-C,C)).
n—oo n—oQ

Taking C' — oo establishes the result. O

Lemma 3.10. For € > & > 0 and non-decreasing functions x;,y; — oo, there exists a
t' > 0 such that

{t >t :L(x;) > (1 +e)L(ye)} C{t >t : L(xws —yt) > (1+ &) L(y) -
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Proof. By the slow variation property (1.14), as t — oo eventually
(1+e)L(y) > L(2yt) -

Hence if L(x:) > (1 + &)L(y:), then z; > 2y; eventually since L is non-decreasing, and so
x¢ — y¢ > x¢/2. This means that

L(zy —yt) > L(x/2) > (1 — ") L(x)

eventually for any £’ > 0, again by the slow variation property (1.14). The claim then
follows by choosing £” such that (1 —&”)(1+¢) > (1 +¢&). O

We can now establish the joint convergence in equation (3.2).

Proof. By applying Lemma 3.9 component-wise, the convergence in (3.1) implies that the

finite-dimensional distributions of

(320 - L0 )

t>0

converge in law to the zero random vector; it remains to establish tightness in the topology
of uniform convergence on compact sets. Using the criteria of [48, Proposition VI.3.26], we
need only check that, for arbitrary 0 < § < T and € > 0,

. c> “o

(22w = 12E)) = (5200 - 1201)) | > ) ~0

1 1
ZL(S,) — —~L(M,
~L(Su) — — L(My)

C'— 00 n—00 te[s,T)

lim lim P < sup
and

lim P | sup sup

n—00 (te[é,T] u,WE[t,t4] n n

both hold. The first criterion is trivially satisfied by the convergence in (3.1). For the
second, since both (n™'L(X,4))¢>0 and (n~'L(M,t))i>0 converge in the .J; topology to the

pure-jump process my, it is sufficient to show that the (finite) set of non-negligible jumps of

(n—lL(zm))tew] and (n_lL(Mnt))tE[&T]
are eventually matched exactly, i.e. that

<1L(gnt) - iL(Zm)> - (iL(Mm) - :LL(MM)> ’ > 5) ~0.

n

lim P | sup
n=—00 te[s,T)

Observe that, by the respective definitions of M and S,
Mnt Z Znt - Ent* and Ent* Z Mnt* .

Together with Lemma 3.10 and the fact that L is non-decreasing, this implies that, for any
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e >¢' >0, as n — oo eventually we have the set inclusion
1 1 1 1
t€[0,T]: —L(Ene) > (L +e) - L(En-) 0 C T E[6T]: ~L(Mnt) > (L4) - L(Mpe-) ¢

Since the jumps are bounded in probability, the non-negligible jumps of (n’lL(Em))te[(g,T]
are eventually matched exactly by non-negligible jumps of (n*IL(Mnt))te[(;,T]. To com-
plete the proof, note that if ¢ > 0 denotes the time of the first non-negligible jump in
(n"'L(Mpyy))iejs ) that is unmatched by a jump in (n='L(X,:))ie(s,7, then as n — oo we

would eventually have M, > ¥,,/, which is a contradiction. O]

Finally, we study some properties of the jump-set J of the maximum process M, i.e.
J:={n:M, #M,-} CN.

We are interested in particular in the spacing of this jump-set. Note that this result does

not depend on the fact that the tails are slowly varying.

Proposition 3.11 (Jump-set spacing). For each C > 0, as n — oo,

sep(J N (n/C,nC])

n

[T N(n/C,nC]| and

are respectively bounded above and bounded below in probability, recalling that sep(S) denotes
the separation of the set S
S) := min |i — j|.
sep(S) = min |i —j|
i
Proof. Let ¢ = {4;}ien be a sequence of i.i.d. unit-mean exponential random variables,
with MY the extremal processes for v, i.e. MY := max{t; : i < |n|}, and JY its associated
jump-set, ie. JY = {n : MY # M:f’,} Denote by (kI');>1 the ordered list of indices

i > n/C such that ¢; > M;f}/c and abbreviate K, := |[{i : kI < nC}|. Clearly we have that

7Y N (n/C,nC)| < K,
and
sep(JY N (n/C,nC)) >sep(k? :i=1,2,...,K,).
Moreover, by the inverse transform theorem

4

Y, Lil(exp{qﬁn}) s

and so there is a coupling of the sequences Y and v such that, for all n,
M, # M, = MY#M" .

Therefore, for this coupling, J C JY¥, and so it is sufficient to prove that

sep(k; :i=1,2,...,K,)
n

K, and
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are respectively bounded above and bounded below in probability.

For the first, note that, conditionally on M;f/ o> the random variable K, is distributed as

Bi (LnC’ J,exp{_M;f/C}) , (3.4)

where Bi(n, p) denotes a binomial random variable with mean np and variance np(1 — p). It

is a classical result of extreme-value theory (see, for example, [61]) that, as n — oo,
M;f’ —logn =G inlaw,
where G denotes the Gumbel distribution, and so

nexp{—M;f/C} (3.5)

is bounded above in probability. Together with equation (3.4) and Markov’s inequality, this
implies that K, is also bounded above in probability.

3

For the second, note that, conditionally on M:f’/c, for any i > 1, the distance k', ; — k[ is
distributed as Geo(exp{fM:f/C}), where Geo(p) denotes a geometric random variable (with
support 1,2,...). Again, by equation (3.5), this implies that n~'(kl"; — k?*) is bounded
below in probability. By applying a union bound (conditionally on K, which we already
know is bounded above in probability), we get the result. O

3.3 Two-site localisation in the BTM with slowly vary-

ing traps

In this section we prove the two-site localisation of the BTM with slowly varying traps
(Theorem 1.12). In particular, we prove that the BTM eventually localises on the set T’
consisting of the first trap on the positive and negative half-line respectively with depth
exceeding the level ¢;. This allows us to establish the ancillary properties of the localisation
set in Theorems 1.13 and 1.14. Finally, we prove the simplified description of the localisation

result (Theorem 1.17) available under Assumption 1.

The rest of the section proceeds as follows: we first prove our results under the assumption
that certain favourable inhomogeneity properties of the trapping landscape hold; we then
analyse the trapping landscape, showing that these favourable inhomogeneity properties

hold with overwhelming probability.

3.3.1 Two-site localisation under certain favourable inhomogeneity

assumptions

In order to define the favourable inhomogeneity properties, we shall need an auxiliary func-
tion h; that tends to infinity (i.e. such that hy — oo as t — 00). We shall think of h; as being

arbitrarily slowly growing, and indeed we shall require h; to satisfy h? = o(r;) as t — oco.
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Further, define the quantities

Si = Z dy == d ‘= mi
+ a(z2), t = max |z an my = min a(z2),
VASRIRI A

and the h-dependent quantity
S; = Z Z a(z).
=12 <220 | <ry /by

We may now define the favourable inhomogeneity properties as the (P-measurable, h-

dependent) events

t th? _
Al = {Stdt<}, Bl = {mt>t} and C':= {St<ét}.
Iy Tt hy

In Section 3.3.2, we show that we can choose h; growing sufficiently slowly that, as ¢ — oo,
P (A} Br,C!) — 1. (3.6)

For now we work under the assumption that (3.6) holds for a certain choice of h;, showing
how the main Theorems 1.12-1.14 follow from this assumption. The proof proceeds in the
following stepsThis argument follows a similar structure to that used to show localisation of

one-dimensional random walk in random environments in [72, Theorem 2.5.3].:

1. For a large fixed t, we show that the BTM is overwhelmingly likely to have hit the

set I'y before time t;

2. Assuming that the event in (1) occurs, let § € Ty denote the first site in T’y hit by the
BTM. We then show that the BTM is very unlikely to have exited a certain narrow
region If around the site y by time ¢;

3. Assuming that the events in (1) and (2) both occur, we use the equilibrium distribution
of the BTM on an interval with periodic boundary conditions to show that the BTM is
overwhelmingly likely to be located at the site y at time ¢, establishing Theorem 1.12.

4. Remark that (1)—(3) above imply that the BTM is overwhelmingly likely to be located
at the site in 'y that it first hits. To finish the proof of Theorems 1.13 and 1.14, we
use simple properties of random walks and some basic extreme value theory.

Step 1: Hitting the localisation set. Fix a scaling function h; such that (3.6) holds.
For each trapping landscape o and time ¢ > 0, consider the BTM (X;)s>0 in the trapping
landscape o and define the hitting time

t=inf{s >0: X, €T;}.
Proposition 3.12. Assume A} holds. Ast — oo,

P <t) — 1.
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Proof. Let @, denote the discrete local time at z of the geometric path induced by {Xj :
s < 74}, and define
T,o={:e2:2% <2<2ZV}.

Considering 7 as the sum of waiting times along the geometric path induced by {X; : s <

71}, we have that

s < Z Gam (Q.,0(z)) < Z Gam (mzaxQz,U(z)) )

z€ly z€ly

where each Gam(n, p1) is an independent gamma random variable with mean nyu and vari-

ance nu?. Remark that, by the definition of d,

max, ), < max, L%

b e (3.7)

and recall that, by Proposition 3.2, the right hand side of (3.7) is bounded above in proba-
bility. Since h; — oo, this implies that, as t — oo,

P|7 <) Gam(dhi/2,0(2) | —1. (3.8)
zef‘t

Note that the factor of a half in the above equation is included purely for convenience in

what follows. By Chebyshev’s inequality,
P (Gam(n, 1) > 2nu) < nt,

and so, using the fact that

P(ZE’ZZ%‘) <Y PYizuy)

for an arbitrary collection of random variables {Y;};cn and real numbers {y;};cn, and also
the fact that |T';| < 2d; by definition, we have

P( Z Gam(dih:/2,0(2)) > Stdtht> < Z P(Gam(dtht/la(z)) > U(z)dtht> (3.9)

zely z€Ty
< 2 <20 asto
— as 0.
~ dihy Iy
Since S;dihy < t on AP, combining equations (3.8) and (3.9) yields the result. O

Step 2: Confining to a narrow region. Define the random site g := X1 €I'y, anarrow
region around ¥
IV={2€Z:|z—g| <rih},

and a second, strictly-later hitting time

2i=inf{s>71}: X, ¢ IV},
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Proposition 3.13. Assume B} holds. Ast — oo,
P(rf >t) — 1.

Proof. Consider that
P(r2>t) > P12 -1} > 1),

so it is sufficient to prove that the latter probability converges to one. Let Qg denote the
discrete local time at 7 of the geometric path induced by {X; : 7 < s < 74}. Following the

same reasoning as in the proof of Proposition 3.12, we have that

72— 23 Gam(Qs, 0(2)) = Gam(Qo, 0(7)) = Gam(Qo,my).

z€I7

By Proposition 3.2, as t — oo,
T /ht
QO i Eo /
Tt/ht 7”t/ht

is bounded away from zero in probability, and so eventually

2
P <TE — 7} > Gam (};tmt» 1. (3.10)
t

Note that the factor of two here is again included for convenience in what follows. By
Chebyshev’s inequality,
P (Gam(n, u) < nu/2) <4n~ ',

and so, using the fact that h? = o(r;) as t — oo,

2
P(Gam (};t,mt> < 7“2772%:) <2h?/ry -0 ast— oo. (3.11)
t t
Since 7¢my/h? >t on BP, the result follows from combining (3.10) and (3.11). O

Step 3: Two-site localisation. Introduce a new random process (X;)SZO on the same
probability space as (Xs)s>0 which is: (i) coupled to (X)s>o until time 7}; and (ii) thereafter
evolves as the BTM on IZJ with periodic boundary conditions. In other words, (Xigﬂ)szo
is a continuous-time Markov chain on I}, based at § := X1 by definition, with transition
rates

%(z), if 2y,

Wiy = .
0, otherwise,

where z ~ y denotes that z and y are either neighbours in If7 or that z and y are the two

end points of I}.

Proposition 3.14. Assume C! holds. Ast — oo,
P(X!{=g|r <t)—1.

Proof. Remark first that the BTM defined on any locally-finite graph satisfies the detailed
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balance condition. Hence we can apply Proposition 3.7 to the irreducible, finite-state Markov
chain {Xj1+s}5>o. We conclude that, as s — oo,
) >

P(Xitl_s_s =¢)l 7(g) monotonically, (3.12)

where 7 is the equilibrium distribution of the BTM on Itg with periodic boundary conditions.
We claim that this equilibrium distribution is proportional to the trapping landscape o. To
see why note that, by the definition of the BTM, 7 satisfies

(Ae™Hr=A(e™'n) =0,

where A is the discrete Laplacian on I, tg with periodic boundary conditions, o denotes point-

wise multiplication by o, and 0 denotes the zero vector. Since the equilibrium distribution

1

of A is uniform, the vector o~ "7 is also uniform, and the claim follows.

As  is proportional to o, this implies that

for all z € IY. Since, on the event CI',

Z o(z)§§t<}%<0}f) =o(o(g)) ast— oo,

=€\ {g}

we have that, as t — o0,

> w(z)=0. (3.13)
€17\ {7}

Combining equations (3.12) and (3.13) gives the result. O

Proof of Theorem 1.12, assuming (3.6) holds. We work on the event that each of A", B
and C" holds, which is sufficient by (3.6). Note that, by the definition of {X*}s>0,

PXI|ml <t<7t)=P(X, |7} <t<7?)
Combining this with Propositions 3.12-3.14, as t — oo,
PX¢=9)—1, (3.14)

and we have the result. O

Step 4: Completion of the proof of Theorems 1.13 and 1.14.

Proof of Theorem 1.13, assuming (3.6) holds. Again we work on the event that each of
AP B and C} holds, which is sufficient by (3.6). Considering the BTM as a time-changed

simple discrete-time random walk, it follows from Proposition 3.3 that

27|

P=2z")= =20
A S P
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Combining with equation (3.14) completes the proof. O
Proof of Theorem 1.14. Each o(z) exceeds the level I; with probability

P(o(0) > 1) =1/L(l;) = 1/r; .
Hence for each z,y > 0, as t — oo,
P(Zt(l) > xre, —Zt(g) > y’f‘t) = (1 — 1/Tt)LITtJ+LyTtJ ~ 67m7y7

which proves the result. [

Simplified description of two-site localisation under the stronger assumption

We finish this section by proving Theorem 1.17, assuming (3.6) holds. Note that it is
sufficient to prove that, under Assumption 1, as t — oo,

P(o(z) € (€4,t]) = 0,

since then ZAt(i) = Zt(i) with overwhelming probability, and so Theorem 1.17 follows directly
from Theorem 1.13. Note that this is equivalent to showing that, as ¢ — oo, L(t) ~ L(4;).

To prove this, first note that Assumption 1 implies the slightly weaker assumption? that,
as u — 0o,
L(uL(u))
L(u)
Applying this to ¢; we deduce that L(£,L(¢;)) ~ L(¢;). On the other hand, by the definition
of ¢, at (1.16), L(¢,L(¢;)) > L(t) > L(¢;). Hence, combining the above, L(t) ~ L({;), as
required.

3.3.2 The trapping landscape is sufficiently inhomogeneous

In this section we prove that the trapping landscape o is sufficiently inhomogeneous, in
the sense that the favourable events A", B? and C}! all hold eventually with overwhelming
probability for a suitable choice of the slowly growing scaling function h;. In other words,
we prove that (3.6) holds. This analysis relies crucially on the fundamental properties of

sequences of i.i.d. random variables that were established in Section 3.2.

Specifying the scaling function

Let us first specify an appropriate choice for h;. The main condition we require is that

h: — oo slowly enough so that, as t — oo,
L(6:/h3) > L(;)(1 —1/hy) and  L(¢:h3) < L(£4:)(1 4 1/hy) (3.15)

eventually, remarking that such a choice is possible by the slow variation property (1.14).

For completeness, we construct an explicit scaling function h,; satisfying (3.15). Define an

2The stronger form of the assumption is necessary for Theorem 1.18.
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arbitrary, positive, increasing sequence ¢ := (¢;);en T 00, and denote, for each u > 0,

By the slow variation property (1.14), for each u we know that fi(u) — 1 as ¢ — oo. This

means that, for each i € N, there exists a t; > 0 such that
file7?)>1—=1/¢; and  fi(c}) <1+1/c; forallt>t;.

So we can simply define h;, with increments only on the set {t;};en, satisfying hy, := ¢;; it
is easy to check that h; satisfies equation (3.15). Recall also that we imposed the condition
that h? = o(r;) in Section 3.3. To construct a scaling function h; that satisfies these two
conditions simultaneously, simply take the minimum of scaling functions that satisfy each

separately.

Properties of sequences of slowly varying random variables

We now extract consequences of the results that were established in Section 3.2.2 above for
sequences of i.i.d. slowly varying random variables. In particular, recall the definition of
Y, M and ¥ from that section, and for a level [ > 0, define

n;:=min{n € N: M,, > 1} and sl::Enl‘:ZYi

i<ng

to be respectively the index of the first exceedance of the level [ and the sum of all previous

terms in the sequence. Further, for any h > 0, define

Elh = Z Y..

n:1<|n—n;|<L(l)/h

Our aim is to analyse the four random variables ny,, s¢,, Yy, and EZ:. To assist in this

analysis, we first need a preliminary asymptotic for /;.

Lemma 3.15 (Preliminary asymptotic for ¢;). Ast — oo,
by ~ /Ty
Proof. From the definition of ¢; at (1.16), it holds that
GLG) <t < GL(L). (3.16)
On the other hand, by the slow variation assumption (1.14), as u — oo,
L(u™) ~ L(u)

which, combining with equation (3.16), gives the result. O
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Proposition 3.16 (Asymptotic law of the index of first exceedance). Asl — oo,

ny .
70 =& inlaw,

where € is an exponential random variable with unit mean.
Proof. Each Y; exceeds the level | with probability
P(o(0) > 1) =1/L(1).
Hence, for each x > 0, as | — oo,
P(ny > zL(l)) = (1 — 1/L(1))=LO) 5 g== O

Proposition 3.17 (Upper bound on sum prior to first exceedance). As ¢t — oo,

t
P < —=]—=1.
(Sét 27”th%)

Proof. By the joint scaling limits for M and ¥ in Proposition 3.8, as | — oo,
L(s1)/L(1)
converges in law to a certain (0, 1)-valued random variable. Hence, as t — oo,
P (L(sp,) < L(:)(1 —1/hs)) — 1.

Combining with the first statement in equation (3.15) and the fact that L is non-decreasing
yields, as t — o0,
P (sg, < Lh°) — 1.

Finally, applying Lemma 3.15 gives the result. O

Proposition 3.18 (Lower bound on first exceedance). Ast — oo,

th?
P (Y% > t) 1.

Tt

Proof. By the scaling limit for M in Proposition 3.8, as | — oo,
L(Yo)/L(1)
converges in law to a certain (1, 00)-valued random variable. Hence, as t — oo,
P (L(Ymt) > L(6)(1+1/hy)) — 1.

Combining with the second statement in equation (3.15), the fact that L is non-decreasing,
and Lemma 3.15 yields the result. O
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Proposition 3.19 (Bound on partial sum). Ast — oo,

l

_hy t

P(SZ; < h?) — 1.

Proof. We first claim that 5?: is stochastically dominated by ¥, /5,. This is since

v 4 Y1|{Y1§£t} < Yy, if i < mny,,
' Yl; ifi>ngt,

where Y] |{Y1 < ¢;} denotes the random variable Y7 conditioned on the event that {Y; < ¢},

and moreover, for any x > 0 and n € N,
{i:1<|i—n| <z} <22

By the scaling limit for ¥ in Proposition 3.8, as [ — oo,

L(ZQTt/ht)
2Tt/ht

converges in law to a certain strictly-positive random variable. This implies that, as ¢t — oo,
p (L(g;};) <r(l— l/ht)) P (L(§Zf) < L(t)(1 - l/ht)> 1.

Combining with the first statement in equation (3.15) and the fact that L is non-decreasing

yields the result. O

The trapping landscape is sufficiently inhomogeneous

We are now in a position to prove that the events A" B and C! all hold eventually with

overwhelming probability.

Proposition 3.20. Ast — oo,
P(A}) — 1.

Proof. Applying Proposition 3.16 to the sequences {0(2)}.cz+ and {o(2)}.cz-\ 0} we have
that, as t — oo,

P (dt < Ttht) — 1. (317)
Similarly, applying Proposition 3.17 to the same sequences, as t — oo,
P (S, <t/(rh7)) — 1. (3.18)

Combining equations (3.17) and (3.18) yields the result. O

Proposition 3.21. Ast — oo,
P(B!) — 1.
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Proof. Similarly to the above, apply Proposition 3.18 to the sequences {c(2)},cz+ and
{o(2)}zez-\(0}- O

Proposition 3.22. Ast — oo,
P(C!) — 1.

Proof. By Proposition 3.16, as t — oo, neither of the sets
{z:]z =2 <rifhe}, i=1,2

contains the origin with overwhelming probability. On this event, each of the sums

> o(z), i=1,2

0<\z—Zt(i)|<7't/ht

is distributed as an independent copy of the random variable EZ* defined in Section 3.2.2.

Applying Proposition 3.19 yields the result. O

3.4 Functional limit theorem for the BTM with slowly

varying traps

In this section we prove the functional limit theorem for the BTM with slowly varying
traps (Theorem 1.16). We also prove the simplified version of this limit theorem under
Assumption 1 (Theorem 1.18). Finally, we make precise the sense in which the scaling limit
of the BTM can be considered as the ‘extremal FIN process’, that is, the natural analogue of
the FIN diffusion with parameter a € (0, 1) in the limiting case a = 0. Note that throughout

this section we will work under the annealed law, denoted by P.

