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Preface

This is a survey of the parabolic Anderson model (PAM), the Cauchy problem for
the heat equation with random potential. This model and many variants and related
models are studied for decades by many authors from various points‘of view and with
various intentions. The PAM has rich and deep connections with questions on ran-
dom motions in random potential, trapping of random paths; branching processes
in random medium, spectra of random operators, Anderson/localisation, and more.
We are mainly interested in the long-time behaviour of the solution of the PAM,
which shows interesting behaviours like intermitteney, mass concentration, ageing,
Poisson process convergence of eigenvalues and eigenfunction localisation centres,
and more. Its mathematical investigations require,combinations of tools from vari-
ous parts of probability and analysis, like,spectral theory of random operators, large
deviations, or extreme value statistics:

The research on the PAM and its variants has a high intensity since 1990 and
continues to have. I felt that a survey text should be very useful, at a point at which
most of the understanding of the hasic model has been rigorously derived, and a
variety of variants and additional features, like random environments and time-
dependent potentials, and a number of related questions, like critically rescaled po-
tentials, transition from*concentrated to homogenised behaviour, spatial branching
processes in random environment, and Anderson localisation, receive an increasing
interest.

The focus of this-book is characterised by the intersection of a number of features,
whose most important ones are the following.

e the"solution to the PAM admits explicit formulas (Feynman-Kac formula and
eigenvalue expansion),

o~ its large-time behaviour can be investigated with the help of large-deviations
theory,
the arising variational formulas admit a deeper study, and
there are deep connections with the spectral theory for a prominent random
Schrédinger operator, the Anderson operator.

All these aspects are more or less closely connected with the main property of the
PAM, the intermittency, a concentration property of the main part of the solution
in small islands. Intermittency is one of the leading ideas in this book and is almost
ubiquitous.

For this reason, such important topics as directed polymers in random environ-
ment, PAM with drift and PAM with certain types of time-dependent potentials
do not receive the space that they otherwise should have; they are just outside of
the scope of this book. Actually, this text ends at a point where it is getting really
interesting, as the stochastic heat equation and the KPZ equation come into play
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(however, the account on PAM with time-dependent potential given in Chapter 8
is quite comprehensive in a sense).

My intention was to provide a concise, but fairly complete, survey of the heuristic
understanding of the PAM on one hand and of the state of the art of its mathe-
matical treatment on the other hand. The goal is to quickly guide the reader to a
good understanding of the essentials. I tried to give illuminating and nontechnical
explanations, and I sometimes decided to provide simplified versions of the main
theorems, many of which are embedded in the running text. Where some back-
ground is needed, the underlying theory is summarised in a most compact way,
just at a length that is necessary to understand the fundamentals all important
connections.

There are a lot of precise references given to the first-hand literature, and many
side-remarks hint at deeper results and open problems that emanate from the mate-
rial. T also found it useful to isolate the essentials of proof methods from the joriginal
papers, if time has shown that they are useful and can be adapted to'several situa-
tions; not only Chapter 4 is devoted to this, but also a number of remarks that are
scattered over the text.

Originally, the text was meant to address experienced researchers, but in the
course of writing, I felt that it would be desirable to attract-also newcomers and
young researchers to this field; therefore I added also explanations of terms, con-
cepts, jargons and methods that are known to the community of the PAM and
neighbouring fields. I hope that I found a style that is understandable and en-
couraging for all mathematically interested. people from advanced undergraduates
onwards.

In an appendix, I enumerated some open research directions that lie within the
scope of this book or at its outer-boundary. Certainly their choice relies on my
personal taste, but I think that they each give rise to exciting new research, and
hopefully they attract new people to’the field.

Let me express my sincere thanks to my former PhD student Tilman Wolff, who
helped me at an early stage in-collecting some material, and to my current PhD
student Franziska Flegel, who produced instrumental illustrations.

Berlin, in March 2016
Wolfgang Konig
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Some remarks on notation

For describing asymptotic assertions, I will use the symbol ‘~’ to denote asymptotic
equivalence, i.e., that the quotient of the two sides converges to one, and ‘<’ for
asymptotic comparability, i.e., that the ratio stays bounded and bounded away from
zero, and < and > for asymptotic negligibility, i.e., the ratio vanishes, respectively
diverges to oco. Furthermore, I use the Landau symbols o(a,,) for quantities whose
ratio with a,, vanish asymptotically, and O(a,,) for positive quantities whose ratio
with a,, stays bounded as n — oo. When I do not want to specify the sense of the
asymptotic approximation, then I use the symbol ‘~’, but often I indicate in words
what I would like to mean by that. For expressing convergence, I often use the arrow
—, or ooy , if I want to indicate the limiting parameter. Convergence of random
variables in distribution or weak convergence of measures is written using =