Let us begin by recalling our candidate for the scaling limit of the BTM, which we
described in Chapter 1 as a time-changed (or subordinated) standard Brownian motion.
Motivating this description, and key to the proof of our functional limit theorem, is the
observation that the BTM can also be expressed as a time-changed simple random walk,
where the time-change depends on the realisation of the underlying random walk. To see
this, let D = {D;};en be a SRW on the integers and let v = {t;};en be a collection of
i.i.d. unit-mean exponential random variables, with D, 1 and o independent. Define an

D-dependent clock process A = (A, )n>0 by setting

An = Z in'(DZ'),

i<[n)
and let IP = (IP);>¢ be its right-continuous inverse, defined by
IP :=inf{n: AP > t}.

It is not hard to see that, under the annealed law, the BTM has an identical distribution
to Dyp. In other words, the BTM may equivalently be defined via a subordination of a

simple random walk D by the D-dependent clock process A.
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Recall that our construction of scaling limit of the BTM followed an analogous pattern,
proceeding by first constructing a clock process m? that depends on the exploration of a
Brownian motion B (see (1.18)), and then defining the scaling limit as Bys, where I is
the right-continuous inverse of m®. Indeed, in order to prove the functional limit theorem,
the main step is to analyse the clock process A, establishing its convergence to the limit
process m?. The functional limit theorem for the BTM then follows by an application of
the continuous mapping theorem. In particular, it will be sufficient to prove the following

theorems.

Theorem 3.23 (Functional limit theorem for the clock process). Under the annealed law,

1 1 M, B
(2 (nA)> 7 ()i

where & denotes weak convergence in the My topology.

as n — 0o,

Theorem 3.24 (Simplified functional limit theorem for the clock process). Suppose As-

sumption 1 holds. Under the annealed law, as n — oo,

1
(nL(An%)> 4 (mf)
t>0

where 2 denotes weak convergence in the Jy topology.

Before proceeding, let us explain why the M; and L ), topologies are the appropriate
topologies for the convergence of the clock process in Theorem 3.23 and the convergence of
the BTM in Theorems 1.16 and 1.18 respectively, but that the J; topology suffices for the
convergence in Theorem 3.24. Recall that the M; topology extends the usual J; topology
by allowing jumps in the limit process to be matched by multiple jumps of lesser magnitude
in the limiting processes, as long as they are essentially monotone and occur in negligible
time in the limit (see Appendix 3.5). With regards to Theorem 3.23, the need for the M;
topology arises because the total amount of time that the BTM spends at the deepest-visited
trap is a result of multiple visits to the trap, all of which can contribute in a non-negligible
way to the jump in the limit clock process. Convergence in the stronger J; topology would
only hold if only the first visit to the trap made a non-negligible contribution in the limit;

this is precisely what is guaranteed by Assumption 1, but is not true in general.

Recall also that the non-Skorohod L 1o topology extends both the J; and M; topologies
by allowing excursions in the limiting processes that are not present in the limit process,
as long as they are of negligible magnitude in the L; sense (which, in particular, is the
case if they are of bounded size and occur in negligible time in the limit). In regards to
Theorems 1.16 and 1.18, the need for the L 1o topology arises because, during the time
that the BTM is based at the deepest-visited trap, the BTM makes repeated excursions
away from this site. Although these occur in negligible time in the limit, they are of a
magnitude comparable to the distance scale, and so prevent convergence in the stronger
Skorohod topologies. See [36, 56] for other examples of trap model convergence results that
make use of the Ly 1o topology (or close variants). We remark that the convergence in the
L1 1oc topology is too weak to imply the convergence of some commonly used functionals of

the sample paths of X, including infe(o 7 X¢ and sup,cpo 1) Xt
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Finally, we believe that the convergence in the L joc topology in Theorems 1.16 and 1.18
can actually be mildly strengthened to convergence in a topology that allows for zero-time
excursions of bounded size in the limiting processes, but only if they occur at jump-times
of the limit process (c.f. the space E in [70, Section 15.4]). That we expect convergence to
hold in this stronger topology is essentially due to the highly non-linear rescaling of time in
the limit; since this is an artefact of the rescaling rather than an intrinsic property of the
processes, we choose not to pursue the additional technical complications necessary to prove

such a result here.

3.4.1 Scaling limits for the clock process

In this section we prove the convergence of the clock process A to the limit process m?,

both in its general form in Theorem 3.23 and in its simplified form under Assumption 5.4
in Theorem 3.24. Our strategy is to ‘squeeze’ the clock process A between the D-explored

extremal and sum processes defined respectively by

max;<|n)| Dn
MP .= max 3 o(2): min D, <2z < max D, and %P .= Z o(z).
i<|n] i<|n] )
z=min;<|n| Dn

We then apply a general squeeze convergence result for the Skorohod M; topology that we
state and prove in Appendix 3.5 to complete the proof.

Throughout this section, fix constants T' > § > 0. For technical reasons, we will addi-

tionally define an auxiliary function h,, — oo growing sufficiently slowly that

fo HE /b)) L (/) )
w LI (nfh) e LN nfha)

(3.19)

remarking that such an h,, is guaranteed to exist by the slow-variation property (1.14)
and since lim,,_, o, L™ !(n) = co. For completeness, we give an explicit construction of an h,,
satisfying the left-hand side of equation (3.19); the construction of an A, that simultaneously
satisfies the right-hand side of equation (3.19) is analogous. Define an arbitrary increasing

sequence ¢ = (¢;);en — 00, and denote, for each u > 0 and each n > 0,

L(L7Y (nu)u)

P = T )

By the slow-variation property and since lim,, .o, L™!(n) = oo, we have that f™(u) — 1 for

each u. This means that, for each i € N, there exists an n; € N such that
1—f"(1/c;)| <1/e; forallm>mn;.

So define h,,, with increments only on the set {n;};en, satisfying h,,, := ¢;.

Similarly, under Assumption 1, we will additionally require that h,, satisfies

f BT 0/ha) /() L (0/ha) )

nTreo L(L_l(n/hn)) n—oo L(L_l(n/hn)) =1, (3.20)
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which is again guaranteed to exist under Assumption 1 by analogous reasoning.

Extremal processes associated to the BTM

The first step is to convert our results on general extremal processes stated in Section 3.2 into
equivalent results for the analogous processes associated with the simple random walk D, in

particular the processes MP” and 2P

We begin by focussing on the jump-set J associated to MP
JP ={n:MP #MP}CN.

As in Section 3.2, our results on J” do not depend on the fact that the tails of o(0) are
slowly varying. Abbreviating N := |77 N (0n?, [Tn?]]|, let (j}')1<i<np be the elements

of JP N (6n?, [Tn?]] arranged in increasing order. Further, set
Jrpyy = min{i > [T :ie TP},

and write J" := {j*: i=1,...,NP +1}.

Proposition 3.25 (Jump-set spacing for MP?). Asn — oo,

sep (J™)

NP and 5

n

are respectively bounded above and bounded below in probability under the annealed law.

Proof. Let Y = {Y;}ien be the sequence given by rearranging the elements of the trapping
landscape ¢ into the order that the relevant sites are visited by D, and let J be defined as
in Section 3.2 for the sequence Y. Further, denote by (k;);>1 the ordered list of elements in
J N (n/C,00) and abbreviate K,, := |J N (n/C,nC]|. Let d,, be defined as in Section 3.2.1
for the simple random walk D. Note that, by Proposition 3.4, for any ¢ > 0 there exists a
C > 0 such that

P (d5n2 > n/C and d[Tn2'| < nC’) >1—¢,

which implies that
P(NP <|gn(n/CnC]|) >1—¢.

Moreover, under P, the sequence Y is i.i.d. with common distribution ¢(0), and is indepen-

dent of D. Hence we can apply Proposition 3.11 to bound
|T N (n/C,nC]|

above under the annealed law, which proves the first result. Similarly, from Proposition 3.4
and the definition of sep(-), it is possible to deduce that, for any £ > 0, there exists a C' > 0
such that

P (sep(J") >sep({k; :i=1,2,...,K, +1})*/C) > 1 —e¢.

Using the fact that ki, < nC and that kg, 41 is either in (nC,n(C+1)] or in (n(C +1),00),
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we have the trivial bound
sep({k': i=1,..., K, +1}) > min {sep(J N (n/(C + 1),n(C + 1)]),n} ,

and so Proposition 3.11 applied to J N (n/(C + 1), N(C + 1)] gives the result. O

Proposition 3.26 (Local time at deepest-visited traps). For each 1 <i < NP let vi(k,0)
be defined similarly to v(k,0) in Section 3.2.1 for the simple random walk Dy j» — Djn)ken-

Then, as n — o0,
P (Vi — i —1,0) > n/h, foralll <i< NP)—1 (3.21)
and
P (v'(on®—1,0) > n/h, foralll<i< NP)—1. (3.22)
Proof. By the time-homogeneity of a SRW and the fact that j7* is a stopping time for each 4,
v (n,0) 4 v(n,0),
and so it follows from Proposition 3.5 that, as n — oo,
P (v'(n*/hn,0) > n/hy) =P (v(n®/h,,0) > n/h,) — 1.
Since, by Proposition 3.25, N2 is bounded above in P-probability, it follows that
P (v'(n®/hy,0) > n/h, foreach1<i<NP)—1.

This is sufficient to establish equation (3.22) since v(-,0) is non-decreasing. For equa-
tion (3.21), simply apply the second part of Proposition 3.25, since j7’ | — ji* > sep(J") for
cach 1 <7< N/Lj . O

We now turn to establishing functional limit theorems for the processes MP and ¥,
In what follows, we make use of the product space D(RT) x D(RT). For a sequence of
probability measures on D(R") x D(R™), we denote by

J1:/>J1 M1:/>J1

and

weak convergence of the first component in the J; and M; topologies respectively, and the

simultaneous weak convergence of the second component in the J; topology.

Proposition 3.27 (Functional limit theorem for the D-explored extremal and sum pro-

cesses). Under P, as n — oo,

1 Jv/)J
(220120, D) "E P B
n n t>0 =

and
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in distribution.

Proof. Let Y = {Y;};en be the sequence defined in the proof of Proposition 3.25. Define d,
as in Section 3.2.1 for the simple random walk D, and also define the equivalent diffusion

distance for the standard Brownian motion

dP .= sup B, — inf B, (3.23)
s<t s<t

Combining Proposition 3.8 and Donsker’s invariance principle, we have under P that

1 1 Ji)J
(L(Mnt)v Dn2t> 1:/>1 (mtaBt)t>0 (324)
n n >0 =

in distribution, where M,, and m; are defined as in Section 3.2.2. Note that, using the
continuous mapping theorem (and the fact that B is continuous almost surely), we also
have that (n=1d,z2¢);>0 converges in distribution to (dP):>o (in the .J; topology). Together

with the composition result of Lemma 3.40, it follows that, under P,

n

<1L (Mdnzt)) . 4 (mdtB)tZO (3.25)

in distribution (simultaneously with the convergence at (3.24)). Now, it is straightforward

to check from the construction of the relevant processes that

1 1 1 1
—L(MB,), =D,z L= (My,), =Dy . (3.26)
n n £50 n n2t n >0
Moreover, we have that
d
(mdtB,Bt)t>0 2 (mB,By)iso. (3.27)

Indeed, by conditioning on B and applying the spatial homogeneity of the underlying point
process, checking that the finite dimensional distributions of the two above processes agree
is easy, and (3.27) follows readily from this. Putting (3.25), (3.26) and (3.27) together
completes the proof of the first claim of the proposition. The proof of the second claim is

similar. O

Corollary 3.28 (Lower bound for the D-explored extremal and sum processes). Asn — oo,
P(Mbs>L ' (n/hy)) =1 and P (Shs> L' (n/hy)) = 1.
Proof. By the existence of the scaling limit, as n — oo,

1 1
P (L(M,g(;) > l/hn> —1 and P< L(Z2;) > 1/hn) —1
n

n

both hold. The result then follows by the definition of L~!. O
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Squeezing the clock process

The next step is to show that, under suitable rescaling, the clock process A is squeezed (with
high probability) between the extremal and sum processes MP and ¥P; the squeezing is

done in both time and space.

Proposition 3.29. Asn — oo,
1
P (nAnat <¥B h, foralltecls, T]) — 1. (3.28)

Moreover, for eacht € [0, T) andn > 0 there exists a P-measurable random time s} € [t,t+0]

such that, as n — oo,
1
P <AnzS;L > M . /hy, forallt e s, T]> —1. (3.29)
n ’ ¢

Proof. Consider first the limit at (3.28). Let viax(n) be defined as in Section 3.2.1 for the
simple random walk D. Then, by the definition of A,, and X2,

Ay < Umax(n) 22

n

for all n > 0, and so

1 1
—Ap2y < —Vnax(n?T) X2, forall t € [6,T7],
n n

since Vmax(+) is non-decreasing. Equation (3.28) then follows by applying Proposition 3.5.

We now work towards equation (3.29), starting with an explicit construction of s on
the event

An,51 = {jD N ((51712, (S?’LQ] 7é (Z)} )

for each n > 0 and §; € (0,0]. To this end, let (jf"sl)zN:[; be the elements of the set
JP N (61n2, [Tn?]] arranged in increasing order. Note that, for simplicity, in what follows
we will suppress the dependence of jf’él on n and ;. For any t € [,T] let i; be the index

of the last jump j; strictly less than n?t + 1, that is,
i = max{l <i < NP :j; <n?t+1}.

Then, define s by
. .
sy = mln{n2 (Ji,+1—1), t—i—é} .

We note that by the monotonicity of the events A,, 5,, the above construction well-defines
sy on the whole of A,, := Us, <54 5,. Furthermore, by arbitrarily extending the definition
of s} by setting s* = ¢ for t € [§,T] on the event A, we ensure that s is P-measurable.
We clearly also have that s} € [t,t 4 §]. Finally, this construction also guarantees that, on
Ay s, for each t € [0, 77,

s, = Ut (3.30)

t
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and moreover that
n’sy — ji, >min{j;, 41 —ji, — 1, on® — 1} . (3.31)

Recalling the definition of v¢(n,0) from Proposition 3.26 (substituting §; for §), we have by
the definition of A,, and MP that, on A, s,,

Apzy > V' (n2t — Ji,»0) MnD2t

for each t € [0, T]. Combining this with equations (3.30) and (3.31) gives, on A, s, ,

1 1, ry )
EA"ZS'T'L > 51/“ (mln {Jit+1 — i, — 1,6n% — 1} ,0) M%S? ,

n

and so Proposition 3.26 yields that, for any 6; < §

2on S5
n<s m,01
n—00 t n—o00

1

lim inf P (An%? > MEB . /b, foralltec [5,T}> > 1—limsup P (A5 5) .
n

Finally, we have that
P(Aps) =P (Mp.>MP ) >P(n "L(M),) >n "L(M],»)) .

By Proposition 3.27, the liminf as n — oo of the right-hand side above is bounded below by
P(m§ >mg) =1-01/8, or to put this another way

limsup P (A 5,) < %1,

n,<51
n—oo
which can be made arbitrarily small by adjusting the choice of 4. O

Proposition 3.30. Asn — oo,

P <1L (1An2t> <1 (20,) +6  forallt € [s, T]) — 1. (3.32)
n n n

Moreover, for eacht € [5,T) andn > 0 there exists a P-measurable random time s} € [t,t+0]

such that, as n — oo,

P (1L <1An2s?) Sy (Mfzsn) — 6 foralltels, T]> 1. (3.33)
n n n t

Proof. Consider first equation (3.32). Starting from equation (3.28), applying L to both
sides of the inequality and then dividing by n we get that, as n — oo,

P <1L (lAnzt) < lL (Efgt h,) for all t €[4, T]) — 1.
n \n n

Note that by Corollary 3.28, and since X2 is non-decreasing, as n — oo,

P (2D, > L ' (n/h,) forallte[s,T])—1.
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By equation (3.19), this means that for arbitrary n > 0, as n — oo,
1 D 1 D
P{—=L (2% hy) <=L(Z2)(1+n) foralltel[sT] ) —1.
n n
Since we have from Proposition 3.27 that
P (%L (ZT?QT) > 6) — P (nm? >4),

and the right-hand side converges to 0 as 7 — 0, this is enough to yield the result.

Consider then equation (3.33). Similarly, equation (3.29) gives that, as n — oo,

P <1L (1An287> S1r (M,?gsn/hn) for all t € [3, T]) 1.
n n n t

As before, Corollary 3.28, equation (3.19) and Proposition 3.27 then imply the result. O

Under Assumption 1, we establish the stronger uniform convergence (in space) of A
to P,

Proposition 3.31. Under Assumption 1, as n — oo,

1 1
sup |—L(A,2)——L (Efzt) — 0 in P-probability .
te[s, 7] | T n

Proof. Assume that h, — oo is growing sufficiently slowly that equation (3.20) holds and
let ¥min(n) be defined as in Section 3.2 for the simple random walk S. Then, by definition,
Ay > Vin(n) X2 for all n > 0. Since, by Proposition 3.6, as n — oo,

P (Umin(n®t) > 1/(nhy,) for allt € [§,T]) — 1,

together with equation (3.28), we have that, as n — oo,

1 1 1
P (L (28, /(nhy)) < =L (Au2) < —L (25, (nhy))  for all t €[5, T]) — 1.
n n n

Finally, as in the proof of Proposition 3.30, Corollary 3.28 and equation (3.20) then jointly
imply that for any n > 0, as n — oo,

P (7111; (25, /(nhy,)) > %L (22,) (1 —n) forallte s, T}) —1

and
1 1
P <L (22, (nhy)) < =L (20,) (L+n) forallt €[4, T}) —1.
n n

By applying Proposition 3.27, it follows that for any n,e > 0, as n — oo

1 1
7L (Anzt) - ﬁL (Egzt)

lim sup P ( sup
n

n—00 te[6,T]

>5> SP(nm?Ze).

Letting n — 0 completes the proof. O
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3.4.2 Proofs of the main convergence results

We are now ready to prove the main result of this section, namely the convergence of the
clock process in Theorems 3.23 and 3.24, and hence our main functional limit theorems
(Theorems 1.16 and 1.18).

Proposition 3.32 (Restated functional limit theorems for the clock process). Under P, as

1 1 1 M/ B
(R () ) L, 4" 08

n — oo,

in distribution. Moreover, if Assumption 1 holds, then under P, as n — 00,
1 1 Ji)J
(L(Anzt)v Dnzt) 1:>1 (mtB7Bt)t>0
n n >0 =

i distribution.

Proof. Recalling Proposition 3.27 and the bounds in Proposition 3.30, the first statement
follows from the convergence result of Lemma 3.38. Similarly, recalling Proposition 3.27 and
the bounds in Proposition 3.31, the second statement follows from the convergence result of
Lemma 3.37. O

Proof of Theorem 8.23 and Theorem 3.24. The conclusions of Theorems 3.23 and 3.24 fol-

low immediately from the previous result. O

To complete this section, we derive the convergence of the BTM to the limit process
Bz, as stated in Theorems 1.16 and 1.18. The bulk of the work has already been done
in establishing the convergence of the clock process above; only technicalities involving

convergence results for the various topologies remain.

Proof of Theorem 1.16 and Theorem 1.18. Since the right-continuous inverse of the process

n~tL(n"tA, 2,) is given by n72[r?L*1(nt)’

Proposition 3.32 yields that under P, as n — oo,

applying the inversion result of Lemma 3.39 to

_ _ My /J
(n 210, 1y 1Dnzt)t20 UM (18, By) (3.34)

t>0
in distribution. Similarly, noting that the right-continuous inverse of n ' L(A,2,) is n =21 5_1 (nt)?
we argue similarly to deduce that if Assumption 1 holds, then under P, as n — oo,

(3.35)

_ _ My [ Jy
(n QILDA(my n 1Dn2t) = (ItB’Bt)tZO

t>0
in distribution. Consequently, recalling that the law of X under P is identical to that of D;p,
the second statement of Lemma 3.40 allows us to deduce the desired results by composing
the two coordinates of (3.34) and (3.35). O
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3.4.3 The extremal FIN process

In this section we prove that the scaling limit B;z is the natural analogue of the FIN
diffusion with parameter « € (0, 1) in the limiting case & = 0. To make this precise, we first
observe how the FIN diffusion can similarly be defined as the standard Brownian motion
B, time-changed by a clock-process that is a function of B, the point-process P, and the
parameter . We then use this representation to show that the FIN diffusion with parameter
a converges almost surely, under suitable rescaling, to the process Brs as the parameter

a — 0, where by ‘almost surely’ we mean with respect to the joint law of P and B.

So let us define the FIN diffusion (see [12]). Recall the definition of P = (x4, v;)ien

and B. For a € (0,1), let P* be the point process on R x RT defined by the point set
(5, w;) == (xi,vil/a), 1 € N. By simple change of variables, it is easy to see that P¢ is
Poissonian with intensity measure aw~'~%dx dw. Denote by (Li(z));>0.2¢cr the local time

process of B. Defining m?® = (mf’a)fzo by

mP* = ZLt(a:i)vil/a (3.36)

with 182 = (ItB "“)>0 its right-continuous inverse, the FIN diffusion with parameter « is

the process Brs.« = (B;5.a)¢>0. Note that in this definition we have built in a coupling,
B )t>

via the point process P and the Brownian motion B, of the FIN diffusion B;s,« and the

extremal FIN process Bys. This allows us to state our convergence as an almost sure result.

Theorem 3.33 (Convergence of the FIN diffusion to the extremal FIN process). As a — 0,

B s %(B )
( Iﬁ/a)tzo iz0

where 23 denotes convergence in the L 1oc topology, almost surely with respect to the joint
law of P and B.

Remark. That the convergence in Proposition 3.34 does not hold in the stronger J; topology
can be easily seen from the fact that m?® is continuous for each o whereas the limit process
mP is not continuous.

Proof. Recall the definitions of the processes m? and m?+< from (1.18) and (3.36), which are
the clock-processes for the extremal FIN process and the FIN diffusion with parameter «,
respectively. As in the proofs of Theorems 1.16 and 1.18, in order to establish Theorem 3.33

B

it is sufficient to prove the convergence of the clock-processes m?® to mP?, since then we

may apply the inversion and composition results of Lemmas 3.39 and 3.40. Hence, the proof

of Theorem 3.33 follows from Proposition 3.34 below. O]

Proposition 3.34 (Convergence of the clock-processes). As a — 0,
B,a\“ M;y B
((mt ) )tZO = (M) 50

where ™ denotes convergence in the My topology, almost surely with respect to the joint law
of P and B.
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Before proving Proposition 3.34, we shall establish a preliminary lemma which relates to

the sum-to-max properties of certain rescaled point processes in the o — 0 limit.

Lemma 3.35 (Sum-to-max). Let (c;,v;)ien be a set of points in RT x (0,00) with the

property that, for each s € (1,00),
Z civ; < 00.
i

Then, as s — o0,

1/s
(Z cmf) — sup v
i

i:¢; >0
Proof. Define the function v : N — R by the map i — v; and denote by p the (possibly

o= Zczél

Then the claim is just the fact that the Ls norm of v with respect to the measure p converges,

infinite) measure

if finite, to the L, norm of v with respect to u (see, for example, [55, Section 2.1]). O
Proof of Proposition 3.34. We start by proving convergence for a fixed ¢. By definition, we

have that
mPe .= Z Lt(xi)vil/a.
:Ly(x;)>0

It is an elementary exercise to deduce from this, the fact that sup,cg Li(z) < oo and d? < oo
almost surely (where d? was defined at (3.23)), and the definition of P, that m*® is finite
for any a € (0,1), almost surely. We also have the identity

mP = sup
:Ly(x;)>0

almost surely. Indeed, L(x) > 0 if and only if 2 € (inf.ejoy Bs,sup,epy Bs) almost
surely (see, for example, [49, Corollary 22.18]). Moreover, we may assume that there are
no points (z;,v;) in P with x; € {infsc(o 4 Bs,Sup,ep4) Bs} almost surely. Hence, applying
Lemma 3.35 to the set of points (L;(z;),v;))ien € RT X (0,00) yields that, for each fixed ¢,
as a — 0,

(mf ’a)a — mP

almost surely. By countability, we immediately deduce that this convergence holds for all

B,«

rational times simultaneously. As the process m®® is non-decreasing for each « by definition,

almost sure convergence in M; follows. O

Remark. A result corresponding to Theorem 3.33 can be also established for FIN diffusions

in the @« — 17 limit. In particular, we claim that as a — 17,

U
(BIB,G ) % (Be)yso » (3.37)
>0

(1—a)—1t

U . . . .
where — denotes uniform convergence over compact time intervals, almost surely with
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respect to the joint law of P and B. Since it is not directly related to the main re-
sults of this paper, we only sketch a proof. Defining (z;,v;);en as before and setting
Y= Zi:a:,;e[() 1],0:<1 Uil/a, it is an elementary exercise to check (using Campbell’s theorem

for Poisson point processes, for example) that

! !
EX) = =
(=12 Var(s) = 5
Consequently,
a(l —a)?
Pll-a)X—a|>e) < ——~
(=)= -0l 2 9) < ="
and a Borel-Cantelli argument yields
(1-a)X—1, (3.38)

along the subsequence a@ = 1 — n~!, almost surely. By the monotonicity of ¥ in ¢, this is
readily extended to almost sure convergence as o — 1~. From this, we deduce that

1-a) > v/ = (®-a), asa—1",Ya<b, (3.39)

i
i:x; €la,b]

almost surely (adding the finite number of terms with v; > 1 clearly does not affect the
limit at (3.38), and then a countability argument and monotonicity can be used to estab-
lish (3.39)). We note that the convergence at (3.39) implies almost sure vague convergence
of the measures (1 — )", §$iv3/a to the Lebesgue measure on the real line. Thus, using

the continuity of the Brownian local times, we obtain
(1—a)mP*=(01-a) ZLt(xi)vil/a — /Lt(x)dx =1

uniformly over compact intervals of ¢, almost surely. The claim at (3.37) then follows by

taking inverses and composing with B, similarly to the proof of Theorem 3.33.

3.5 Appendix: Convergence of stochastic processes

In this appendex we collect information concerning the various topologies on the Skorohod
space D(RT) of real-valued cadlag functions on RT. The first part consists of the basic
definitions of these topologies; the second part contains the various convergence lemmas

that we apply in Section 3.4.

3.5.1 Topologies on the space of real-valued cadlag functions

The purpose of this section is to describe the various topologies in which our main results
are proved, namely the Skorohod topologies J; and Mj, as introduced in [66], and the non-
Skorohod topology Li joc on the Skorohod space D(R™) of real-valued cadlag functions on
R™; see [14, 70] for a fuller account. Figure 3.5.1 gives a graphical illustration of the different

kinds of discontinuities that the three topologies allow for.
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We first define convergence in the respective topologies on the Skorohod space D([0,T7)

of real-valued cadlag functions on [0,T7], for fixed T

Ji: A sequence of functions f,, € D([0,T]) converges to a function f € D([0,T]) in the
Jp topology if there exists a sequence ay, : [0, T] — [0, T] of continuous and one-to-one maps

such that
sup la,(t) —t| = 0 and sup|fu(an(t)) — f(t)] — 0.
t<T t<T

Note that the J; topology extends the usual topology of uniform convergence over compact
time intervals by allowing jumps in f to be matched by jumps in f,, that occur at slightly

different times, as long as these differences are negligible in the limit.

M;: For a function f € D([0,7]) define its graph G/ C RT x R to be the ordered set

consisting of the function f and the line segments

U )+ -Nfm:0<a<1}

0<t<T

connecting each point of discontinuity of f. We remark that G/ can be continuously param-
eterised over ¢ € [0, 1] in the natural way; let such a parameterisation be G7(t). A sequence
of functions f,, € D([0,T]) converges to a function f € D([0,T]) in the M; topology if there

exists a sequence a, : [0, 1] — [0, 1] of continuous and one-to-one maps such that

sup max 1,6/ (an (t)) — 767 ()] = 0
t<1 1=1,2

where 71 and 7y are the projections of the graph onto the domain and codomain coordinate

respectively. Note that the M; topology extends the J; topology by allowing jumps in f

to be matched by multiple jumps in f,, of lesser magnitude as long as they are essentially

monotone and occur in negligible time in the limit.
Li1oc: A sequence of functions f,, € D([0,T]) converges to a function f € D([0,T]) in
the L 1oc topology if
|10 = soyide 0.
t<T

Note that the L1 o topology extends both the J; and the M; topologies by allowing excur-
sions in f, that are not present in f, as long as they are of negligible magnitude in the L

sense in the limit.

To extend the above definitions to the Skorohod space D(RT), we say that a sequence
of functions f, € D(RT) converges to a function f € D(RT) in the J; (respectively M;
and L1 joc) topology if and only if their restrictions to [0, T] converge with respect to the J;
(respectively My and Ly 10c) topology on D(]0,T]) for every continuity point 7" of f.

To summarise, we have that the J;, M; and Ly joc topologies are strictly ordered in the

. . M L . .
following sense, where we write A, =} and =3 for convergence in the relevant topologies.

Proposition 3.36. For a sequence of functions f, € D(RY) and a function f € D(RT),

R = Y% = 87
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Ji M, but not J; L1 joc, but not J; or M;
l1---————  1------

| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
—_ \ |
an—> 1 ap— 1

Figure 7: Examples of sequences of functions in D(R™) that converge to the function 11 ) (-)
in the Ji, M; and L joc topologies respectively, where a,, :=1 — n~!tand b, :=2+n"L

but none of the converse implications hold in general.

3.5.2 Convergence lemmas

The purpose of this section is to present the convergence lemmas that we made use of in
Section 3.4, including the squeeze convergence lemmas used to establish the convergence of
the clock process (Theorems 3.23 and 3.24), and the inversion and composition lemmas used

to complete the proof of our main functional limit theorems (Theorems 1.16 and 1.18).
Let wi*, 2 and y?* be sequences of stochastic processes in D(RT). Throughout we will
assume that each wy, 7 and y;* is non-decreasing with

lim wy = lim 2y = lim y5 =0
n— oo n—roo n—oo

in probability.

We will also suppose that there is a limiting stochastic process z; € D(R™) such that, as
n — oo,
J J
(Wi)iz0 = (z)i>0  and (Y} )iz0 = (@4)i>0,

where we recall that £7 M and & denotes weak convergence in the J; and M; and Lq joc

topologies respectively.

We first give sufficient conditions under which the stochastic processes z}" also converge
weakly to the limit process x; in the J; and M; topologies respectively. For technical reasons
we state our results in a way that allows for an auxiliary process to converge simultaneously.
For a sequence of probability measures on D(RT) x D(R™), denote by

Ji/)J My /J
%1, gl and

Ll:/gh

weak convergence of the first component in the J;, M; and L i, topologies respectively,
and the simultaneous weak convergence of the second component in the J; topology. Then
let 21" be an auxiliary sequence of stochastic processes in D(RT) such that, as n — oo,

Ji/J Jv/J:
@, 2)is0 "L (20, 20 and (P, 2)is0 "L (@, #)iso, (3.40)
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for a limit process z; in D(R™).

Lemma 3.37 (Uniform convergence in space implies J; convergence). Assume that, for any

T>6>0, asn— o0,

sup |z} —wi| —0 in probability. (3.41)
te[s,T]

Then, as n — oo,
n n 1/
(@}, 2" )es0 = (T4, 2¢)e>0-

Proof. The convergence of the finite dimensional distributions (where the time indices are
points at which = and z are continuous almost surely) immediately follows from the con-
vergence at (3.40) and (3.41); we need only show the tightness of the sequence z} in the J;
topology. In particular, we need to show that, for each 7" > 0,

—00 n—oo t

lim limsup P (sup |z | > A) =0
<T

and, for each ¢ > 0,

: C . . n n _
PRIEPP oo B o S0, S0P T =) 20

(see [14, Theorem 16.8]). Now, the convergence of w} in the J; topology implies that the
two conditions in [14, Theorem 16.8] are satisfied for w}. It is an elementary exercise to
check from this, the uniform convergence in equation (3.41), and the assumption that each
wy and z7 is non-decreasing with w§ and z{ converging to zero, that the conditions are

also satisfied for z7. O

Lemma 3.38 (Squeeze convergence in space and time implies M; convergence). Assume
that, for any T > § > 0, t > 0 and n € N there exists a random, measurable sp € [t,t + ¢

such that, as n — oo,
P (w?? —<aly <yl +8 foralltels, T]) Sl (3.42)

Further, assume the limit process (,z:) is almost surely continuous at each fized time t.
Then, as n — oo,

M,/ Jy

(xf, 2{")e>0 (¢, 2¢)e>0-

Proof. The convergence of the finite dimensional distributions immediately follows from (3.40),
the squeeze convergence in equation (3.42), and the fact that w}, 2} and y}* are all non-
decreasing; we need only show the tightness of the sequence z} in the M; topology. Using
the characterisation of tightness in [70, Theorem 12.12.3], we need to show in particular
that, for each T' > 0,

lim limsup P (sup |xf| > A) =0

—0 n—oo t<T
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and, for each € > 0,

lim limsup P | sup sup {||£C;l2 — [x?l,xg] ||} > ¢
020 n—oo te[0,T]  max{0,t—6}<t;
<t2<t3§min{t+6,T}

where | |w?2 — [;v?l ) xg] ‘ | denotes the Hausdorff distance in R* xR between the point (t2, 2}, )
and the line segment joining the points (¢1, 7 ) and (t3,2y,). Now, the convergence of wy
and x} in the J; (and hence M;) topology imply that the above two conditions are satisfied
for wi and yi*. A combination of this, equation (3.42) and the fact that each w}, z}* and
yy is non-decreasing with w{, = and y§ converging to zero, then implies that the two

conditions are also satisfied for z}. O

Finally, we give basic inversion and composition lemmas for the topologies. We hence-
forth assume that z7* and z}* are deterministic functions in D(R™) such that z} is non-
decreasing with

lim zg = 0.
n— oo

We further assume that, as n — oo,

Jv/J
(xf, 2{")t>0 1—/>1 (x¢, 2¢)t>0 (3.43)

for some x¢, 2z € D(RT), where the notation means Jll>J1 that the first component converges
in the J; topology and the second in the J; topology. (We will use similar notation when
Jy is replaced by Mj or Lj joc.) Furthermore, we assume that the limit process z; € C(R™),
the space of real-valued continuous functions on R (so that the convergence of the second
coordinate can actually be considered as uniform convergence over compact time intervals).
The reason that we insist on the presence of an auxiliary process is to take advantage of the

composition lemma that we state below.

Lemma 3.39 (Inversion lemma). Let v] and v; denote the right-continuous inverses of xy

and x; respectively, and further assume that vy is based at the origin. Then, as n — oo,

My/J
('Uz?v Z?)tzo = (Ut, Zt)t20~

The same conclusion holds if we weaken the assumption in equation (3.43) to

M,/ J
(ﬂ??, Zf)tzo =5 (xt, Zt)t20~

Proof. This is a consequence of the continuity of right-continuous inverses in the M; topology
(see [70, Corollary 13.6.5]; the continuity at zero follows from the assumptions that x{}

converges to zero and that v; is based at the origin). O

Remark. Note that, even under the assumption of equation (3.43), the conclusion of Lemma 3.39
does not hold in general in the stronger J; topology; see the discussion in [70, Example
13.6.1].
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Lemma 3.40 (Composition lemma). As n — oo,
n J
(fo)tzo = (Zaat)tzo-

If instead the assumption in equation (3.43) is weakened to

My )T
(@, 20 = (Tey 210

then we may only conclude that, as n — oo,
(2fp)ez0
P )t>0 (22, )0

Proof. The first statement is standard, proven for example in [69, Theorem 3.1] (see also
[70, Theorem 13.2.2]). As for the second statement, we start by noting that

/ dt < / dt + / |2en — 2g, | dt. (3.44)
t<T t<T t<T )

n n
Zgn — Za, Zgn — Zap

Now, since 2y — x; in the M; topology, we must have that sup,, sup,<, xy" is bounded above
by some T; < oo. Hence the first term on the right-hand side of (3.44) satisfies

/t<T

which converges to zero as n — oo by the uniform convergence of 2" to z; over compact time

n
Zon — Zgpn
Ty Xy

dt < T sup |2 — =],
t<T,

intervals. We now deal with the second term on the right-hand side of (3.44). First note
that we can also assume that sup,<r2¢ < T1 < oo (adjusting 7} if necessary). Moreover,
the continuity of z yields that sup,<p, [2¢] < C' < co. Putting these bounds together, we
find that, for every € > 0,

/ |zz;z — 2, |dt <T sup |zs — 2| + C/ L(jzn—a,|>c)dt.
t<T 5,t<T1: t<T
|s—t|<e

Since z}* converges to x; in the M; topology, the same is true in the L jo. topology, which
implies that the second term here converges to 0 as n — oo. Again appealing to the
continuity of z, the first term can be made arbitrarily small by taking € small. This confirms
that

lim

n—o00 t<T

dt =0,

n
Zpn — Zxy

as desired. 0

Remark. The assumption that z; € C(R™) is essential for the first conclusion of the previous
result. Indeed, it no longer holds in general if we assume only that z; € D(R') with

convergence in the J; topology; see the discussion in [70, Example 13.2.2].

Remark. The fact that the second convergence statement in Lemma 3.40 fails to hold in any
of the Skorohod topologies lies at the heart of why we resort to the coarser non-Skorohod

L1 10c topology in Theorems 1.16 and 1.17; see the discussion in [70, Example 13.2.4].



Chapter 4

The Bouchaud—Anderson model

4.1 Introduction

In Chapter 1 we presented our main results on the BAM in the regime of Weibull potential
and trapping landscape. In particular, we work under the assumption that there exist
v, i, 6o > 0 such that

PEO)>z)=e"", x>0,

and
Po(0)>z)=e ", 2>, and P(0(0)=0,)=1—e%,
where we interpret our restriction of the domain of ¢(0) to [0,,00) as a ‘no quick sites’

assumption that is crucial to our proofs.

To summarise our main results, in the above regime we show that the BAM exhibits the

following localisation phenomena:
» The renormalised solution of the BAM completely localises on a single site with over-
whelming probability (Theorem 1.19;

= The radii of influence are the non-negative integers (Theorem 1.20)

+ +
y—1 n y—1 p 1
= |- d p,=|—7/——+-| € , 1},
pe { 5 HJFJ and  p [ 5 u+1+2] {pe, pe + 1}

which are increasing functions of both v and p. Moreover, p¢ < ppam for identical
potential field £. In other words the localisation effects due to the PAM and BTM are

mutually reinforcing;

s The BAM is strongly reducible to the PAM if and only if v < 1, and weakly reducible
to the PAM if and only if p, = 0 and v > 1 (Theorem 1.21); and

» The localisation induces a local correlation in the random fields (the ‘fit and stable’

hypothesis of population dynamics) (Theorem 1.22).
In this chapter we describe these results in full and give a self-contained proof. Note

125
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that this is a slightly specialised version of the results in a more general setting [59]; in
particular, our restriction to the case of Weibull trapping landscape avoids some of the
technical difficulties of the general case, while still capturing the relevant phenomena of

interest.

4.1.1 Full description of main results

First we shall state our results in full, in particular by giving an explicit construction of
the localisation site Z;, which mirrors closely the construction in Chapter 2, and describing

more precisely the nature of the correlation in Theorem 1.22.

Recall from Chapter 1 the radii of influence p¢ and p,, which satisfy p > pe. For each
z € Z%, define the operator

H(z) = Ao~ + E1B(2 )

restricted to B(z, py), denoting by A(z) its principal eigenvalue. In other words, H(z) is the
operator on functions f : B(0, p,) — R induced by the operator

L5(z.p0) (B0 +€18(z.p0) 1B(2p) = 1B(2.p0) A0 (2 ) T ELB (e ) -
Note that each A(z) is real since the operator H(z) is similar to the symmetric operator
1 1 11
o 2 H(z)o2 =0 2A07 2 + &) -

We refer to A(z) as the local principal eigenvalue at z, and remark that it is a certain
functional of the sets £(°¢)(2) := {€(Y) yeB(z,pe) and cPo)(2) :== {o(y)}yeB(z,p,)- Note that
the {A(2)}.ev, are identically distributed, and have a dependency range bounded by 2p,, i.e.
the random variables A(y) and A(z) are independent if and only if |y —z| > 2p,. Remark also
that in the special case p, = 0, A\(2) reduces to the ‘net growth rate’ n(z) = £(z) — o~ 1(2).

For any sufficiently large t, define a penalisation functional ¥, : Z* — R by

U(z) := A(z) — L2l loglogt.
vt
Note that ¥, has an identical form to the penalisation functional introduced in Chapter 2,
representing the trade-off between the local principal eigenvalue A(z) and a certain proba-

bilistic penalty; see the remarks in Chapter 2.

Finally, recall the ‘macrobox’ V4, the constant 0 < § < 1/2, the macrobox level L; and
the subset I1(¥¢) from Chapter 2. Further, define the random site

Zy := argmax U (2)
zEH(Lt)
which, as in Chapter 2, is well-defined eventually almost surely and does not depend on the
particular choice of §. With this definition of the localisation site Z;, we present again our

main theorem (see Theorem 1.19).
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Theorem 4.1 (Complete localisation). Ast — oo,

U(t, Zt)
U(t)

—1 in P-probability .

Before stating our remaining results we introduce some more notation. First we define
exponents that explicitly describe the correlation of the fields € and o around the localisation

site Z;. To this end, define the function g¢ : N — [0, 1] and the non-negative constant g, by

+
_ 2z L) ify>1, 1N\ T
ge(x) == ( et K and 4o = <7> .
(1—z)* else, ptl

We shall also need to introduce the concept of ‘interface sites’ which, as in Chapter 1, are
sites at a distance of precisely pe and p, from the localisation site, and moreover at values
of the parameters (v, ) for which pe and p, are transitioning from one integer to the next.
To this end define the sets

y=1 u d y—1 p 1
Te = z4 = ——— Ty = Z = —— 4+ = .
c=feezivionpi= 12 s foezi oy = T 4
Note that Z¢ and Z,, are non-empty if and only if (v, 1) lies on, respectively, the dashed and
bold curves in Figure 3. Finally, define the random time 7; and the scales r; and a; as in
Chapter 1.