For integrals and inner products both on R? and on Z¢ I use the“brack-
ets (), eg., (u, f) = (fip) = [ fdu for functions f and measures s, or
(f,9) = [ f(z)g(x)dz for two functions f and g, which I sometimes,also abbre-
viate as [ fg if the domain is R%, and (f,g) = Y, cp4 f(2)g(2)if it is Z<. For
p € [1,00) and B C Z¢, we denote by ¢?(B) the vector space of functions f: B — R
such that || f|[P = > cp[f(2)[F is finite, and || f||, is the norm. of f.

For the parameter of some frequently used functions-or processes, I use both
the index notation and the bracket notation, depending.on how much space the
parameter requires. Hence a scale function «(t) may be also written oy, and the
simple random walk at time ¢ is denoted both by X;‘and by X (¢). Likewise, I write
both 14 and 1A for the indicator function 6n an event A.
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Background, model and questions

In this chapter, we introduce to the main subject of this book in Section 1.1 At its
end, we give some guidelines to the remainder of this text.

1.1 Introduction and scope of this text

Random motions in random media or, closely related, partial differential equations
with random coefficients, are an important subject on the’edge between probability
theory and differential equation theory, since there are a lot of applications to real-
world problems in the sciences, like astrophysics, magnetohydrodynamics, chemical
reactions, electrical networks, and much more. Diffusions of many kinds in disor-
dered media play an important role in many physical applications, for example pow-
ders, porous earth and rocks, amorphous solids, atmospheric dust, micellar systems,
and polymers in a solution. Physical examples include electron-hole recombination
in random surfaces and in amorphous.solids, exciton trapping and annihilation, and
luminiscence; see [HarBenAvr87] for more on applications and physical theories. For
these reasons and also because of its mathematical interest, they have been studied
a lot for decades, with'a particular intensity in the last twenty years. There is a
variety of models and hence a variety of questions, and of mathematical methods,
concepts and theories.

In this text, we_give a survey of the mathematical treatment of the parabolic
Anderson model (PAM), the (Cauchy problem for the) heat equation with random
potential, a~fundamental partial differential equation with random coefficients. A
great advantage of this model is that the theory of its solutions is very well developed
and is.based on fundamental and important concepts like the Feynman-Kac formula
and ‘the spectral decomposition for compact operators; in particular it is rather
explicit. Furthermore, the PAM exhibits a lot of cross-connections to other topics,
like to the random walk in a random potential and the phenomenon of Anderson
localisation. Furthermore, as outlined in [CarMol94], the PAM has a number of real-
world applications and interpretations in various areas, like for spatial branching
processes in a random environment, hydrodynamics and Burger’s equation, and
advection-convection equations for temperature fields.

The most prominent property of this model is a strong localisation effect, called
intermittency: the random walk has a strong tendency to be confined to some few,
small islands in the random medium, which are widely spread. These islands are
very important, as the main mass of the solution is built up in them. Therefore, the
global properties of the system are not determined by an averaging behaviour that
comes from a law of large numbers or a central limit theorem. Hence techniques and
assertions from (stochastic) homogenisation theory do not work. Instead, the be-
haviour of the system is determined by the local extremes of the random potential.
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Appropriate techniques come from the theories of large deviations, variational anal-
ysis, spectral theory, and extreme value statistics. This makes the PAM an exciting
field to study from a mathematical perspective, as a lot of mathematical theories
come together here, notably from probability and analysis.

For the study of the PAM, since 1990 a significant number of mathematical
tools has been developed and adapted, which have later found useful also for the
study of a number of other models in statistical physics. Furthermore, because
of its relative simplicity and the extraordinary explicitness of representations of
the solution, the PAM serves as one prime example of a partial differential equa-
tion with highly irregular behaviour, for which a detailed rigorous analysis of its
solution is possible, going far beyond questions like existence and uniqueness. In-
termittency was phenomenologically discussed for various other types of medels
[Zel84, ZelMolRuzSok87, ZelMolRuzSok88| because of its importance for applica-
tions in magnetohydrodynamics and, in particular, in the investigation of\the induc-
tion equation with incompressible random velocity fields. However, the investigation
of intermittency for the PAM began its mathematical career not before the seminal
paper [GarMol90] and was very successful since then.

The PAM has become a popular model among probabilists and mathemati-
cal physicists, since there are a lot of interesting and fruitful-connections to other
interesting topics such as branching random walks with random branching rates,
large-deviations analysis, spectra of random Schrédinger operators, extreme value
statistics, convergence of point processes, variational problems. The mathematical
activity on the PAM is on a high level, and niany specific and deeper questions
and variants were studied especially in the last”few years, including, but not be-
ing limited to, time-dependent potentials, coninections with Anderson localisation,
transitions between quenched and annealed behaviour and PAM in a random en-
vironment. For this reason, it seems rather appropriate to provide a survey that
collects and structures the releyvant investigations and their interrelations, and to
put them into a unifying perspective.

We decided to devote most-attention to the case of a static random potential,
i.e., a potential that does not depend on time, although there are many good reasons
to study also the case of a time-dependent potential, a dynamic potential. For our
decision, there are a couple of reasons, the most prominent of which are that (1) the
static case has, in\contrast to the dynamic case, many connections with the spectral
properties of the Anderson Hamilton operator, and (2) the results that have been
derived in-thesstatic case are much more explicit and more directly interpretable
than in the-dynamic case. Nevertheless, the set of time-dependent potentials that
are interesting for the PAM is definitely much richer and comes from more different
interesting applications and is still growing. We give an account on that in Section 8.

We also decided to put the main weight on the PAM in the discrete spatial set-
ting, i.e., on Z?, even though the spatially continuous setting on R? (i.e., with ran-
dom walks replaced by Brownian motion) is equally interesting and mathematically
challenging. The main reason for this is the existence of the formidable monograph
on the R-case, [Szn98], which is developed from the viewpoint of random path
measures for Brownian motion trapped in a Poisson field of obstacles and contains
a lot of results that have a direct impact to the PAM. In these notes, we will by no
means neglect the material of [Szn98|, but rephrase it in a way that is relevant for
the PAM.

Let us give some guiding lines to the structure of this text. In Section 1.2 we
introduce the model and the relevant questions, enumerate our main questions in
Section 1.3, explain the fundamental phenomenon of intermittency heuristically
in Section 1.4 and present the most important examples of random potentials in
Section 1.5. In Section 2 we survey the most important tools, both probabilistic (e.g.,
the Feynman-Kac formula) and analytic (e.g., the eigenvalue expansion). One of the
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most fundamental questions, the asymptotics of the moments of the total mass of the
model, is heuristically explained in Section 3: first we reveal the mechanism, then we
bring and comment some detailed formulas. The most successful proof strategies are
briefly explained in Section 4; they are useful also for the treatment of other models.
The almost sure asymptotics of the total mass is explained in Section 5. Again, we
first clarify the mechanism and provide explicit formulas afterwards. Section 6 is
devoted to a detailed and deep investigation of the intermittency effect, that is,
to very pronounced concentration properties of the model, and to resulting ageing
properties. In Section 7, we summarize a number of additional directions that have
been studied recently, like acceleration and deceleration, transition from quenched to
annealed setting, and the PAM in a random environment. In the final Section 8, we
enter the big and largely unexplored world of time-dependent potentials and describe
some of the most relevant examples, motivations, results and open questions. The
mathematical theory of the PAM has been rounding off since a few years,"and for
most of the phenomena adequate proof methods have been derived. However, a
number of open questions in the scope covered by this text are still-left, and we
tried out best to concisely describe them in an encouraging manner in-an appendix,
in the hope that new researchers will be attracted to taking up some research in
this field.

1.2 The parabolic Anderson model

Let us introduce the model in the spatially discrete case. We consider the non-
negative solution u: [0,00) x Z% — [0, 00) to the Cauchy problem for the heat equa-
tion with random coefficients and localisedinitial datum,

The parabolic Anderson model (RPAM)

%u(t,z) = Au(t, 2)+€&(2)ult, 2), for (t,2) € (0,00) x Z4, (1.1)

u(0, 2) = dofz); for z € Z°. (1.2)

On the right-hand(side of (1.1), we see the two main ingredients, a random potential
& = (&(2)) ,eze with values in [—oo, oo)Zd, and the discrete Laplace operator,