Theorem 4.2 (Description of the localisation site). As t — oo the following hold:

(a) (Localisation distance)
Zy

Tt

= X n low,

where X is a random vector whose coordinates are independent and distributed as Laplace

(two-sided exponential) random variables with absolute-moment one;

(b) (Local correlation of the potential field) For each z € B(0, pe) \ Z¢ there exists a ¢ > 0

such that
§(Z1 + 2)

A

—c i P-probability;

on the other hand, for each z € ZI¢ there exists a ¢ > 0 such that, uniformly over
T € (0, Lt);

f&(zt-‘rZ) (SL’) — ;)[6‘]:65((37

where f¢(;) denotes the density of the potential field at site z;

(c) (Correlation of the trapping landscape at Z;) If v > 1, then there exists a ¢ > 0 such
that
o(Z1)

7o
ay

—c in P-probability;
if v =1, then instead, uniformly in x,

Vg
Jo(zo(x) — M7
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where fy(z,) denotes the density of the trapping landscape at site Zy;

(d) (Local correlation of the trapping landscape) For each z € B(0, p,) \ {0}
o(Zy+z) = 0, in P-probability;

on the other hand, for each z € B(0,ps) \ {0} \ Z, there exists a ¢ > 0 such that,

uniformly over x,

/7 fo (@)
el f (z
foza(®) = Foeroto -

where fo(.) denotes the densily of the trapping landscape at site z;

(e) (Ageing) .
?t =0 in law,
where © is the same non-degenerate almost surely positive random variable as in Theo-

rems 1.6 and 1.7.

In Section 4.1.2 below we make some remarks as to why we must distinguish the ‘interface
sites’; as well as the case v < 1, in our results on the local correlation of the potential field
and trapping landscape. Note that if we were also to consider the limiting case u — 0, as

in [59], we would need to further distinguish this case.

Theorem 4.3 (Optimality results). Ast — oo the following hold:

(a) (Optimality of the radii of influence) The radii of influence pe and p, are optimal, in
other words, there does not exist a functional ¥, depending either on & only through its

values in balls of radius pg — 1 around each site z, or depending on o only through its

values in balls of radius p, — 1 around each site z, such that

P (Zt = argmax Q/Jt(z)) — 1. (4.1)
zezZd

(b) (Criterion for strong reducibility to the PAM) The localisation site is independent of the
trapping landscape o if and only if v < 1, in other words, if and only if v < 1, there

exists a random site z, € Z¢, independent of o, such that,

(c¢) (Criterion for weak reducibility to the PAM) The localisation site Z; depends on & and
o only through the value of 0 if and only if p, = 0, in other words, if and only if p, = 0,
there exists a random site z, € Z%, dependent on & and o only through 7, such that,

P(Z =2z)—>1. (4.3)

4.1.2 Methods and techniques

Our approach to proving localisation in the BAM is loosely based on the proof presented in

Chapter 2, although the complex interaction between the potential field and the trapping
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landscape means that these techniques cannot be trivially adapted. Instead, the presence of

the trapping landscape requires the development of existing techniques on two main fronts.

First, establishing localisation in the BAM requires the development of the spectral
theory of operators of the form Ao ' + ¢, including path expansions and Feynman-Kac
representations for the principal eigenvalue and eigenfunction respectively. To the best of our
knowledge, this theory has not appeared in the literature before, and may be of independent
interest, including in the study of position-dependent mass Schrédinger operators. In the
particular case of the BAM with Weibull tails, we also extend existing techniques to establish
the max-class of local eigenvalues; this is necessary in order to extract extra information

about the local correlation in the potential field and trapping landscape.

Second, in order to analyse the ‘screening effect’ of heavy traps, standard percolation
estimates are insufficient: in dimension one, because of the geometry; in dimensions higher
than one, because of complex dependencies between the potential field, the trapping land-
scape, and the localisation site Z;. In dimension one we analyse heavy traps using coarse
graining methods; in higher dimensions, we implement new ideas that allow us to apply

percolation estimates in the presence of the dependencies.

We also provide some intuition for the shape of the local profile of the potential field and
trapping landscape in parts (b)—(d) of Theorem 4.2. This shape is derived by considering
the path expansion for A(0) (see Section 4.3) and determining the values of £ and o that
appropriately balance: (i) the increase in A gained from favourable realisations of ¢ and o;
and (ii) the probabilistic penalty that results from such favourable realisations of £ and o if
they are too unlikely. This balance is expressed through a convex function whose integral
is asymptotically concentrated in the regions specified in Theorem 4.2. This computation
is carried out in the proof of Proposition 4.24, identifying the constants in Theorem 4.2

explicitly.

We must distinguish the interface sites in Z¢ and Z, in the correlation results in Theo-
rem 4.3 since if z € B(0, p¢) \ Z¢ then the value of {(Z;+z) is growing (with high probability)
as t — oo. However, if z € T, the value of £(Z; + z) instead converges to a certain random
variable with law distinct from the law of £(0). Similarly, if v > 1 and 2z € B(0, po) \ Zo,
0(Zy+ z) converges to d,. However, for z € Z,,, then the value of 0(Z; + z) instead converges
to a certain random variable with law distinct from the law of o(0). These properties are
reflective of the fact that the correlation in the fields £ and o induced by the localisation

site Z; decays away from the site.

The case v > 1 must be further distinguished in our profile for ¢(Z;) since if v > 1
then the value of o(Z;) is growing, and indeed growing with a deterministic leading order.
However, if v = 1, this is no longer true and instead o(Z;) converges to a certain random

variable with law distinct from the law of ¢(0).!

Note finally that if (v, ) is such that Z, and Z¢ are both empty, then the probability
in equations (4.1) actually converges to 0 for any such v; otherwise, the probability may
converge to a constant ¢ € (0,1). Similarly, if (v, 1) lies to the right of the dashed or bold
line in Figure 5, the probabilities in (4.2) and (4.3) respectively converge to 0 for any such

LOf course, in the case v < 1, with overwhelming probability ¢ is independent of the localisation site Z;
(cf. part (c) of Theorem 4.2) and so o(Z;) has the same law as ¢(0).
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z¢; if (7, p) lies on either line, the respective probability instead converges to a constant
¢ € (0,1). We do not prove these additional results here.

4.1.3 Outline of proof and overview of the chapter

The proof of our main results follows a similar strategy as our proof in Chapter 2, namely to
use a path decomposition to split the solution U(t) into components and then prove that (i)

only one of the components is non-negligible, and (ii) this component is localised at Z;.

To this end, we may reuse a large quantity of the concepts and notation from Chapter 2,
suitably adapted to the BAM. In particular, we define the ball B; as in Chapter 2, and
make use of an identical path decomposition {E}}?_, and associated component of the mass
Ui(t). We also make use of the same set of auxiliary scaling functions f;, hy,es, by — 0 and

g+ — oo in (2.1), although in we shall need the slightly stronger assumptions that
1/logloglogt < by < 1
and
g:/logloglogt < by < fihy < gihy < ey (4.4)

The most significant modification we make to the notation in Chapter 2 is to redefine

J:=[y—1]*", and to define the operator
HD(2) := Ao~ +¢
restricted to B(z, j), with AU)(2) its principal eigenvalue. We then define \Ilgj ) (z) completely

analogously to in Chapter 2.

Recall from Chapter 2 that our strategy to prove complete localisation is to formalise
the heuristic that, for a path p € T'(0) \ E,

UP(t) ~ exp {t)\(j)(z(p))} a,‘gp‘ , (4.5)
and further that, for i = 1,2, 3,

U'(t) ~ max UP(t). (4.6)

pEE]
Note that implicit in the first heuristic is the highly non-trivial fact that the trapping
landscape o is not an obstacle to the diffusivity of the particle, in other words, that a
sufficiently ‘quick’ path exists from 0 to the site z(®). If d > 2, this is essentially due
to percolation estimates; if d = 1, then this relies crucially on an additional tail decay
assumption on the distribution of ¢(0) which is satisfied in the case of Weibull tail decay.

As outlined in [59], our proofs and methods break down when this assumption is not satisfied.

The rest of this chapter is organised as follows. In Section 4.3 we study extremal theory
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for AU) and \IJEj ) demonstrating, in particular, that
vz — w9 (29?) > dye, and | Z9|hy loglogt > tdse,

both hold eventually with overwhelming probability. We also show that Zt(j ) = Z; with
overwhelming probability. In the process, we establish the description of the localisation
site Z; that is contained in Theorem 4.2, as well as the optimality results in Theorem 4.3.
In Section 4.4, we show how to formalise the heuristics in equations (4.5) and (4.6) and so
complete the proof of the negligibility of U?(t) and U?(¢). In Section 4.5 we complete the
proof of Theorem 4.1 by showing that u!(,z2) is localised at the site Z;. The main idea is

the same as in Chapter 2.

Throughout, we draw on the preliminary results established in Section 4.2. Section 4.2.1
contains a compilation of general results on operators of the form Ag~! 4 £. Section 4.2.2

contains a proof of the existence of ‘quick’ paths through the trapping landscape o.

Note that our main goal in this chapter is to emphasise, as much as possible, which
aspects of the proofs are similar to the equivalent proofs in the PAM case, and which
aspects must be adapted to take into account the impact of the trapping landscape o. As

such, whenever the result follows identically as in the PAM case we will omit the proof.

4.2 Preliminary results: General theory for Bouchaud—

Anderson operators and the existence of quick paths

In this section we collect preliminary results that will be essential in our proofs. The first
set of results develops the general theory of operators of the ‘Bouchaud—Anderson type’,
that is, operators of the form Ao~ + ¢. The second set of results deals with the existence

of ‘quick’ paths through the trapping landscape o.

4.2.1 General theory for Bouchaud—Anderson operators

In this section we develop general theory for operators of the form Ac~! 4 ¢ which is valid
for arbitrary £ and positive o; most of these results are generalisation of those appearing
in Chapter 2, although some are specific to this setting. This section will be entirely self-

contained and is completely deterministic, and may be of independent interest.

Throughout this section, let D C Z¢ be a bounded domain and let ¢ and o be arbitrary
functions ¢ : Z¢ - R and ¢ : Z? — R, with 1 := £ — 0~!. Denote by H the operator
Ao~! 4 ¢ restricted to D, and let {\;};<|p| and {@;};<|p| be respectively the (finite) set of
eigenvalues and eigenfunctions of H, with eigenvalues in descending order and eigenfunctions

{o-normalised. Finally, recall that X, denotes the BTM and define the stopping times

T, =inf{t >0: X; =2} and 7tpc:=inf{t>0:X,¢ D}.

We start by presenting representations and deriving simple bounds for A\; and ;.
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Lemma 4.4 (Principal eigenvalue monotonicity). For each z € D and § > 0, let Ay be the

principal eigenvalue of the operator
H:=Ao"! + &+ (5]1{2}

restricted to D. Then A\ > \i. Moreover, for each bounded domain D containing D as a

strict subset, let \1 be the principal eigenvalue of the operator
H:=Ao"t+¢

restricted to D. Then Ay > A\1.

Lemma 4.5 (Bounds on the principal eigenvalue).

1 5
max {5(2)} < At <max qn(z) + Y o0 ()

ly—z|=1

Proposition 4.6 (Feynman-Kac representation for the principal eigenfunction). For each

Y, 2 € D the principal eigenfunction o1 satisfies the Feynman-Kac representation

iig B ZEZ; S [eXp {/OT (§(Xs) = M) ds} ﬂ{rwn}} : (4.7)

Proof. Consider z fixed and define v*(y) := ¢1(y)/p1(z). Note that the function v* satisfies
the Dirichlet problem

(Ao~ + &= ) v (y) =0, y € D\ {z},
Uz(y) = ]]-{z}(y)’ Y ¢ D \ {Z}

Tt is easy to check (for instance, by integrating over the first holding time) that the Feynman-
Kac representation on the right-hand side of equation (4.7) also satisfies this Dirichlet prob-
lem; hence we are done if there is a unique solution. So assume another non-trivial solution

w exists. Then the difference ¢ := v* — w satisfies the Dirichlet problem

0, y € D\ {z},
q(y) =0, y ¢ D\{z}.

which is nonzero if and only if \; is an eigenvalue of the operator Ao~! + ¢ restricted to
D\ {z}. By the domain monotonicity of the principal eigenvalue in Lemma 4.4, this is

impossible. O
Lemma 4.7 (Path-wise evaluation). For eachk € N, y,z € D, p € T'x(z,y) such that p; # y

fori <k and {p} C D, and ¢ > maxo<;<k n(p:), we have

e o { [ €00 - s} 10| = TT g2

=0

Proposition 4.8 (Path expansion for the principal eigenvector). For each y,z € D the



4.2. Preliminary results: General theory for Bouchaud—Anderson operators and the
existence of quick paths 133

principal eigenfunction @1 satisfies the path expansion

<Py yz Z H2)\1 )

v1(2) (2)
E>1  pelu(y,z) 0<i<k
piFz, 0<i<k
{p}CD

Proposition 4.9 (Path expansion for the principal eigenvalue). For each z € D the principal

eigenvalue has the path exrpansion

Av=n(z @ > I 2d/\(17 pl)

k>2  pely(z,z) 0<i<k
piFz, 0<i<k
{p}cD

Proof. Recalling that the eigenfunction relation evaluated at a site z gives

A\ = n(z> + Z U_l(y) Sal(y) 7

ly—z|=1

the result follows from Proposition 4.8. O

We now study the solution u,(¢,y) to the Cauchy problem

Ou, (t, y)
ot

Uz(ovy) = ]]-{z}(y) ) (RS Zd .

=Hu(t,y) , (t,y) € [0,00) x D ;

In particular, we give the spectral representation of u,(t,y) and deduce upper and lower

bounds.

Proposition 4.10 (Feynman-Kac representation of the solution). For each y,z € D,

t
uz(t7y) =E, l:exp {/ f(Xé)dS} ]l{Xt:y}]l{‘rDc>t}
0
Lemma 4.11 (Time-reversal). For each y,z € D,
uz(ta y) U(Z) = uy(t7 Z) J(y) :

Proof. Consider the symmetric operator

restricted to D, which can be viewed as the ‘symmetrised’ form of H. Since,
11
Ht o 2Ho2t —

1 1
et =e =0 202,

we have, by the fact that A is symmetric,

us(t,y) = ey (y) = (Zgzg)l M (y) = (ZEZ;) : 1, (2)
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) M1y (2) = Zguy(t,z), O

Proposition 4.12 (Spectral representation for the solution). For eachy,z € D, the solution

u(t,y) satisfies the spectral representation

erit o (2)o:
u.(t,y) = Jfl(z) Z M )

_1
= oz aill,

Proof. Recall the symmetric operator H from the proof of Lemma 4.11. Note that each (£o-

normalised) eigenfunction @; of H satisfies the relation
4o
~ o i
Wi = 1 -
lo™2pille,

with \; the corresponding eigenvalue for ¢;. The proof then follows by applying the spectral
theorem to H. O

Corollary 4.13 (Bounds on the solution). For each z € D we have the bounds

Mol (2)¢f(2)

lo= %112 <uy(t,z) <M
o 21|,

Proposition 4.14 (Bound on the total mass of the solution). For each y,z € D,

U eMt L(y)

yeD yeD

Proof. As in the proof of Proposition 2.13 (this time applying the Feynman-Kac represen-

tation for the principal eigenfunction in Proposition 4.8), we have that

uAuaSeM@ykm{énﬁug—xﬂd%ﬂﬁxm@}=aﬂ%@”*”.

Applying the time-reversal Lemma 4.11, we have

)

120 xie 21 )
y <

us(t) = uy (12) T8 < ML

which, after summing over y € D, yields the result. O

Next we prove the analogue of the ‘cluster expansion’ in Lemma 2.15. To apply this
to our analysis of the BAM, we shall actually need an additional form of the bound to

accommodate the impact of the trapping landscape (see the proof of Lemma 4.42).

Lemma 4.15 (Cluster expansion). For each z € D and for any { > A1,

E. {eXp {/OTDC (€(Xs) =) dSH <1+ maxzelz{f_";l(z)} | D]
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and

e oo [ 0r - | < T2 (1 meepte Nl

Proof. We proceed by modifying the proof of Lemma 4.15. First abbreviate

utn) =& [ { [ ex0 - s

and remark that u solves the boundary value problem

(67'A+ €= Quly)
u(y) =

0, yeD; (4.8)
1, y¢D.

Note that, in contrast to in the proof of Proposition 4.6, in the above boundary value
problem the relevant operator is the transpose of H, since here we have not weighted the
expectation by o. We make the substitution w := u — 1, where 1 denotes the vector of ones,
which turns (4.8) into

(cT'A+E=Quly) =—((e7'A+£-01) (), yeD;
w(y) =0, y¢D.

Since ¢ > A1, the solution exists and is given by

w(y) =Re((07' A+ = O1)(y) = Re(€ - ¢)(y)

where R, denotes the resolvent of 0 7'!A+¢ = o~ 'Ho, restricted to D, at (. By Lemma 4.5
and since ¢ > A\; we have that £(y) — ¢ < o~ !(y) for all y € D, and so by the positivity of

the resolvent (guaranteed since o1 A + £ is elliptic and ¢ > \;) we obtain
- _15 _1 B .
w(z) < Re (07) () = o Re (77F) () < max{o™ () 1D IRell

where 7~?,< denotes the resolvent of the symmetric operator o2 Ao + &, restricted to D,
at ¢, and || - || denotes the spectral norm. By considering the spectral representation of R,
we have |R¢| < (¢ —Ap)~", which gives the first bound. For the second bound, consider
that (4.8) implies the identify

B " (y) Lo
uly) = ¢ —&y) +ol(y) 2 24"")- (49)

lz—y|=1

Applying the first bound to each u(x) in the sum in (4.9), the result follows by bounding
&(y) — o (y) in the denominator of (4.9) from above by A;, valid by the lower bound in
Lemma 4.5. O

Finally, we give a general way to bound the contribution to the solution w.(¢,y) from
paths that hit a certain site x € D and then stay within a subdomain £ C D that contains z;

this is analogous to Proposition 2.16.
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Fix a domain £ C D, a site 2 € E, and define the operator H¥ := Acg~! + £ restricted
to E with AF and (o respectively its principal eigenvalue and eigenfunction. Define the
stopping time

Tp,ge = 1nf{t > 7, : X4 ¢ E}.

Then the contribution to the solution u,(¢,y) from paths that hit = and then stay within F

can be written

t
UJZC’E(tay) =E; {GXP {/ f(Xs) ds} ]l{Xt:y,ngt,rm,Ec>f,,TDc>t} .
0

Proposition 4.16 (Link between solution and principal eigenfunction). For each x € E,
ye E\{z} and z € D,

u®E (t, ) U(y)”(j_%@iEH%Q .
ZyeD uz(t,y) ~ (‘Pfj (x))3 o1 (v) -

Proof. We proceed by modifying the proof of Proposition 2.16. The first step is to make use

of the time-reversal in Lemma 4.11, suitably adapted to u%¥(¢,y). In particular, defining

t
u,” (t, 2) == E, {GXP{ ; f(Xs)dS} Lix, =27, <t,ro<7pe,mpe>t}

we can write

E E SE
upm(ty) o upt(hy) _ oly) vy (t,2)

Syeptz(ty) T u(tm) T o(x) ualt,2) (4.10)

-
Next we decompose the Feynman-Kac formula for uiE (t,z) as in the proof of Proposi-

tion 4.14, by conditioning on the stopping time 7, and using the strong Markov property.

.

Ta::| ]I{Tz<t}:| )

More precisely, we write

—

u;’E(t,z) =E,, {e”)‘lE E, {exp {/0 ’ (&(X,) — )\{3) ds} Lir, <rpe}

t—Ts
x By |:€Xp {/ g(Xé) ds} ]l{Xé_Tz:Z,T/Dc>t*Tz}
0

where E,_, X] and 7},. are defined as in the proof of Proposition 4.14. Next, note that an

application of Corollary 4.13 gives the bound

1
o(@)lo oI,

u=E (w, x
P TR e ’

(4.11)

and recall the representation

ui’E(w,x) = Ez |:6Xp {A f(X;) ds} ]]‘{X,[u—w,Tgc>w}:| :

Combining the bound in (4.11) with equation (2.12) (setting w = 7,), gives

$F o(x)llo2pf

B (1, 2) < W»Q”% E,. [Ey [exp { | ) - ) ds} Lrpesn)
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:;) ds} ]]‘{X;_Tz :Z,T/Dc>t77'z}

x Eg [exp ds} ]l{)q —z7pe >}

{[" e
x E, {eXp {/Otm §(X Tw] l{fzst}]

o(z)llo=2 7|7, T
< e e e { [ €000 2F) s 1y

XEx {exp{/o {(X;)ds} ]l{Xff:z,'rl’)c>t}

o(z)?||o~2 11? 7
(a()y)|(<p{3 (i))!b Pr(y) uat 2),

where the inequality in the second step results from deleting the condition that X, = z,

Tx:| 1{7—1.<t}:|

and where the last inequality results from deleting the condition that 7, < ¢, and where
we have used the Feynman-Kac representation for ¥ given by Proposition 4.6. Combining

this with equation (4.10) gives the result. O

4.2.2 Existence of quick paths

In this section we prove the existence of paths p € I'(0,z) for certain z € V; that have
the property that (i) all o(p;) are relatively small, and (ii) p is not much longer than a
direct path to z; what we mean by ‘relatively small’ and ‘not much longer’ will depend on
the dimension. We shall informally refer to such paths as quick paths. The reason we are
interested in quick paths is that they are intimately related to the probability that a particle
undertaking the BAM reaches a certain site z by time ¢, and so form an essential part of

our proof that the trapping landscape does not prevent complete localisation in the BAM.

In dimension higher than one, we will additionally require that such paths do not travel
too close to a certain well-separated set S;. The reason for this additional requirement is that
we will eventually seek to apply our results to the site Z;, which depends in a complicated
way on o(z) for z € B(TI'*) | p, ). We will wish to avoid this dependence, hence our insistence

on the fact that the paths do not travel too close to S;.

As a preliminary, we recall the asymptotics for the upper order statistics of o (since the

trapping landscape is Weibull, this is identical to the asymptotics for £ in Chapter 2).