A'f(z) = Z [f(y) — f(2)], for z € 24, f: 72¢ — R. (1.3)

yELL: y~z

Here,jj ~ 2z means that y and z are nearest neighbours, i.e., the /!-norm of their dif-
ference is one. We will also sometimes write 0; instead of % for the partial derivative
w.r.t t. Certainly, A" applies only to the spatial dependence of u; we understand
A'u(t,z) as [Au(t,-)](z). Sometimes the Laplace operator is defined without the
term — f(z), which differs from A just by adding 2d times the identity operator.
Many other authors put 1/2d or a new parameter (often ‘«’) as a prefactor. The
operator A in (1.3) is the generator of a simple random walk on Z? in continuous
time that makes independent and identically distributed (henceforth abbreviated
by ‘i.i.d.”) steps after independent exponential times with parameter 2d and expec-
tation 1/2d. Even though the random walk is, strictly speaking, absent in (1.1), it
will appear in many explanations, arguments and proofs. It is called the random
walk in random potential. Another name for (1.1) is the heat equation with random
potential, as one of its interpretations is the description of a heat flow through a
random medium that is called a potential.
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For most of this text, the random potential £ is assumed to be i.i.d. without fur-
ther mentioning, that is, the collection of variables £(z) with z € Z? is independent,
and they are identically distributed. (However, see Section 7.2 for correlated poten-
tials.) We denote expectation and probability with respect to £ by (-) and Prob,
respectively. The notation (-) for averages over media is common in mathematical
physics, and one should indeed consider ¢ as a random medium.

Remark 1.1. (The Anderson operator.) The operator A' + £ appearing on the
right-hand side of (1.1) is called the Anderson Hamiltonian or Anderson operator;
its spectral properties close to the top of its spectrum will be very important for
us in the sequel, see Remark 2.2.3. This operator is one of the most prominent
examples of a random Schrodinger operator.

If the Anderson operator on the right-hand side of (1.1) is multiplied with the
imaginary unit, then an equation arises that is often called the (time-dependent)
Anderson Schrédinger equation or the (time-dependent) Schridinger equation with
random potential:

Opu = 1iA'u + i&u on [0, 00) x Z. (1.4)

It is of basic importance in non-relativistic quantum mechanics and motivates the
high interest in the spectral properties of &' 4+ £ in any part-of its spectrum (not
only close to the top). It describes the time evolution .of thé complex-valued wave-
function, which represents the quantum state of the electron in the potential &.
(1.4) was established by Erwin Schrodinger [Sch26]:The name ‘parabolic Anderson
problem’ for (1.1) points out the fundamental difference between the two equations
in (1.1) and (1.4). Equation (1.1) is much more amenable to a probabilistic analysis
than (1.4), and the spectrum enters_its-large-time analysis only close to its top.
However, recently a possibility wasfound to interpret the solution to (1.4) in terms
of branching processes and to make it amenable to a probabilistic analysis, see
Remark 2.2. <&

Here is the fundamental starting point for the study of the PAM.

Theorem 1.2 (Existence and uniqueness). Almost surely, the equation (1.1)—
(1.2) has precisely one non-negative solution u(t,-) if the potential satisfies the

integrability condition (
E0)v2 \d
<<log(§(0) v 2)) > < 00 (1.5)

where.x Vy is the mazimum of © and y.

See [GarMol90, Theorem 2.1] and [CarMol94] for a proof of this fact and the
derivation of the Feynman-Kac formula for the solution, which we spell out in
Section 2.1.2. Note that in [G&rMol90] there is a flawed formulation of (1.5) with
£(0)+/(log(£(0))) 4 instead of (£(0)V2)/log(£(0)V2), where x4 denotes the positive
part of z. This creates unwanted trouble with values of £(0) in (0,1]. The only
meaning of (1.5) is to upper-bound the extremely large values of £(0).

It is also shown in [G&rMol90] and [CarMol94] that the condition (1.5) is nec-
essary in a certain sense. The main argument for the existence part is that the
Feynman-Kac formula is shown to be finite (using a comparison of the speed of
the underlying random walk and the asymptotic growth of the potential), and this
implies that this formula is a solution to (1.1)—(1.2). The uniqueness part is done
by showing that, for some sufficiently negative a, the level set {z € Z¢: £(2) < a}
does not contain any unbounded connected component.

Henceforth, we assume that (1.5) is satisfied and denote by u the non-negative
solution. See Remark 1.5 for other initial conditions instead of (1.2), and see Re-
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mark 1.6 for the PAM in finite subsets of Z? with boundary conditions. We refer the
reader to [Mol94], [CarMol94] and [GarMol90] for more background and more de-
tails of basic mathematical properties of the model, and to [Ga&rKo6n05] for a survey
on some mathematical results up till 2005.