Lemma 4.17 (Almost sure asymptotics for o). Denote by ol the largest value among n

i.i.d. copies of o(0). Then, as n — oo,

o} ~ (logn)

®I=

eventually almost surely.

Quick paths in dimension one

In dimension one, there is only one shortest path from 0 to z and this must pass through
all intermediate sites. Hence, we seek to show that not too many traps on this path are too
large. Clearly, the ability to do this depends on the tail decay of o(0), which is the origin of
the extra tail decay condition for d = 1 that appears in [59].
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To proceed, we must undertake a rather delicate analysis of the trapping landscape o
in the region between 0 and z. We simplify this using coarse graining, essentially placing
each site y into a certain ‘bin’ depending on the value of o(y). We then seek to bound the
number of sites in each bin, weighted by the depth of the traps corresponding to each bin.
Note that the construction of the coarse graining scales is relatively simple in the case of
Weibull traps; see [59] for the construction in a more general setting, as well as remarks as

to how this construction breaks down if the tail of ¢(0) is too heavy.

Let n; be an arbitrary function such that n; — oo as ¢ — oo. For a constant ¢ > 1,

define the scaling functions {0} }i—01,2 by
09 =0, ol = (loglogn,)® and logo? = (a})",
and note that these satisfy, as t — oo,
(Utl)# <c 'logn; and (af)” > clogny (4.12)
eventually. For a path p € I'y, define

N; = Z ]L{U(pi)e(af_lygﬂ} foreach 1 <¢<2.
0<i<k

The following proposition essentially bounds the number of sites in each coarse graining
scale, weighted by the log of the scale. This will turn out to be the correct definition of a
‘quick path’ in Section 4.4.

Proposition 4.18 (Existence of quick paths; d = 1). Ast — oo, each path p € T'|;(0, 2)

with |z| < ny, satisfies

P Z N;logo! < ny(logloglogn,)? | — 1
i=1,2

and

max o(p;) < o?,
0<i<|z|

eventually almost surely.

Proof. Abbreviating
F,(z) :=P(c(0) > x) = exp{—a"},

we first prove that the event

Nii= | AN <2 exp{Fo (0} ")}

i=1,2

satisfies P(NV;) — 1 as t — oo. Note that each N; is stochastically dominated by a binomial
random variable
N2 Binom(ny, F,(oi7 1)),

with EN; = n,F, (o) and VarN; < n,F,(ci"'). By the union bound and Chebyshev’s
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inequality,
P(U{Z\_fi > ZENZ-}> <Y P(N;>2EN) <Y VarN; S (Fo (o)) (413)
i 5 5 (EN;)? — i

Since the o} are increasing in i and recalling (4.12), for i € {1,2},

— . 1

Foloi™) = Folof) 2
Combining with (4.13), by the union bound, as t — oo, eventually
PN,)>1-2nf ~'—1,

since ¢ > 1.

Now assume the event N; holds and split the sum

Z N;logoi = Nylogo} + Nologo?.
i=1,2

For the first term, on the event A; and recalling the definition of o} we have
Nilogo} < 2niF,(0?)logot = 2n;logo} = 2¢  nglogloglogns < ng(logloglogn:)?/2

eventually. Similarly, for the second term, on the event A; and recalling the definition of o
we have

N;logo? < 2n,F,(0})logo? < 2ny < ny(logloglogny)?/2

eventually. Finally, the fact that

2
ma i) <
Jmax o(pi) <o

eventually almost surely follows from (4.12) and Lemma 4.17. O

Quick paths in dimension higher than one

In dimensions higher than one we use percolation-type estimates to prove the existence of
a path p € T'(0, 2) with z € S; for some well-separated set S; that: (i) avoids all the deep
traps; (ii) has |p| not much more than |z|; and (iii) does not travel too close to sites in S;.
Since we use percolation-type arguments, it will turn out that we need no extra assumption
on the tail decay of ¢(0). This allows us to greatly extend the validity of our result to apply
to more general trapping landscapes, and in particular, for arbitrarily slowly-decaying trap
distribution o(0); see [59].

So let us start with the relevant percolation-type estimates; for background on percolation
theory see [19, 42]. Consider site percolation on Z? with P(v open) = ¢ independently for
every v € Z%. We say that a subset of Z% is *-connected if it is connected with respect to
the adjacency relation

"
v~w s max v —w| =1,
1<i<d
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where v; and w; denote the coordinate projections of v and w respectively. If v ~ w we say
that w is a *-neighbour of v. A *-connected subset of Z¢ is referred to as a x-cluster. The
relevance of x-clusters is that they represent the blocking clusters for open paths in Z¢. For

v € Z4 a closed site, denote by C(v) the largest *-cluster of closed sites containing v.

For two sites u,v in Z? denote by du(u,v) their chemical distance (also known as the
graph distance) with respect to site percolation, defined to be the length of the shortest

open path from u to v (and defined to be infinite if no such path exists).

Lemma 4.19 (Expected size and maximum of closed *-clusters). Let ¢ € (1 — (3d)~1,1)

and suppose u1, ..., unr are M € N distinct closed sites in Z%. Then

(i) E[|C(u1)|] < (1 —3%1 —q))~", and so in particular B[|C(u1)|]] = 1 as ¢ — 1; and

(ii) For every x € N,
P(max{|C(u1)],...,[Clun)|} < ) > 1 — M (341 — q))llo8se @I |

Proof. Consider performing a breadth-first search on C(uy) starting from the site uy, by
first discovering the closed #-neighbours vq,..., v, of u;, and then in turn discovering the
closed *-neighbours of each of the v;, 1 < j <k, iterating this procedure to explore C(u1).
Suppose that the site w has just been explored in this procedure. Then the number of
closed *-neighbours of w that have not already been discovered is stochastically dominated
by a Binom(3? — 1,1 — ¢) random variable. It follows that |[C(u;)| < Z, where Z is the
total progeny of a branching process with offspring distribution Binom(3%,1 — ¢). Since
E(Z) = (1 —3%1 — ¢))~ !, this proves the first statement.

For the second statement, note that by the union bound we have
M
P(max{|C(u1)l,...,[Clun)[} = z) < Z (IC(ui)| =2 #) = M P(|C(u1)| = z) .

Again by exploring C(u;) we have
P(|C(uy)| > 2) <P(Z > x).
To finish the proof, note that by Markov’s inequality we have
P(Z > z) < P(Z(|logga x]) > 0) < (39(1 — q))lo%s 7]

where Z(n) denotes number of individuals in generation n of the branching process. O

Lemma 4.20 (Chemical distance). Fiz two sites u,v in Z% and a function ¢ := c(q) with

c— o0 asq— 1. Then, as ¢ — 1,

P<w<1+c(1—q)) —1.

Proof. Denote by Co, the unique infinite open cluster, which exists almost surely for all ¢
sufficiently close to 1 (see [42]). Let p € I'j,_,|(u,v) be any shortest path, denote by K the
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subset of {p} consisting only of closed sites, and define

s=| U c@)| <X lew@).

zeK zeK

By part () of Lemma 4.19 and the FKG inequality (see [42], Section 2.2), we have the bound

B|K|[{u,v € Coc}] _ Ju—v|(1—q)

E[S‘{’LL,’UGCOO}] S 1_3d(1_q) — 1_3d(1_q) .

We now claim that, on the event {u,v € C}, it is possible to find a path p € T'x(u,v) for
some k < |u—v|+ (3¢ —1)S such that every site in {p} is open. To obtain the required path
p take the direct path p and divert it around C(u) for each closed u € {p}, so that every
site in {p} is either in {p} or in the outer boundary of some C(u), where by outer boundary
we mean the set of sites {v ¢ C(u) : Ju € C(u), u ~ v}. This procedure is possible since
u,v € Co. Then {p} will consist of just open sites since the outer boundary of each C(u)
is a path of open sites. The bound on |p| follows from the fact that the size of the outer

boundary of a *-cluster A is at most (3¢ — 1)|A].

We complete the proof of the Lemma with Markov’s inequality:

do(wr) (1~ lu—v]
P<u—m21+“”>ﬁpos>cw;u

{u,v € COO}) + P ({u,v € Cxo})

3(i

< m+P({u,veCoo}c) .

Since P(u,v € C) — 1 as as ¢ — 1, this completes the proof. O

We are now ready to show the existence of a quick path in dimensions higher than one.
Let S; C Z¢ be such that
r(S¢) >t° and min |u| > t°
u€ESy

eventually for some € > 0. Let o; be an arbitrary function tending to infinity as ¢t — oc.
Define the set
2401, 8¢) == {2 € 21 0(2) < 01,2 ¢ B(S1,J)}-

For a site z € Z¢, let |2|chem De the chemical distance of the ball B(z,j) in this set, that
is, the length of the shortest path from the origin to 0B(z,j) that lies exclusively in this

subgraph (setting it as oo if such a path does not exist).

Proposition 4.21 (Existence of quick paths; d > 1). Let z; € SNV, and let ¢; be a function
such that ¢; — o0 ast — oo and F‘U(ot)ct < 1. Then, there exists a constant ¢ > 0 such

that, as t — oo,

P <|Zt|ZCh|em S 1 + Fa(Ut)Ct + t_c) — 1.
t

Proof. Let q:=1— F,(0;). By Lemma 4.20, with probability tending to 1 as ¢t — oo there
exists a path p € T'y, (0, z;) for some

Oy < |z|(1+ Fy(op)cy)
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such that o(p;) < oy for all 0 < i < ¢;. Let ¢ = min{0 < j < ¢, : p; € 9B(z,j)} and define
vs := p; to be the first site in OB(z, j) visited by path p. We show how to modify p so that
we obtain a new path p € T'(0,v;) for some v; € dB(Z;,j) with {p} C Z%(oy, ).

The modification is done by diverting p around the balls of radius j centred on sites
in S;. In doing so, we may encounter new closed sites v, and these too must be avoided if
we wish to find a path p with {p} C Z%(0y,S;). Formally, the set of these new closed sites
is precisely

{w € 0B (S: N B({p}.).4) : olw) > a1}

Denote by M; the size of this set and its elements as w;,...,war,, and choose 0 < ¢; < ¢
where € is the constant appearing in the definition of S;. Then by the separation of sites in
S;, we have

1Se N B({p}, 5)| < bet™F,

and so
M; < 3% B0, )]0t < |zt (4.14)

for all ¢ sufficiently large. Choose now 0 < ¢ca < ¢1, @« < —1 — (1 — ¢1) /¢, and t sufficiently
large so that
Fo (O't) < 3da .

Applying part (ii) of Lemma 4.19, we deduce that
max{|C(w1)],...,|Clwa)|} <t

with probability tending to 1 as ¢t — co. We claim this implies that, by the separation
of sites in Sy and the fact that co < e, with overwhelming probability there exists a path
p € I'(0,v;) which avoids all j-balls centred on sites in S; and all closed sites. Indeed to
obtain this path we take path p and then divert around j-balls centred on sites in Sy and
then further divert around any new closed x-clusters we encounter. Since we know that no
such cluster is too large, they cannot cut the origin off from v; in Z%(oy, S;), and furthermore

we will not encounter any more sites in S; on the new path.

We can now bound |p|. The number of additional sites we must visit to obtain p from
p is at most 3¢M;(|B(0, )| + t°2) with probability tending to 1 as ¢t — oo; this comes from
counting the diversions around each j-ball and the diversions around each closed cluster we

then encounter. Using (4.14), we can choose a 0 < ¢ < ¢; — ¢3 to yield the result. O

4.3 Extremal theory for local principal eigenvalues

In this section, we use point process techniques to study the random variables Zt(j ) and
\Ilgj ) (Zt(j )), and generalisations thereof; the techniques used are similar to those in Chapter 2.
In the process, we complete the proof of Theorems 4.2 and 4.3. Throughout this section, let
€ be such that 0 < e < 6.
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4.3.1 Upper-tail properties of the local principal eigenvalues

The first step is to give upper-tail asymptotics for the distribution of the local principal
eigenvalues AW (2) for z € TI**) and n € N. These will allow us to study the random
variables Zt(j ) and \Ilgj )(Zt(j )) via point process techniques. For technical reasons, we shall
actually consider a punctured version of A" (z) which will coincide with A" (z) eventually

almost surely for each z € TI(F+),

To this end, let {£.}.cy, be a collection of independent potential fields £, : Z¢ — R
defined so that, for each z € V;, we have &,(z) = £(z), and, for each y € V; \ {2}, instead

£.(y) is i.i.d. with common distribution

£(0), if §(0) < L¢;

0, otherwise.

£(0) =

Then, for each z € V; and n € N, let Z\§”)(z) be the principal eigenvalue of the punctured
operator H(™ (z) := Ag~! + &, restricted to B(z,n).

Proposition 4.22 (Path expansion for S\E")). For each n € N and z € TIF4<) uniformly,

ast — oo,
» (1)
>\§ )( ) =mn(z Z Z H (2d)~ (n—_+0(dt€t),
2<k<2j pely(z,2) 0<i<k ( ) —n(p:)
piFz, 0<i<k
{pP}CB(2:n)

=n(2) +O(a; ).

Moreover, as t — o0,
A () = A ()

eventually almost surely.

Proof. This follows just as in Proposition 2.21; the error asymptotics remain valid since
o~ 1(p;) is bounded above by ;. O

Proposition 4.23 (Extremal theory for S\En)) For each n € N, there exists a scaling
function Ay = ay + O(1) such that, as t — 0o and for each fized x € R,

P (M")( ) > A+ xdt> e,
Moreover, there exists a ¢ > 0 such that, as t — oo and uniformly for x > 0,
ti P (:\En)(()) > A+ xdt> < g™t
Proof. First remark that, by Lemmas 2.19 and 4.5, as t — oo,

Z\§”) (0) > Ay + zd, implies that &(0) > L;.,

eventually almost surely, which means that we can apply the path expansion in Proposi-
tion 4.22 to XE”’(O) Let A; be an arbitrary scale such that A; = a; + O(1), and define the
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function
Qe =0 O +o ) 3 Y T a2 B
A , , Ay —n(pi)’
2<k<2j pel(0,0) 0<i<k
pi#£0,0<i<k
{P}CB(2.5)

if £(y) < Ly for each y € B(0,7) \ {0} and Q(A¢; €, 0) := 0 otherwise. Note that, as ¢t — oo,
Q(A4; € 0) = O(1) uniformly in £ and o. Then, since Z\§")(0) is strictly increasing in £(0)

we have that, as ¢t — oo,
P (A"(0) > A +ad,) ~ P (g(o) > Ay + ody + Q(Aq + xdyi €, a)>
~P<£(0) >At+$dt+Q(At;£aU)> (4.15)
2!

~ e / exp {ag - (At + Q(At;§,0)> } dpe dps
&0

~ e [ exp{ay = (A +O()} due di
§,o

where the first asymptotic accounts for the error in the path expansion Proposition 4.22, the
second and third asymptotics result from Taylor expansions, and are uniform in £ and o (as
is the fourth asymptotic), and where p¢ and p, stand for the joint probability densities of
{€W) yeBo.n\{0y and {o(y)}yeB(0,n) respectively. Note that, for C' > 0 sufficiently large,
eventually

a] — (et +C+0(1) <0<a] —(a,—C+0(1))".

Hence, by continuity of the path expansion in Proposition 4.22, there exists an A; = a;+0(1)
such that, as t — oo,

.
/ exp {az - (At + Q(At;.f,a)> }dug dpy — 1
&0

which gives the first result. For the second, instead of (4.15) we bound Q(A; + xdy; €, 0)
above, uniformly in z > 0, by Q(A;; &, o), which produces the bound

Y T Y
o [ e {ar - (ac+Uaga) (14 2o )} dueduo.
[ v

In the case v > 1, we bound this expression above uniformly in > 0 by

’y x
t_d/ exp {a? - (At + QA€ 0)) (1 + j(logt)_l) } dpte dpig ~ e~ 5 o)
g0

using the definition of A; and the fact that A; + Q(A¢; €, 0) ~ a; in the last step. The case

v < 1 is simpler, since then we have simply
P (6(0) > At + (Edt + 0'_1(0)> = P<f(0) > Q¢ + l'dt + O(l))

and the bound follows from the regularity of Weibull tail of £(0). O
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We now define the set-up we shall need to examine the correlation of the potential field
and trapping landscape near sites of high A("); since the nature of this correlation differs
depending on (v, i), so does our set-up. Fix a constant v € (0,1). Recall first the definition
of the ‘interface sites’ Z¢ and Z, and also the definition of n(y). For each y € Z¢ define the

positive constants

)7 >0 2(2d) 107 ;)T it >0
o AT a0 a6 ) T el >0

0 else 0 else

eo(y) =n(Y)*(2d) "ye; " and  Ee(y) =l (y) 5, "

Further, if v > 1, for each n € N define the rectangles

Ee = H (=fe. fr) H (fe:9¢)

YE(B(0,nApe)\{O})\Z¢ y€(B(0,n)\B(0,nApg))ULe
Eo‘ = (_ftaft) X H (vat) X H (O7gt)7
y€(B(0,m)\{0})\Z, y€(B(0,n)\B(0,nNps))UIs
Se = I1 af< D (ce(y) — froce(y) + f) % I1 (fer91)

y€(B(0,nApe)\{0})\Z¢ y€(B(0,m)\B(0,nNpg))ULe

and

So = af"(co — fr.Co + f1) X II (0000 + f1) X II (0,9¢) -

y€(B(0,m)\{0})\Z, y€(B(0,n)\B(0,nAps))ULs

If v <1, maintain the definitions of E; and S¢ but define instead

E, :=(a;",0) X H (0,9:) and S, := H (0,g¢) -t

yeB(0,n)\{0} y€B(0,n)

For each n € N, define the event

St = {{&W)yennn 0y € St » {o(W)}yenom) € So}

and, for each x € R and the scaling function A; from Proposition 4.23, further define the

event

Ay = {xgn)m > A+ xdt} .

Proposition 4.24 (Correlation of potential field and trapping landscape). For each n € N,
ast — oo,

Moreover, as t — 00,

eég(y)xf§<x)

ff(y”At (x) — W , fOT each Yy c Ig ; (416)



146 4. The Bouchaud—-Anderson model

uniformly over x € (0, L), and

eCoW/e f(x)

foa(x) = Efee-W)/o0)] ° for each y € 1, (4.17)

uniformly over x. Finally, if v =1, then for each x € RY, ast — oo,

—1/z
fU(O)\At (m) — Ma (418)

uniformly over x.

Proof. Define a field s : B(0,n)\{0}UB(0,n) — R with projections s¢ and s, onto B(0,n)\
{0} and B(0,n) respectively. For a scale C; ~ a; define the function

Qi(Ci; 8) :=a; " (co + 55(0)) " — a; ¥ (co + 5,(0)) "

(2d) 7" (65 + 5o (pi)) "
X Z Z H qe(Ipil) —1’
2<k<2j pelp(0,0) 0<i<k Ct — ay (ce(pi) + s¢(pi) + (00 + 85(pi))

pi#0,0<i<k
{p}CB(0;n)

if, for each y € B(0,n) \ {0},
a0 (ce(y) + se() € (0,L1) , s.(y) >0 and  af” (cy + 5,(0)) > 0

are satisfied, and Q;(Cy; s) := 0 otherwise. Define further the function

Ri(Cris) i=a] = (Co+QuCris)) + > (o fe (a*"" (cely) + se(y) ) +logai< ™)

ye€B(0,n)

+10g fo (af (co + 55(0)) +logaf” + Y log fo (65 + s0(y)) -
yeB(0,n)\{0}

To motivate these definitions, consider that, similarly to the above, we can write

p (Xﬁ"’(()) > A+ xdt) ~ tde=T / exp {Ry(Ay; s)} ds. (4.19)

R2IB(0,n)|-1
It remains to show that the integral in (4.19) is asymptotically concentrated on the set
Ee¢ x E, and that equations (2.15)—(4.18) are satisfied. This fact can be checked by a
somewhat lengthy computation which we only sketch here. We shall treat separately the

cases (i) v > 1, and (ii) v < 1; we begin with case (i), which is the most delicate.

We must analyse the variables s,(0), {s5(¥) }yeB(0,n)\{0}> and {5¢(y) }yeB(0,n)\{0} S€Pa-
rately; we start with s,(0). In what follows abbreviate R:(A; s) by Ri(s). Fix an arbitrary
choice of the components of s and consider how R:(s) varies with s,(0). Notice that the
function Ry(s) can be decomposed into two parts, one of which decreases as s,(0) increases
(through @) and another which increases as s,(0) increases (through f,). The first part
is analysed by Taylor expanding (A; + Q:(A¢;s))”, from which it can be seen that the

dependence on s,(0) is, as t — oo,

var ™ af ™ (o +55(0) 7" (1+0(1)
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where the error term o(1) is uniform in s. The second part is given by —log f,(a{’ (cy +
35(0))) which is eventually
ai™"(co + 5,(0))".

Hence, since we defined ¢, precisely so that

—Go +7—1=gop,

the function R; has the asymptotic form, as t — oo,
Ry(s) = f1(t;s) + a; (g1(s5(0) + o(1))

where f1(t;s) is some function not depending on s,(0), k1 is some positive constant, the

function g;(x) satisfies
g1(2) = —(co +2) 7" = (o +2),

and the error term o(1) is uniform in s. Then we have, uniformly in s, as t — oo,

/ R4 s (0) ~ ef1 (859 / exp {07 g1 (50(0))} dss (0). (4.20)
R R

Remark that g;(z) achieves a unique maximum at 0 (by the construction of ¢, ). Therefore,
by the Laplace method, the above integral is eventually asymptotically concentrated around

0 on the order a;*, and hence the integral is concentrated on the domain s,(0) € (— f¢, ft)-

Consider now the variables {s,(¥) }yeB(0,n)\f0}- Fix an s,(0) € (—f¢, f¢) and an arbitrary
choice of the remaining components of s. Again, similarly to the above, the function R:(s)

can be decomposed into two parts, one whose dependence on s, (y) is, as t — oo,
_ 1 v—2lyl  —qo _
n()? (2d) " veg a) T a1 (05 4 sa(y)) 7 (14 0(1))
uniformly in s, and another whose dependence is

—log fa((sa + Sa(y)) :

Then we have, uniformly in s, as t — oo,

/ReRt(s) ds(y) ~ e2(*) /ReXP {rez"ai? (05 + 50(y) 7'} fo (0o + 50(y)) dsoy)
where fo(t;s) is some function not depending on s¢(y), K2 is some non-negative constant
with ko > 0 if and only if y € B(0, ps) \ Z,, and where the error term o(1) is uniform in s.
Hence, if y € B(0, py) \ Zs, then along with the lower-tail assumption of ¢(0), it is clear that
the above integral is asymptotically concentrated on s,(y) € (0, ft). On the other hand, if
y € I, then the integrand is asymptotically

eéﬂ(y)/(sa(y)+5a)fo_(So(y) + 50_) ,

uniformly over s, (y), which establishes (4.17). Trivially, if y ¢ B(0, p,), then the integral is
concentrated on s (y) € (fi,gt)-
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Finally, consider the variables {s¢(y)}ye(o,n)\fo} and fix s5(0) € (—=ft, fi), so(y) €
(0, f3) for each y € B(0, p,) \ Zy, and an arbitrary choice of the remaining components of s.
The function Ry (s) can be decomposed into two parts, one whose dependence on s¢(y) is of

order, as t — oo,

n(y)? (2d) 7105 + s0(y)) " tyey tafs 10 o] TG 9 (e (y) + se(y) (14 0(1))

uniformly in s, another whose dependence is

a0 (ce (y) + sely))” -

Hence, since we defined g¢(|y|) precisely so that

ae(lyl) +v =1 -2yl — ¢o = qe(lyl)7,

if y € B(0, p¢), the function R, has the asymptotic form, as t — oo,

Ri(s) = fa(t; 5) + a; (93(se(y)) + o(1))

where f3(t;s) is some function not depending on s¢(y), K3 is some non-negative constant

with k3 > 0 if any only if y € B(0, p¢) \ Z¢, the function g3(x) satisfies

g3(x) = yn(y)* (2d) 716, ;M ce(y) + ) — (cely) +2)7,

and where the error term o(1) is uniform in s. Then we have, uniformly in s, as ¢t — oo,

Lﬁ@m@~wWAmmwmmmmww

If y € B(0, p¢) \ Z¢, and since g3(z) achieves a unique maximum at 0 (by the construction
of c¢(y)), again by the Laplace method this integral is also asymptotically concentrated on

se(y) € (—fi, fr). On the other hand, if y € Z¢, then the integrand is asymptotically

eEg (y)S§ () fg (85 (y)) )

uniformly over s¢(y), which establishes (4.16). Trivially, if y ¢ B(0, p¢), then the integral is
concentrated on s¢(y) € (ft,g¢). Since we have now shown that each component of (4.19)
is asymptotically concentrated on the respective component of the set FE¢ x F,, integrating

first over s¢(y) and s, (y) for y € B(0,n) \ {0}, and then over s,(0), we have the result.

Case (ii) is easier to handle. Now the integral in (4.20) becomes

ACD: /R exp{—ya; 's;1(0) + 0(1)} f~(55(0)) ds,(0),

with the error uniform in s. If v < 1, then this integral is clearly concentrated on s,(0) €

(0,g¢). If v =1, then the integrand of this integral is asymptotically

e’ O f,(s,(0)),
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uniformly over s,(0), which establishes (4.18). The remainder of the proof is identical. [

4.3.2 Constructing the point process

Just as in Chapter 2, the existence of asymptotics for the (punctured) local principal eigen-

values allows us to establish scaling limits for the penalisation functional szfﬂ' ),

We start by constructing a point set from the pair (z, \Ilgj )(z)) which will converge to a
point process in the limit. Again, for technical reasons, we shall actually need to consider
a certain generalisation of the functional \Ilgj ),

functional \11,93 : Vi = R by

More precisely, for each ¢ € R, define the

\Ilgjc)(z) =20 (z) - |’jt|log logt + c@ .
Further, for each z € TI(#+) define
o . V) - A ()
th,c,z = ’di and Mt@ = Z ]l(zr;lvytsjc),z) ’

z€T1(Et)

Finally, for each 7 € R and a > —1 let

H® :={(z,y) € RA+1 cy > alz|+ 7}

.

where R%*1 is the one-point compactification of R4*1,

Proposition 4.25 (Point process convergence). For each 7,¢ € R and a > —1, as t — oo,
M,ch)|Hg =M inlaw,

where M is a Poisson point process on ﬁf‘ with intensity measure v(dzx, dy) = dr@e v~ 1=l dy.

We now use the point process M to analyse the joint distribution of top two statistics
of the functional \111(5]2 So let

Zt(jc) = argmax \IIEJQ (z) and Zt(jf) = argmax \I!,gjc) .
’ zeIl(Le) ' ' zeTr(&t) ’
A2

Note that eventually these are well-defined almost surely, since II(#t) is finite and non-zero
by Lemma 2.18.

Corollary 4.26. For each c € R, ast — o0,

t,c

) 2 ) . . .2
(Zt(,jc) Zt(,]c ) \I}(J)(Zt(,jc)) _A’f’t \Ilg,]c)(Zt(,jc )) _A”’t>

) ) b
Tt Tt d»,at dn
converges in law to a random vector with density

(1, T2,y1,92) = exp{—(y1 +y2) — |z1]| — |22]) — 2d€_y2}1{y1>y2} :
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4.3.3 Properties of the localisation site

In this subsection we use the results from the previous subsection to analyse the localisation
sites Zt(JC) and Z;, and in the process complete the proof of Theorems 4.2 and 4.3. For each

c € R, introduce the events
Gre = {WNZE]) — WA 207 > die}

Hy = {tht < ‘Zt(])| < rtgt} and 1, = {at(l — ft) < \IJEJ)(Zt(J)) < at(l + ft)},

and the event
Eei= St(Zt(j)) NGoNGre NHe NIy

which acts to collect the relevant information that we shall later need.

Proposition 4.27. For each c € R, ast — oo,

P<gt,c) — 1.

In the next few propositions, we prove that the sites Zt(JC) and Zt(j ) are both equal to the

localisation site Z; with overwhelming probability.

Proposition 4.28. For each c € R, on the event &, ast — oo,
Zt(}j) _ Zt(j)

holds eventually.

Lemma 4.29. For each c € R, on the event & ., ast — oo,
AD(ZD) > N2 and A (2,) > \NZ)

and
AD(ZI) = \N(2) < dyey

all hold eventually.

Proof. The first two statements follow from the domain monotonicity of the principal eigen-
value in Lemma 4.4. For the third statement, remark that the event & . implies that
Zt(j) e IEee)  that £(y) < Ly for all y € B(Zt(j),pa)7 that £(y) < g¢¢ for all y such that
Ji>ly— Zt(j)| > pe, and that U(Zt(j)) > a} f;. Hence, by considering the path expansion
in Proposition 4.22, and using the same argument as in the proof of Lemma 2.28, we have
that for some C' > 0,
-G
ft((LjZZ _ L”Qiﬁ-&-z < dtet

AD(2) = a2 <
eventually, with the last inequality holding since

2y — 2 (7_1)+<1 0
Po p— 7.
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Corollary 4.30 (Equivalence of Zt(j) and Z;). For each c € R, on the event &, ast — oo,
729 =z,
eventually.

Finally, we prove a criterion for the independence of Z; from the trapping landscape o.
Define 9;(z) := £(z) — % loglogt and let z; := argmax, ) ¥4(2). Note that z; is inde-

pendent of o.

Proposition 4.31 (Criterion for the independence of Z; from the trapping landscape o).
If v < 1, then as t — oo,
P (Zt = Zt) — 1.

Proof. By Proposition 4.27 we may assume & . holds. Observe that, on & . and by Propo-
sition 4.22, any z € II(Feo) \ {Zt(])} satisfies

G (20 > 0(Z9) > B9 (2) + dyey > vy(2) + O(1) + dyey .
Moreover, by Lemma 4.5 and on &; ., any z € )\ TIEee) also satisfies
6e(Z7) > O Z0)) > (2) + O(1) + dyey .

Since die; — oo if v < 1, this implies that Zt(j) = argmax, ) P¢(2) =: z;. Corollary 4.30
completes the proof. O

4.3.4 Proof of Theorems 4.2 and 4.3

Theorem 4.2 is proved identically to in Chapter 2, so here we focus only on Theorem 4.3.
Consider part (a) By definition, Z; depends only on the values of £ and ¢ in balls of radius
pe and p, respectively around each site, and so the radii p¢ and p, are certainly sufficient.
To show necessity, consider that the results in parts (b)—(d) of Theorem 4.2 establish the
correlation of the fields £ and o at a distance pg and p, respectively around Z;. Hence these

radii are necessary as well.

Consider then part (b). The sufficient condition for the reduction to £ follows directly
from Proposition 4.31. To show necessity, consider that the results in part (c¢) of Theorem 4.2
establish that, if v > 1, the value of ¢(Z;) is not an independent copy of ¢(0), and hence Z;

must depend on o.

It remains to prove part (c). If p, = 0 then Z; depends on £ and o ounly through 7 by
definition. On the other hand, suppose p, > 1 and, for the purposes of contradiction, that

there exists a random site z;, depending only on & and o through 7, such that, as t — oo,
P(Zt = Zt) —1.

Fix a site y and a constant ¢ > §,. We establish a contradiction by considering two bounds
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on the probability of the event

{o(y) <c, |Z: =yl =1}.

We first consider the case that {z € Z,, : |z| = 1} is empty. Then by part (d) of Theorem 4.2,
conditionally on event {|Z; — y| = 1}, we have that o(y) — d, in probability as t — oc.

This implies that there exists some ¢; > 0 such that
Plo(y) <c, |Ze —yl=1) > (P(o(y) <c)+ 1) P(1Ze —y|l =1) (4.21)

eventually. In the case that {z € Z,, : |z| = 1} is not empty, conditionally on event {|Z;—y| =
1} and again by part (d) of Theorem 4.2,

Jo) (@) = czeé”/g”fg(:r)

for some ¢z > 0, and so (4.21) holds in this case as well.

We now work on the event {Z; = 2} and show how to obtain a lower bound on the
probability of the event {o(y) < ¢, |2t —y| = 1}. Let 7 = {n(v) : v # y}. Remark first that,
since z; € IIF4) | by Proposition 4.22 we have that \;(z;) is increasing in 7(y) for |y —z| = 1.
Hence there exists a function 3; : 7 — R U {oo} such that, conditionally on 7,

{lze —yl =1} and  {n(y) = A:(N)}

agree almost surely. To see this, set (7)) to be the minimum 7(y) such that with such a
value of 7(y), we have |z; —y| = 1 (and setting it to be infinity if no such value exists). Then
clearly, if n(y) < B¢(7]) we cannot have |z; — y| = 1, and on the other hand we claim that if
n(y) > Bi(y) we have |z, —y| = 1. This follows by the almost-sure separation of Lemma 2.19,
which ensures that {y = z;} has probability 0. Then, eventually almost surely,

Plo(y) <c |a—yl=1) =

=

L1z, —yl=1} o) <cy | 7]

Lin(y) >} Lo (y)<cy | 71]]

7 (B {n(y)>6. 3 7 BlL{o(y)<cy | 7]]
(0(y) <) P(lze —y| =1),

=
55

where the second equality uses the fact that z; depends on ¢ only through 7, and the
inequality holds since, conditionally on 7, the events {n(y) > B:(7)} and {o(y) < ¢} are
negatively correlated. Since z; = Z; with probability going to one, combining with (4.21)

gives the required contradiction.

4.4 Negligible paths

In this section we show that the contribution to the total mass U(t) from the components
U2(t), U3(t), U%(t) and U5(t) are all negligible. We proceed in two parts: first we prove a
lower bound on the total mass U(t), and then we bound from above the contribution to the

total mass from each U?(t). Throughout this section, let € be such that 0 < e < 6.
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4.4.1 Preliminaries

We begin by proving a general result on eigenfunction decay around sites of high potential,
which will be used in both the lower and upper bound. For each z € II¥+<) let ¢; denote

the principal eigenfunction of the operator H)(z).
Proposition 4.32. For each z € TIF4<) uniformly, as t — oo, almost surely
_1
Z v1(y) = 0 and Z M -0
yeB(z)\ {2} ves(zanis 1o 2 @ille
Proof. By Proposition 4.8, we have the path expansion

g 0_71 ’ ‘
UEZ; > > I (2d)1w(2)%, y € B(z,4)\ {2}

k>1  pel(y,z) 0<i<k
pi#z,0<i<k
{P}YCB(2.4)

e1(y) _
e1(2)

Since, by Lemmas 2.19 and 4.5, for each y € B(z,j) \ {z}, almost surely
A () = n(yi) > Lo — Ly =057,

and moreover since o~ !(y) < §; 1 for all y € B(z,j), the result follows. O

Corollary 4.33 (Bound on total mass of the solution). For each z € IIF4<) uniformly and

any ¢ > 1, ast — 0o, almost surely
t )
E. [efo g(XS)dSTl{TB(ZJ)CN}] <ceM(®)

eventually.

4.4.2 Lower bound on the total mass U(t)

Recall that by the discussion in Section 2.1.2; the total mass U(t) can be approximated
by considering both the benefit of being near a site of high potential and the probabilistic
penalty from diffusing to that site. To formalise a lower bound for U(t) we need a bound

on both of these terms.

We begin by bounding from below the benefit to the solution from paths that start and
end at a site of high potential.

Lemma 4.34. For each z € I(Fv<) uniformly,
log u (t, z) > tAU)(2) 4 o(1)
eventually almost surely.

Proof. Recall the Feynman-Kac formula for the solution u, (¢, 2) (see, e.g., Proposition 4.10),

and note that the expectation is larger than the corresponding expectation taken only over
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paths that do not leave B(z,j). Using Corollary 4.13, we then have that

A @ig1(2)p3(2)

_1
le=2 1l

uy(t,z) >

)

where o1 denotes the principal eigenfunction of the operator H)(z). Since the domain
B(z, ) is finite, the fact that the eigenfunction o~ ¢ is localised at z (by Proposition 2.30)

ensures that the square eigenfunction o~1? is also localised at z, and the result follows. [

The next step is to bound from above the probabilistic penalty incurred by diffusing to a
certain site. Naturally this penalty takes into account both the distance of the site from the
origin, as well as the size of the traps on paths from the origin to the site. In bounding this,
we shall make use of the existence of quick paths that we established in a general setting
in Section 4.2.2. So let us first define explicitly the event ©¢ that guarantees us sufficiently
quick paths, and show that it holds with overwhelming probability.

In the case d = 1, for ny := r4g; and ¢ := ™!

, recall the definition of the coarse-graining
scales {0} }7_, from Proposition 4.18. Let p € '|z,/(0, Z;) be the (unique) shortest path from
0 to Z; and define

P . . ;
N? .= Z Ly oei-tony » 8= 1,2
0<i<|Z|

In the case d > 2, abbreviate s; := logloglogt, and for z; := Z;, o := logloglogt and
S, := ) recall the definition of |Z;|chem from Proposition 4.21. Define the event

{Z?:l NPlog o} < tdiby , maxo<i<|z,0(p) < Uf} , d=1,
{1 Z¢|chem < |Ze] 4+ 1ibe} d>2.

o .=

Proposition 4.35 (Existence of quick paths). For each ¢ € R, ast — oo,
P(0f,&.) — 1.

Proof. Recall that on event & . we have that |Z;| < ryg;. Suppose d = 1. Then the
result follows immediately from Proposition 4.18 and the properties of the scaling functions
in (4.4), since

loglogrigs ~ loglogt.

Suppose then d > 2. Note that conditioning on ¢ determines II(X¢) and also that, by
Lemma 2.19, eventually almost surely I1(X¢) satisfies the properties required by the set S;.
Since Z; € IIF4), conditioning on the values of ¢ in B(II**), j) therefore determines Z;.
Given Z; and TI(5*) | the event ©¢ is fully determined by the values of o in Z¢\ B(ITI(F), 5).
Hence we can apply Proposition 4.21 with z; = Z;, 0y = s; and S; = 1) to deduce that

there exists a ¢; < 1 such that, for all functions ¢; — oo,
|Zt|chem < ‘Zt|(]. + Fo’(st)ct + t_cl)

with probability tending to 1. By (4.4) and the Weibull tail of ¢(0) we can pick a ¢; such
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that
regeFy(st)cr < regece/se < riby

and so we have the result. O

We are now ready to prove the lower bound.

Proposition 4.36. For each c € R, on the events & . and 0¢, ast — oo,
) 2]
logU(t) > tAY)(Z;) — ~ loglogt + O(td.b;)
almost surely.

Proof. In the following proof set z = Z;. We first consider the case of d > 2. As in the proof
of Proposition 2.33, for each r € (0, 1),

U(t) > u (1 =r)t,z) P(T < rt),

where P denotes the law of the BTM initialised at the origin and 7 denotes the first hitting
time of the site Z;. We seek to bound P(7 < rt). Since we are on event ©¢, there exists a
path

re (J Tu(0y)
yEIB(2,7)
for some ¢; < |z| 4+ by such that o(z) < s¢ for all z € {p}. Moreover, since we are on
event & ., each o(z) € B(z,j) \ {#} is such that o(z) < a} for some v € (0,1). Hence if we
denote by (Xt)tZO a continuous-time random walk, initialised at the origin, with generator
AG~1 where 6(x) = s; for all z € {p}, 5(x) = aY for all z € B(z,75) \ {2}, and &(z) = o(x)

otherwise, then by a simple coupling argument we have that
P(r <rt) > P(7 <rt),

where 7 is the first hitting time of z by X. Using a similar calculation to in the proof of
Proposition 2.33, for any 71,72 > 0 such that rq + 79 <r,
b

2d
logP(7 < rt) > —rits; * — ratay ¥ — £, log < ; _1) + jlogry + O(logt) . (4.22)
erits;

Now note that on the event & . we have that Z; € I1(L+e) . Hence we can combine equations
(2.19)—(4.22) and Lemma 2.32 to get that
-

, 2d
logU(t) > (1 —ry — rg)t)\(])(z) —rits; b — rota;” — £, log < " 1) + jlogry + O(logt) .
er1ts;

We now use the bound ¢, < |z| + b, and choose {r;};=1 2 to optimise the bound, that is,

set b
r = —|Z| +Tt L and ro =

(MO (2) + 5.1 tAD(2) +a;")
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It is clear that on event & . we have r1,rs € (0,1). With these values of r; and r we obtain

log U(t) > tAW) (2) — (2| + rtbt){ log (

w) +0(1)} +O(1og).

On event & . we have that /\(j)(z) < a¢(1 + fi). Since also |z| < r¢g: on event & . we find
that

log U(t) > tAY) (2) — |z|log(AD)(2)) — rib, Jog(A9) (2)) + O (r1g log(sy))
> AU (z2) — Ll loglogt + O (td;b;)
v

with the last inequality following since s; := logloglogt and by the choice of the scaling

functions in equation (4.4).

Next, we turn to the case d = 1. Denote by (Xt>t20 a simple continuous-time random
walk on the integers with generator Ag—', where (z) = o! if o(z) € (67", 0%]. Again, by
a simple coupling argument

P(r <rt) > P(T <rt),

where 7 is the first hitting time of z by X and r € (0,1). Furthermore, we have
2
P(7 < rt) > 2712 T P(Poi(rit(af) ") = N,
i=1
for any 71,72 > 0 satisfying r; + 72 < r. By a similar calculation to the d > 2 case, we have
logU(t) > t(1 = r)AD(2) + > (=rit(o}) ™" = NP log(2N? /(erit(o}) ")) + O(log ) .
i=1

Choose r and {r;};=12 to maximise this equation, that is, set

NP
i — - C - d = i
TR @)y T :Z

noting that r € (0,1) for the same reason as in the d > 2 case. Then,

2
log U(t) > tAW)(2) 4 Z (—Nip (log ()\(j)(z)a,f)> + O(l)) + O(logt)
i=1
2
= AU (2) — |z|log (AU)(Z)) — 3" (NPloga} + O(|2])) + O(logt) .
i=1
The result follows since we are on event Of. O

4.4.3 Contribution from each U'(t) is negligible

In this section we prove that the contribution to U(t) from the each of the components U*(t),
for i = 2,3,4,5, is negligible. The most difficult step is bounding the contribution from the
components U?(t) and U3(t). We use the same approach as in Chapter 2.
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For each path recall the integers (7)o and (s);>1, and the equivalence class P(p)
consisting of paths that have identical trajectory except for when they are in balls of radius j
around sites z € II1(/t) (or, more accurately, when they first hit a site z € () until when
they leave the ball B(z,j)). Recall also, for m,n € N, the set P, , of equivalence classes
P(p) of paths p that satisfy

m—1
max{(: r* < oo} =m and Z (s —rf) 4 S 1 cooy + [Pl L {gmt1—00y — 7™ =11,
=0

and that the quantity m counts the number of balls of radius j around z € II/) that the
path exits, and the quantity n counts the total length of the path between leaving each of
these balls and hitting the next site z € TI(¥*). Recall finally the event {p(X) € P(p)} and
the contribution UF®)(t) to the total solution U(t) from the path equivalence class P(p).

The following lemma bounds the contribution of each P(p) € Py, 1, in terms of m and n.

The key fact motivating our set-up is that the contribution is decreasing in n.

Lemma 4.37 (Bound on the contribution from each equivalence class). Let m,n € N and
p € T(0) such that {p} C V; and P(p) € Ppm. Define z2P) .= argmax, ¢} A9 (2) and let
¢ > max{\W(z(®)) L, .}. Then there exist constants c1,cy > 0 such that, for each m,n,p

and ¢ uniformly, as t — oo,

, -1\
ur® ) < ect(cl(C _ Lt))fn (1 T (C _ )\(J)(Z(P))) )
eventually almost surely.

Proof. This follows as in Chapter 2, since we have that 0=!(p;) is bounded above by ;. O

Just like in Chapter 2 we can use Lemma 4.37 to bound the contribution to the total
mass U(t) from U?(t) and U3(t). The negligibility of U?(t) and U?(t) are then a consequence
of the lower bound on the total mass U(¢) in Lemma 4.34. Since the negligibility of U%(t)
and U®(t) are proved identically (noting that we have a lower bound on o, which is crucial

in U®(t)), as a corollary we have the following.

Corollary 4.38. There exists a constant ¢ such that, as t — 00,

U2(t) + U3 (t) + U*(t) + U (t)
U(t)

lgt,c]l@,d —0

almost surely.

4.5 Complete localisation

In this section we complete the proof of Theorem 4.1; that is, we show that the non-negligible
component of the total solution, ul(t,z), is eventually localised at Z;. Throughout this

section, fix the constant ¢ > 0 from Corollary 4.38.

The idea of the proof is identical to in the PAM, that: (i) the solution u!(t, 2) is closely
approximated by the principal eigenfunction of the operator H := Ao~ ' + ¢ restricted
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to By, and; (ii) the principal eigenfunction decays exponentially away from Z;. So let A,
and v; denote, respectively, the principal eigenvalue and eigenfunction of the operator H,
renormalising v; so that v;(Z;) = 1. Remark that, on the event &, we have that B, € V;.

Hence we can apply Proposition 4.16 which implies that, for any y € B; \ {Z:},

ul tay) 1 2
— 7 K -3
ul(t, Zt) = U(y)”U UtHeQ 'Ut(y)
<0, a(y)lvellz, ve(y) - (4.23)

Hence it is sufficient to prove that v; decays exponentially away from Z;.

Lemma 4.39 (Gap in j-local principal eigenvalues in B;). On the event & ., each z €
B\ {Z:} satisfies
)\(j) (Zt) — )\(J)(Z) > diey + o(dtet) .

Corollary 4.40. Eventually on the event & ., each z € By \ {Z:} satisfies
At > A(j)(Z) + dies + o(dtet) .

Proposition 4.41 (Feynman-Kac representation for the principal eigenfunction). Fventu-

ally on the event & .,

vy(2) = a(zt)EZ {exp {/OTZ* (E(X5) = N) ds} JI{TBtcmt}} ;

where
Tz, = inf{t >0: Xy = Z;} and 7pe:=inf{t >0: X; ¢ B;}.

Proof. This is an application of Proposition 4.6, valid precisely because of Corollary 4.40. [

Recall the partition of paths into equivalence classes in Section 2.4, the quantities r*

and s’ associated to each equivalence class, and, for m,n € N, the set of equivalence classes
Pn,m- Recall also the event {p(X) € P(p)}.

As in Chapter 2, define the path set E}, the set of equivalence classes 75,1L’m, the function

v (y) = :((gt)) Ey [GXP {/0th (€(Xs) — M) ds} l{p(X)EP}:| : (4.24)

and the site z2(F).

Lemma 4.42 (Bound on the contribution from each equivalence class). Let m,n € N and
P e 75,1“,” Then there exist constants c1,co > 0 such that, for eachm,n, P andy € Bt\H(Lf)

uniformly, as t — oo,
P -n NPy -1)"!
of () o(Z) < (x = L))" (14 2 = AV ()7

and, for each m,n, P and y € II'XY) uniformly, as t — oo,

o ) o(Z) < (M= ADEP)) (e — L) (1 el - 20PN )
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both hold eventually almost surely.

Proof. The proof is similar to Lemma 2.44, however a small modification is necessary to take
into account the additional o(y) factor present in the Feynman-Kac representation for v}
in (4.24), which a priori could be arbitrarily large. How we take this into account depends
on whether the path p starts at a site of high potential. If y ¢ II(%*), we simply modify
equation (2.24) by pulling out the factor o(y) and bounding the right-hand side by

(2d) "o M () (A = L) T (L4 G (N = Le) "

and the claimed result follows. If y € TI(/*), we instead modify equation (2.25) by using the
second bound in Lemma 4.15 on the product factor for £ = 1, which yields (abbreviating

s :=s%)

5,1 B(0, /)] \"
5)

m—1
TB(y,4) TB(ps.j) -1 NG —1
Ey[IO ] g Eps [IO ] S o (y)()\t A (Z)) (1 + )\t o )\(])(Z(P

and again the claimed result follows. O

Proposition 4.43 (Exponential decay of principal eigenfunction). On the event & . there

exists a constant C > 0 such that, for each y € By uniformly, as t — oo,
logvi(y) +log o(Z:) < —Cly — Zi|loglogt
eventually almost surely.

We are now in a position to establish Theorem 4.1. We work on the events & , and 6‘3,
since by Proposition 4.35 these hold eventually with overwhelming probability. First, remark

that Proposition 4.43 implies that, as t — oo,

o(Zy) Z ve(2)? = 0

z€B:\{Z:}

almost surely, and so in particular |Jv;||7, — 1, since we know o(Z;) > d,. Combining with
equation (4.23), and the negligibility results already established in Corollary 4.38 on the

events & . and ©¢, completes the proof. O



Chapter 5

Future directions

In this chapter we briefly outline some future directions for research on intermittency and
localisation phenomena in random walk models. In particular, we focus on questions relating
to intermittency and localisation phenomena in: (i) randomly branching random walks (such
as the PAM); (ii) random walks in random trapping landscapes (such as the BTM); and
(iii) hybrid models combining both branching and trapping dynamics (such as the BAM).

5.1 Localisation phenomena in randomly branching ran-

dom walks

In Chapter 2 of this thesis we addressed the localisation properties of the PAM in the regime
of potentials with sub-double-exponential tail decay, namely in the Weibull case and in the
FDE case. We showed that the PAM completely localises, with overwhelming probability,
in each of these regimes. This agrees with the conjecture that double-exponential potentials
form the boundary of the complete localisation universality class. Here we consider some
extensions to these results, including extensions to other models of randomly branching

random walks.

5.1.1 Beyond the complete localisation regime of the PAM

A long-standing open question is to determine the localisation properties of the PAM beyond
the complete localisation universality class, including in the case of potentials with (i) double-

exponential tail decay, and (ii) tail decay that is lighter than double-exponential.

In the case of potentials with double-exponential tail decay, it has long been believed
that localisation occurs on a certain number of connected sets of sites of high potential (often
called relevant islands) whose size remains bounded in probability as ¢ — co (although not
bounded almost surely). The intuition is analogous to the discussion in Chapter 2, namely
that in the double-exponential case there are connected clusters of sites whose potential
differs from the maximum potential in the macrobox only by a bounded amount. This

naturally leads to eigenfunctions (and hence peaks of the solution) which are approximately

160
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flat on this cluster. On the other hand, it is not clear a priori how many such relevant
islands are needed to carry the solution; a strong conjecture is that only a single island is

necessary.

Conjecture 1 (Localisation on one relevant island in the double-exponential case). Assume
there exists a v > 0 such that £(0) satisfies

P(£(0) > z) = exp{—e"™}, x>0.

Then, for any function hy — oo, there exists a set-valued process I'y such that T'y is connected,
|Ft| < ht, and

ZzeFt u(t’ Z)

U —1 in probability . (5.1)

On the other hand, there does not exist constant ¢ > 0 and a set-valued process I'y with
IT:| < ¢ such that (5.1) holds.

It appears that this conjecture, at least in substantial part, has now been established in
very recent work [18] that builds on the methods' presented in this thesis. Nevertheless,
certain questions about the precise nature of localisation in the double-exponential case
remain open. In particular, a detailed description of the shape of the solution, such as we
provide in Theorem 1.3, has not yet been achieved. Such a description, for instance, would
provide an upper bound on the rate of convergence to the localised state, such as we give in

Corollaries 1.4 and 1.11 for instance.

In the case of potentials with tail decay that is lighter than double-exponential, it appears
much more difficult to give a clear geometric picture of intermittency, and indeed it is
unknown whether localisation in the sense of (1.8) occurs at all. One aspect that is not in
doubt is that any localisation set I'; must be growing in size as t — oo. This is essentially for
the same reason as why localisation islands are of bounded size in the double-exponential
case. What is unclear, however, is whether localisation occurs on a single such relevant

island, a growing number of such relevant islands, or in fact not at all.

Question 1. What are the localisation properties of the PAM in the case of potentials with
tail decay that is lighter than double-exponential? In particular, does the solution localise on
a single relevant island of sites of high potential, or a growing number of relevant islands,

or not at all? How does the rate of growth of the size of the relevant islands depend on the
tail of £2

5.1.2 Almost sure localisation in the PAM

Recall that the only regime in which the almost sure (i.e. holding P-almost surely) localisa-
tion properties of the PAM have been determined is the ‘extremal’! case of Pareto tail decay.
In that case, it has been established that the PAM localises on two-sites almost surely, as

per the following theorem.

1Personal communication.
1Recall that beyond a certain threshold of heavy tail decay, the solution P-almost surely ‘blows-up’ in
finite time; see [39].
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Theorem (Two-site almost sure localisation in the PAM with Pareto potential; see [52]).
Assume that there exists a v > d such that £(0) satisfies

PEWO)>z)=2"", z>0.

Then there exists a set-valued process T'y such that |T'¢| = 2 and

Zzel“t u(t7 Z)

WD) —1 almost surely. (5.2)

On the other hand, there does not exist a site-valued process Zy =: T'y such that (5.2) holds.

Along with the complete localisation in probability of the solution, this almost sure
localisation result provides a very complete geometric picture of the asymptotic behaviour
of the PAM, as follows. At typical large times the solution of the PAM is localised at a
certain ‘good’ site, with negligible mass on other sites. However, at certain rare times a
‘better’ site becomes accessible, at which point the solution transitions to this new site,
but in such a way that no non-negligible amount of mass is on any other site during the
transition. Keeping in mind the interpretation of the PAM in terms of a certain particle

system, this has been evocatively described as a ‘two-cities’ theorem.

A significant open question is to establish the almost sure localisation properties of the

PAM in other regimes. In particular, we would like to answer the following.

Question 2. Does two-site almost sure localisation hold in the entire complete localisa-
tion universality class? Alternatively, for potentials with tail decay that is almost double-
exponential, does almost sure localisation require a bounded, or even a growing, number of
sites or relevant islands? What are the almost sure localisation properties of the PAM for

potentials with double-exponential, or lighter than double-exponential, tail decay?

Here we make some comments on the difficulties involved in answering such questions,
even in the case of Weibull potential. To a large extent, the existing method of proof used
to establish almost sure localisation in the PAM is very similar to that for establishing
localisation in probability, namely to identify a suitability criteria to access candidate sites
— expressed through the penalisation functional W; — and then to establish a gap in the top
order statistics of this criteria. One significant difference for almost sure localisation is that
the gap in the top order statistics must be controlled across all large times, rather than just
at a certain large, but fixed, time. This introduces a need to evaluate (i) how precisely the
penalisation functional ¥, expresses the suitability of a candidate site, and (ii) how large a
gap we can establish between the top order statistics of the penalisation functional across
all large times. Note that, in order to establish two-site almost sure localisation, we must
establish such a gap between the first and third order statistics of the functional — of course,

by continuity, no almost sure gap exists between the top two order statistics.

Let us examine these two points more closely in the Weibull case. On the first point,

recall from the discussion in Chapter 2 that the probabilistic penalty for diffusion to a certain
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candidate site z can be well-approximated by

1
2 H §(2) = €(p:)

pel|;(0,2) ¢

which, since £(z) > d1a; for some 4y € (0,1) for all suitable candidate sites, we are able to
simplify to
exp {|z|logas + c|z| + o(td:)}

for some ¢ > 0. Note that the error term o(td;) is smaller than (¢ times the) gap d; that we
are able to establish in the top order statistics of the penalisation functional ¥, which was

the crucial fact underlying complete localisation.

On the second point, through a simple Borel-Cantelli type analysis on the trajectories
of the points in the point process ¥, (i.e. using a similar discretisation scheme as in [52]) it
can be seen that the largest almost sure gap we can hope to establish between the first and
third order statistics of the functional W, is of order

dt l72
—— = (logt)"~.
Tog 1 (logt)
Note that the extra logarithmic factor, relative to d;, in this gap then poses a problem, since
it is now smaller than the error term of d; in the penalisation functional above. In other
words, the above approximation to the probabilistic penalty is no longer fine enough for our

purposes.

To remedy this we might use the Taylor expansion

1 _ 1 _f(pi)+
£(z) = &pi)  &(2)  &(2)?

which, after taking a logarithm, results in an expression for the probabilistic penalty of the

form

1 1 1 1
|Z|10gat—10gn(2)—a*m Z Zf(?i)-ﬁ-?n(z) Z E Epi)&(pi) + -
K PET|.)(0,2) i t PET|2(0,2) i

(5.3)

The first term in (5.3) is the usual probabilistic penalty that we used in our proof of lo-
calisation in probability. The second term counts the number of shortest paths to z; this
is fairly easy to control since it depends only on local information (indeed this term also
appears in the Pareto case; see [52]). However, the remaining terms in (5.3) are much more
complicated to control because they are non-local: they depend on the potential field across
significant portions of the domain. This induces dependencies in the values of the penali-
sation functional W; at the candidate sites, making it harder to establish gaps in the top
order statistics. Note that these non-local terms did not need to be taken into account in

the Pareto case.

We remark finally that in the case v < 1, it might actually be possible to determine
the almost sure localisation properties of the PAM without needing to analyse the extra

non-local terms in (5.3); instead we can simply control their influence using some rough
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bounds. Indeed similar expressions have previously been studied in the literature under the
name ‘greedy lattice animals’, and in [37] it was shown that a law of large numbers holds

for

max i) -
per‘zl(oyz)ZS(p )

g

This implies that

5 X Ym0

p€l|;(0,2) ¢

and hence, in the regime v < 1,

1 1 td;
an(z) Z Zg(pi)<<logt'

pel|;(0,2) ¢

This suggests that an analysis involving only the first two terms may be sufficient to deter-
mine almost sure localisation, just as it was in the Pareto case. In light of this, we make the

following conjecture.

Conjecture 2. Assume that £(0) satisfies, for some v € (0,1),
P(&(0) > z) =exp{—2"}, z>0.

Let TI4) be defined as in Chapter 2, define the penalisation functional

Uy(z) :=£&(2) — Z'loglogt —logn(z),

and denote by Zt(l) and Zt(2) the mazimisers

Zt(l) = argmax U;(z) and Zt@) = argmax  U(z).
2€T1(Le) zellE\{zM

Then, as t — oo,
u(t, Zt(l)) + u(t, Zt(z))
U(t)

— 1 almost surely.

The case v > 1 appears far more challenging, and it is not obvious to us whether two-site
almost sure localisation will hold throughout this case. Regardless, it seems clear that any
result in this direction will necessarily require a detailed analysis of the non-local terms
identified above, as well as the development of new techniques that can handle the induced

dependencies in the values of ;.

5.1.3 Localisation in the ‘unaveraged’ PAM

Recall that the PAM can be considered as the thermodynamic limit of the system of particles
on Z¢ specified by:

» [nitialisation: A single particle at the origin;

INote that it should be sufficient to use the potential £(z), rather than the local principal eigenvalue
A(z), since if v < 1 then td:/logt is also smaller than ¢ times the gap between £(z) — 2d and A(z), for all
candidate sites z € TI(Z4) | which is O(1/az).
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= Branching: Each particle branches (i.e. duplicates) independently at the jump times
of a time-inhomogeneous Poisson process, with the rate of the Poisson process for a

particle at a site z given by £(z);

» Diffusion: Each particle evolves as an independent continuous-time simple random
walk on Z%, that is, the waiting time for each particle at each site is independent and
distributed exponentially with unit mean, with the subsequent site chosen uniformly

from among the nearest neighbours.

An interesting alternative to studying the PAM is to consider this system of branching,
diffusive particles before averaging over the jump times, trajectories and branching times of
the particles in this system. To this end, denote by N(,2) the counting function for the
number of particles at time ¢ and site z, which is a random variable measurable with respect
to: (i) the random potential field; (ii) the randomness in the Poisson processes determining
the branching; and (iii) the randomness driving the diffusion of the particles. The PAM
results from averaging N over the second and third sources of randomness, in other words,
u(t, z) := E(N (¢, 2)).

Note that studying the counting function N provides much more detailed information
about the underlying particle system than is available through a study of the PAM. In ap-
plications, especially to population dynamics (see the discussion in Chapter 1), this particle

system is often of primary interest.

The study of localisation properties of the above particle system was initiated in [60]
where the case of Pareto potential was considered. It was proven that the (renormalised)

2 on a certain small ball around

counting function N localises, under the annealed measure,
a certain site Z; that is measurable with respect to the potential field. Surprisingly, the
site Z; is not always the same site as the localisation site of the PAM (i.e. under the same
realisation of the potential field). In other words, the probability that Z; is equal to the

corresponding site of complete localisation of the PAM is strictly between 0 and 1.

This work left open the question as to whether the random variable N, in the Pareto
case, completely localises under the annealed measure; in [60] it was strongly conjectured
that it does. Beyond the Pareto case, essentially all questions on the localisation properties

of this model remain open.

Question 3. In the case of Pareto potential field, does the (renormalised) counting func-
tion N of the above particle system completely localise under the annealed measure? What
are the localisation properties of the above particle system in the Weibull case, or in the case
of potential with even lighter tail decay? Are the localisation sites in these regimes compa-
rable to the localisation sites of the PAM? What are the almost sure localisation properties

of the above particle system?

The above questions are likely to be challenging to answer, and in general the above
model is considerably more difficult to analyse than the PAM. The main reason is that
instead of controlling the diffusion of a single particle, now all particles in the system must

be controlled precisely. Further, the spectral methods that we used in Chapter 2 to analyse

2Given the multiple sources of randomness in the definition of N, this is the equivalent of studying
‘localisation in probability’ in the PAM.
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the growth rate of the solution are no longer available; in [60] a variety of new techniques

were developed to compensate for this.

5.2 Localisation phenomena in trap models

In Chapter 3 of this thesis we studied the localisation properties of the BTM on the inte-
gers in the case of slowly varying trap distribution. Our main result was that this model
exhibits two-site localisation with overwhelming probability. Here we explore some possible
extensions to this result, including some applications to other, more physically realistic, trap

models.

5.2.1 Almost sure localisation in the slowly varying BTM

Following on from our study of the BTM on the integers with slowly varying traps, a
natural question is to consider the almost sure localisation properties of this model. By
simple symmetry and continuity considerations, the strongest localisation behaviour that
we might expect to observe is that there exists an almost sure localisation set I'; such that
ITy| = 3, although it is not a priori clear whether any slowly varying tail should actually

attain this bound.

Question 4. What are the almost sure localisation properties of the BTM on the integers
with slowly varying traps? For which, if any, slowly varying tail decay does the BTM exhibit

the strongest possible form of almost sure localisation (i.e. on three-sites)?

A partial answer to this question will be given in upcoming work [29], the main thrust
of which we briefly outline here. In particular, in [29] we show that the strongest form of
almost sure localisation is actually attained for certain examples of the BTM with slowly
varying traps. More surprisingly perhaps, we show that for each sufficiently large integer N
there exists a slowly varying tail such that almost sure localisation occurs on exactly IV sites.
As such, the BTM with slowly varying traps is an example of a model that exhibits almost
sure localisation on a finite number of sites, with the exact number of localisation sites able

to be tuned by adjusting the parameters of the model.

Our answer is only partial because, for simplicity, we choose to work in the one-sided
case (i.e. on the positive integers, rather than on the integers); this avoids some of the
technical difficulties present in the two-side case, yet still exhibits the relevant phenomena
that interests us. Note that in the one-sided case, the analogue to Theorem 1.12 holds with
IT:| = 1, and so the strongest form of almost sure localisation that one might hope to observe

is a localisation set I'; such that |T';| = 2.

We shall now explain the sense in which the almost sure localisation behaviour of the
BTM depends on the precise decay of the slowly varying tail of ¢(0). This requires us to
introduce the concept of second-order slow variation. A function L is said to be second-order

slowly varying with rate g if there exist functions g, k such that g(u) — 0 as u — oo and

ul;rr;o TU; =k(v), foranywv >0, (5.4)
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and where there exists a v such that k(v) # 0 and k(uv) # k(u) for all u > 0; of course, the
rate g is only defined up to a constant multiple, but this will be unimportant in what follows.
Second-order slow-variation is a natural strengthening of the slow-variation property, giving
more precise information about the fluctuations of L at infinity; see [15, Chapter 3] for an

overview of second-order slow-variation.

Now recall the slowly varying function L from Chapter 1 and assume that (5.4) holds.

Abbreviate the function

where L~! denotes the right-continuous inverse of L, noting that d(u) — 0 as u — oc.
Define the integer

N::min{le{Q,S 3> (d(em)logn)'™ <oo}, (5.5)

neN
setting N = oo if no such [ exists.

The main result of [29] identifies N as the number of almost sure localisation sites of
the BTM. Before stating this result, we first need to introduce an additional assumption
that acts to exclude certain boundary cases, in which the number of localisation sites falls

in some sense intermediate between two integers.

Assumption 2 (Exclusion of boundary cases). It is the case that N < oo, and

Zd “Llogn)N < oo and Zd(e”)N”:oo.

neN neN

Theorem (Almost sure localisation in the BTM on the positive integers; see [29]). Let
P denote the quenched probability mass function of the BTM on the positive integers with
reflective boundary conditions at the origin. Assume that L is continuous, and that (5.4)
holds for a rate function g that is eventually monotone decreasing. Then there exists a

P-measurable set-valued process T'y satisfying |T't| < N such that, as t — oo,
P(X: eTy) =1 P-almost surely. (5.6)

Moreover if Assumption 2 also holds, then there is no set-valued process T'y satisfying |T'¢| <
N such that (5.6) holds.

We note that the assumptions on L are satisfied for a wide range of slowly varying

distributions ¢(0). The main examples we have in mind are distributions satisfying

L(u) :=exp{(logu)’}, ~€(0,1), (5.7)

for which g(u) = (logu)’~*, k(v) = ylogv, and
N=2+ { 1 J
1L —v

In this example, we observe that N = 2 if and only if v < 1/2. Hence the almost sure

localisation behaviour of the BTM distinguishes precisely the two regimes of slowly varying
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tail that we identified in our results in Chapter 3. Note further that N — oo as v — 1, and
moreover that any N € {2,3,...} is attainable by selecting an appropriate v € (0,1). Other
classes of slowly varying distribution for which our results hold are those with logarithmic
decay (L(u) = (logw)?,~ > 0), or double logarithmic decay (L(u) = (loglogu)?,v > 0); in
both cases L satisfies each of the assumptions with N = 2.

To give some intuition as to why the number of localisation sites depends on the second-
order slow-variation rate g in the way determined by (5.5), consider that g(u) gives a measure
of how likely records, or near records, of the sequence {c(0)};en are to cluster on the same
scale u. In particular, g(u)* gives the approximate probability that such a cluster consists
of at least k sites. Next, consider that the height of the n*" record of the sequence {o(7)};en
is approximately L~!(e"). Hence, by a Borel-Cantelli argument, the summability of d(e”)*
determines whether a cluster of k records, or near records, occurs eventually almost surely.
From here, notice that a cluster of records, or near records, on the same scale naturally gives
rise to a division of the probability mass function of the BTM across this cluster. Together
with the site from which the BTM eventually escapes after leaving the cluster, we see that
this indeed suggests almost sure localisation on IV sites. In regards to the extra logarithmic
factors appearing in the definition of N in (5.5) and in Assumption 2, it is possible that

these are artefacts of our proof which could be removed (or at least relaxed).?

Question 5. Are the extra logarithmic factors appearing in the definition of N in (5.5) and
in Assumption 2 necessary for our results to hold? More generally, what is the localisation
behaviour in the ‘boundary cases’? Does this behaviour depend on even finer properties than

the second-order slowly varying functions g and k?

The above heuristics also allow us to conjecture the almost sure localisation properties
of the BTM on the integers. The intuition is that the clustering argument described above
is valid across the whole positive and negative half-lines, although an extra localisation
site is needed to take into account the fact that the BTM can now escape, after leaving
the cluster, in two directions. Nevertheless, formalising this heuristic presents additional

technical challenges not present in the one-sided case.

Conjecture 3. Let P denote the quenched probability mass function of the BTM on the
integers and let N* := N + 1, with N defined as above. If (5.4) holds, then there exists a

P-measurable set-valued process T'y satisfying |T't] < N* such that, as t — oo,
P(X; eTy) =1 P-almost surely. (5.8)

Moreover if Assumption 2 also holds, then there is no set-valued process T'y satisfying |T'¢| <
N* such that (5.8) holds.

We remark finally that our results on the almost sure localisation of the BTM rely
crucially on a certain almost sure analogue of classical results on the sum/max ratio of i.i.d.
sequences of slowly varying random variables (in particular, the result stated as Theorem 3.1

above). To the best of our knowledge this result is new, and may be of independent interest.

3The same comment applies to our hypothesis that L is continuous and g is eventually monotone de-
creasing.
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Theorem (Sum/max ratio for sequences of slowly varying random variables; see [29]).
Assume that L is continuous, and that (5.4) holds for a rate function g that is eventually
monotone decreasing. Let {o;}ien be an i.i.d. sequence of copies of oo, and denote by m;
and S; the mazximum and sum respectively of the partial sequence {o;};j<;. Then, almost

surely,

liminfi =1 and limsupi <N-1.

i—oo MMy i—oo My

Moreover, if Assumption 2 also holds, then almost surely

limsupii.:Nfl.

i—oo TN

In the special case of L satisfying (5.7), this implies that, almost surely.

Si Si

liminf =~ =1 and limsup — =1+ {’YJ .
i—oo My i—oo MM 1—7v

Hence, in this case, lim; o S;/m; = 1 almost surely if and only if v < 1/2. For comparison,

recall that the latter limit holds in probability for all slowly varying tails (see Theorem 3.1);

an observation which (together with Fatou’s lemma) already yields the liminf part of the

previous result.

5.2.2 The higher-dimensional BTM in the case of slowly varying

traps

As mentioned in Chapter 1, in the case of regularly varying traps the BTM in higher di-
mensions (in particular on Z%) does not exhibit localisation. Instead, the BTM rescales to
a process known as fractional kinetics (FK), which can be defined as a Brownian motion
that is time-changed by an independent stable subordinator (i.e. a non-decreasing stable
Lévy process). We note a counterintuitive feature of this scaling limit: although the traps
continue to influence the dynamics of the BTM in the limit, the overall effect of the traps is

asymptotically independent of the trajectory of the BTM, and only affects the clock process.

A similar asymptotic independence of the trajectory and clock process is expected to
hold in the case of slowly varying traps, although to the best of our knowledge this is yet to
be explored in detail in the literature. Here we formalise this statement, and conjecture the

equivalent scaling limit for the BTM in the slowly varying case.

First we introduce the conjectured scaling limit, which can be thought of as the a — 0
limit of the usual FK process with parameter a € (0,1) (i.e. the extremal FK process).
This process has already appeared in the literature before, notably in [27] where it was
shown to be the limit of a ‘directed’ version of the BTM on the integers with slowly varying
traps. This process will also appear in upcoming work on more general randomly trapped
random walks in the slowly varying case (c.f. [9] in the regularly varying case), as one of the
main classes of scaling limits that may arise in general i.i.d. trap models. Let P denote the

inhomogeneous Poisson point process on R x R with intensity measure v=2 dx dv, denote by
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m = (my)>0 the extremal process for P, defined by
my = sup {v; : x; <t}

and let I = (I;);>0 be its right-continuous inverse. Let B = (By);>0 be an independent
Brownian motion on Z%¢. We shall identify the process Br = (B, )t>0 as the scaling limit of
the higher-dimensional BTM.

Conjecture 5 (Convergence of the higher-dimensional BTM with slowly varying traps to
the extremal FK process). Suppose d > 2 and assume that o(0) has a slowly varying tail at
infinity. Denote by X = (X;)i>0 the BTM on Z% (defined analogously to the BTM on the

integers). Then, under the annealed law, as n — oo,
1 L
7XL_1(m‘/) :é (Blt)tZO 5
n >0

where B denotes weak convergence in the Ly joc topology (defined analogously to in the one-

dimensional case in Appendiz 3.5).

Intuition for the above result is the same as in the regularly varying case (see the discus-
sion in [12] and [68]). More precisely, recall that higher-dimensional simple random walks
are either transient (d > 3) or weakly null-recurrent (d = 2), in the sense that the return
time distribution has a slowly varying tail.* This transience, or weak null-recurrence, has
the consequence that repeat visits to deep traps make a negligible contribution to the scal-
ing limit, since in all likelihood much deeper traps have already been visited prior to any
significant number of repeat visits. This has the effect that (i) the clock-process of the BTM
is asymptotically independent of its trajectory, and (ii) unlike in the one-dimensional case,
the scaling of time does not require an extra factor of n to account for repeat visits to each

deep trap.

5.2.3 Connections to other trap models

One of the main motivations for studying the BTM is the strong connections to more
physically realistic trap models. Indeed the BTM is an effective phenomenological model for
a variety of trapping behaviour (see the general discussion in [10, 12]). In light of this, we
explore here some potential applications of our results and methods to other trap models,

in particular to models in the ‘extremal’ regime of slowly varying traps.

Biased random walks on critical structures

Biased random walks on critical structures give a natural example of extremal trapping
phenomena. The main examples of such structures are the incipient infinite percolation
cluster (IIC) and the critical Galton-Watson tree conditioned to survive (CGWT). The

4Note that the slowly varying tail of the return time distribution is crucial to the asymptotic independence
of the trajectory and the clock process, and mere null-recurrence is insufficient; see [36, 68]. Indeed the simple
random walk on the integers is null-recurrent, but not weakly so, since the tail of the return time distribution
decays polynomially.
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IIC is a central object of interest throughout probability and physics, but its complicated
geometry makes its analysis challenging. The CGWT is an attractive alternative model,
which replicates many of the features of the IIC but is more analytically tractable. Since
the geometry of critical structures directly is hard to describe explicitly, a central tool with

which to probe the geometry is through the behaviour of induced random walks.

The link between random walks on critical structures and the BTM comes from the
unique geometry of critical structures, which consist of a small number of ‘paths to infinity’
(sometimes described as the ‘backbone’) with a certain number of finite branches (or ‘dead-
ends’ in the IIC) attached. Projecting a random walk onto the ‘backbone’ produces a trap
model, and it is known that biasing the walk (in any fixed direction for the IIC; towards the
leaves for the CGWT) results in a trap model that is in the extremal regime. In light of the
above, we propose some possible applications of our work on the BTM to the study of the

localisation properties of the biased random walk on the CGWT and IIC.

Turning first to the CGWT, recent work has established the scaling limit of a biased
random walk on the CGWT [27], confirming that this model lies in the extremal regime.
Although not made explicit, this work also suggests the annealed localisation behaviour
of the model, namely that a single branch of the CGWT asymptotically carries the entire
probability mass of the walk. One possible application of our results and methods would be
to complete the description of the localisation properties of this model by determining its
almost sure localisation behaviour, that is, by establishing the number of branches which
asymptotically carry the probability mass eventually almost surely. Based on [27], the
work in this thesis, as well as the upcoming work [29] on almost sure localisation in the
BTM discussed above, we expect that just two branches of the CGWT suffice to carry the

probability mass eventually almost surely.

Question 6. Does the biased random walk on the critical Galton- Watson tree exhibit almost
sure localisation on two branches? That is, can we identify a (CGWT-measurable) set of two
branches that asymptotically carry the probability mass of the biased random walk eventually

almost surely?

By contrast to the CGWT, the behaviour of the biased random walk on the IIC is
currently poorly-understood, especially in low dimensions.® Aside from the complex de-
pendency between the ‘backbone’ and the ‘dead-ends’ , an additional complication is that a
second trapping effect arises out of loops in the ‘backbone’ of the IIC, for instance if they are
orientated in the same direction as the bias. Previous work has made incremental progress
by approximating the ‘backbone’ of the (high-dimensional) IIC by the range of a random
walk [25, 26], and studying the resulting trapping effect due to loops; interestingly, this effect
was also found to lie in the extremal regime. In other words, biased random walks on the IIC
actually experience two distinct extremal trapping phenomena. In light of this, one possible
direction of study is to approximate the IIC by the range of a random walk equipped with
an i.i.d. trapping landscape in the extremal regime (so-called ‘transparent’ traps would be a
natural choice, see [10, 27]). It would be interesting to determine the localisation behaviour
of biased random walks in such a model, in particular to gain insight into how the trapping
effects due to the ‘backbone’ and ‘dead-ends’ of the IIC might interact.

5Indeed, apart from in the case d = 2, the IIC has so far only been rigorously constructed in d > 19,
although it has also been constructed in the case d > 6 for sufficiently ‘spread out’ percolation; see [44]
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Question 7. What is the localisation behaviour of the biased random walk on the incipient
infinite critical percolation cluster? What is the localisation behaviour of an approximation
of this model consisting of a biased random walk on the range of a random walk equipped

with transparent, slowly varying traps?

Random walks in random environment

The classical random walk in random environment (RWRE) is the random walk on Z with

transition probabilities
Qz—2z41 =Pz € [Oa 1]

where {p.}.ez is an i.i.d. random environment. Trapping in the RWRE arises out of deep
valleys in the potential function P, defined by P(0) := 0 and

P(z) = P(z — 1) :=log(p-/(1 — p:)) -

Two distinct regimes exist — transient and recurrent — depending on whether P(z) diverges
as z — 0o. In the recurrent case, the RWRE is known to exhibit extremal localisation. In
the transient case, the RWRE can lie in the stable or extremal regimes of localisation; as

far as we are aware, only the stable regime has been studied.

One possible direction of future research would be to establish the almost sure localisation
of the recurrent RWRE (also known as Sinai’s random walk). A classical result is that the
RWRE exhibits extremal localisation in the sense that, after n steps, it is very likely to
lie in a small window around the bottom of the deepest valley in the potential on the
scale (logn)? [41, 65]. This result establishes the annealed localisation of the RWRE. What
has not yet been established, to the best of our knowledge, is the almost sure localisation
of the RWRE, that is, the precise number of valleys, and the tightest ‘windows’, that carry
the probability mass of the walk at all large times. Based on the results of this thesis, we
expect that the quenched probability mass will be carried by just two valleys eventually
almost surely. Note that similar questions have previously been studied in [31], in which the
local time of a single trajectory of the RWRE was shown to concentrate on two sites almost

surely.

Question 8. What is the almost sure localisation behaviour of Sinai’s random walk? Are two
valleys sufficient to asymptotically carry the quenched probability mass of the walk eventually

almost surely?

Another possible application of our results and methods would be to analyse the extremal
regime of localisation in the transient RWRE. It is well-known that the transient RWRE
exhibits different scaling limit regimes depending on the tail decay of —logp,. Classical
results cover the ‘homogeneous’ (or ‘integrable’) regime (e.g. central limit theorems, no
localisation), and the ‘stable’ (or ‘regularly varying’) regime (e.g. convergence to stable
processes, weak localisation) [51]. One possible application of our results would be to study
the ‘extremal’ regime of the transient RWRE, that is, the regime in which the tails of —logp,
are slowly varying at infinity. To our knowledge this regime has not yet been studied in the

literature, and we expect to observe interesting extremal limits and corresponding strong
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localisation phenomena.

Question 9. What are the possible scaling limit of the transient RWRE in the ‘extremal’

regime? Does the RWRE in this regime exhibit strong localisation behaviour?

5.3 Hybrid models combining branching and trapping

mechanisms

In Chapter 4 of this thesis we introduced a hybrid model, the BAM, combining the random
branching mechanism of the PAM and the random trapping mechanism of the BTM, and
initiated the study of its localisation properties. Our main finding was that the localisation
effects due to the random branching and random trapping landscapes are mutually reinforc-
ing, and moreover induce a local correlation in the two random fields. Here we outline some
of the questions provoked by this initial study, both on the topic of the BAM, as well as on
the topic of other, alternative, hybrid models.

5.3.1 Removing our assumptions on the trapping landscape

Recall that our results on the BAM relied on two major assumptions on the trapping land-
scape (this is true of the results in this thesis, as well as in their more general form in [59]).
First, we assumed that the trapping landscape contained no ‘quick sites’, that is, the trap
distribution ¢(0) was bounded away from zero. Second was our assumption, necessary only
in d = 1, that the tail of the trap distribution ¢(0) did not decay too slowly, and as such
there are no ‘very deep traps’ inside the macrobox. Note that second assumption was not
relevant in this thesis since we assumed a Weibull tail decay, but appears in the general
version of our results [59]. Note also that in d > 2 this assumption is not necessary, since
our percolation estimates are able to control the deep traps for arbitrarily slowly decaying

tail of o(0). Here we explore the possible consequences of removing these assumptions.

Removing the ‘no quick sites’ assumption

A close reading of Chapter 4 reveals that substantial parts of our proof remains valid in
the presence of quick sites, that is, sites z for which o(z) is small. However, in at least two

places the presence of quick sites would have a significant impact on our proof.

First, in determining the upper tail of the distribution of the local principal eigen-
value A\(0), we repeatedly use the fact that we can control the influence of quick sites near the
origin by the simple bound ¢~1(0) < §; 1. On the other hand, such quick sites would tend
to increase A(0), since they allow for very quick traversals of paths from origin, and hence
they might actually strengthen the localisation behaviour of the model. What is unclear,
however, is whether the upper tail of A\(0) would remain sufficiently regular to ensure our

results remain valid.

Second, in proving the upper bound on the solution components U?(t) for i = 2,3,4 and 5,

the presence of quick sites could potentially reduce the probabilistic penalty to diffuse to
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certain parts of the domain, leaving us unable to match the upper bound with the lower
bound on U(¢). Crucially, in proving the upper bounds we have to control the number of
quick sites on every path in the domain, rather than just a single path. This makes the
situation analogous to our extension of our results on the PAM the FDE case, in which we
needed to control the number of semi-high sites lying on every path (as opposed to how
we use percolation estimates to control deep traps in the BAM, which only requires us to

establish the existence of a single ‘good’ path).

Question 10. Do our results on the BAM with Weibull potential and trapping landscape
remain valid if we remove the ‘no quick sites’ assumption? Are there circumstances in which

the presence of ‘quick sites’ actually strengthens the localisation properties of the model?

Very deep traps in the one-dimensional BAM

In one-dimension, the presence of very deep traps can introduce ‘screening effects’ which act
to drastically increase the probabilistic penalty associated with accessing some portions of
the domain. Past a certain threshold, this starts to affect the lower bound on the solution,
and hence necessitates a modification in the form of the localisation functional ¥; we use to
determines the ‘best’ sites. In [59] we identified the threshold on the tail decay of the trap

distribution as

P(o(0)>z) < 1/logz. (5.9)

Past this threshold, we might conjecture the localisation behaviour as follows. Depending
on the exact tail decay of ¢(0), the domain Z can be thought to possess certain P-measurable
barriers, corresponding to very deep traps, which cannot be crossed by time t. These barriers
will restrict the mass function to a certain P-measurable accessible region R; around the
origin. We might conjecture that the BAM localises on the top order statistics of the (usual)

penalisation functional W, restricted to the accessible region R;.

Question 11. What are the localisation properties of the one-dimensional BAM in the
case of very heavy-tailed trap distribution (that is, trap distributions o(0) that do not sat-
isfy (5.9))¢ Does localisation occur on the top order statistic of the functional Uy restricted

to a suitable P-measurable accessible region Ry ?

5.3.2 The BAM in the case of potentials with double-exponential-
or-lighter tail decay

In this thesis we studied the BAM in the case in which both the potential field and trapping
landscape have Weibull tail decay. In this regime we observe a mutual reinforcement of
localisation effects. On the other hand, since complete localisation holds throughout this
regime, the mutual reinforcement manifests only through the radii of influence, rather than

the cardinality of the localisation set.

As mentioned above, in the PAM potential distributions with double-exponential tail

decay form the conjectured boundary of the complete localisation universality class. Since
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it is natural to expect that the mutual reinforcement of localisation effects still holds in this
regime, this raises the question whether the BAM with double-exponential potential exhibits
a phase transition from localisation on an island of bounded size to complete localisation,

as the inhomogeneities in the trapping landscape become sufficiently pronounced.

Question 12. What are the localisation properties of the BAM with double-exponential
potential (and arbitrary trapping landscape)? In this regime does the BAM exhibit a phase
transition from localisation on an island of bounded size to complete localisation, as the tail

decay in the trapping landscape becomes sufficiently heavy?

Question 13. What are the localisation properties of the BAM with lighter-than-double ez-
ponential potential? For potentials with arbitrarily light tail decay, does complete localisation

hold provided that the tail decay of the trap distribution is sufficiently heavy?

5.3.3 Other hybrid models combining branching and trapping mech-

anisms

Finally, as mentioned in Chapter 1, we note that there are many alternative hybrid models,
other than the BAM, that combine random branching and trapping mechanisms. It would
be interesting to see to what extent the qualitative features that we uncovered in the BAM
— namely the mutual reinforcement of localisation effects due to the branching and trapping
mechanisms, and the local correlation in the random fields (i.e. the ‘fit and stable hypothesis)
— are universal, in the sense that they are exhibited by many varieties of hybrid models,

regardless of their microscopic dynamics.

Examples of such alternative hybrid models include: (i) the underlying particle system
that gives rise to the BAM as the thermodynamic limit (see the discussion of the ‘unaveraged’
PAM above); and (ii) hybrid models where the trapping landscape is given by asymmetric
transition probabilities [8], random conductances [71], or more general random holding times

that are not necessarily exponentially distributed.

Question 14. What are the localisation properties of other hybrid models that combine
random branching and random trapping mechanisms? Do these models all exhibit the same
qualitative localisation phenomena that we identified in the BAM? Are there other qualitative

features of these models that are universal?
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