Remark 1.3. (Interpretation.) The PAM describes a random particle flow in Z%
through a random field of sinks and sources. Sites z with £(z) < 0 are interpreted
as sinks, traps or obstacles (‘hard’ for £(z) = —oo and ‘soft’ for £(z) € (—o0,0)),
while sites z with £(z) € (0, 00) are called sources and those with £(z) = 0 neutral.
There is an additional interpretation in terms of a branching process in a field of
random branching rates, see Remark 2.1.1. o

Remark 1.4. (Between smoothness and roughness.) Two competing effects
are present: the diffusion mechanism governed by the Laplacian, and the local
growth governed by the potential. The diffusion tends to make the random>field
u(t, ) flat, whereas the random potential £ has a strong tendency to-make it irreg-
ular. This is understood best by considering the two separate equations

dul(t, z) = Alu(t, 2) and Owu(t, z) = E(2)u(t, 2)

under the same initial condition. The first one is called the(Cauchy problem for
the) heat equation and implies that the exponential growth rate of u(¢,z) at some
point z € Z? is proportional to the sum >yt y) < ult, z)]. In particular, u(t, z)
grows if the average value of v in the neighbouring points is higher than u(t, z) itself
and decreases in the opposite case, which corresponds to heat spreading evenly over
a surface. The second equation admits the simple solution u(t,z) = ett(2) » e 74,
which does not admit any interactien between different lattice points and is ex-
tremely irregular for large ¢ as we may“have considerably different growth rates in
different lattice points. In (1.1);*both these effects interact; the Laplacian smears
the extreme roughness coming from the irregularity of the potential. <

Remark 1.5. (Other initial conditions.) Instead of the localised initial condition
u(0,+) = do(+) in (1.2), certainly also other initial conditions u(0,-) = uo(-) may be
considered, as long as the initial function ug is non-negative and satisfies

s (0 20(2))-

<1 1.6
MU g 2] (1.6)

see [GarMol90, Theorem 2.1]. Observe that the symmetry of the Laplace operator
implies, that the superposition principle holds: If u(t,-) and u(t,-) are the solutions
withyinitial condition ug and g, respectively, then (u + @)(t, -) is the solution with
initial condition wug + ug. The most-studied choice, apart from ug = dg, is the
homogeneous initial condition ug = 1, in which case we write v for the solution
o (1.1); then the random field v(¢,-) is stationary, i.e., its distribution is shift-
invariant for any ¢t. We will always denote the solution with localised initial condition
do by u, as in (1.1)—(1.2). Then the superposition principle implies that v(¢,0) =
> ez u(t, 2). <&

Remark 1.6. (The PAM in boxes.) The PAM can also be considered in a given
finite set B C Z<, but one has to specify the boundary condition. The two mainly
used boundary conditions are the Dirichlet boundary condition (by which we mean
zero boundary condition) and the periodic boundary condition, the latter only for
the case that B is a rectangle. We will then take B always as a cube, often a centred
cube.
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If B contains the origin, we denote by up: (0,00) x Z¢ — [0,00) the localised
solution with zero boundary condition, i.e., the solution to (1.1)—(1.2) on (0, co) x Z4
under the extra requirement that u(t, z) = 0 for every z € Z¢\ B. Note that in the
term Au(t,-) also bonds between B and B€ occur.

If B=(-R,R?nNZ?with R € N is a centred cube, then we denote by
u'p”: (0,00) x B — [0, 00) the solution to (1.1)-(1.2) with periodic boundary con-
dition. There are two ways to understand this definition. First, one conceives u}%”
as the solution to (1.1)—(1.2) on (0,00) x Z? with the extra condition of periodic-
ity, i.e., u(t, z + Re;) = u(z) for any t € (0,00), z € Z% and i € {1,...,d}, where
e; € Z4 is the i-th unit vector, and restricts this solution to (0, 00) x B. Second, one
restricts (1.1) to z € B and replaces the Laplace operator A' by the one on ¢*(B)
with periodic boundary condition. This operator is actually nothing but the canon-
ical Laplace operator on the d-dimensional torus B, which is defined by defining
any site with at least one of the d components equal to R as a neighboutof the site
with this component replaced by —R + 1.

Both up and uger) are important for the study of the PAM, as they will turn
out to serve as lower, respectively upper, bounds for u, see Section-2.1.3. &

Remark 1.7. (The PAM on R<.) The spatially rcontinuous version of the
parabolic Anderson model is given by

9
ot
u(0,x) = do(x), for 2 € RY, (1.8)

(t,x) = Au(t,z) + V(x)u(t, z), for (t,x) € (0,00) x RY, (1.7)

where A = Z?:l(a%i)z is the usual Laplace operator, and V: R? — [~o0, 00) is
a random field, which we assume to_be sufficiently regular and integrable. If V is
stationary (i.e., if its distribution is invariant under shift by any vector in R%) and
the localised initial condition u(0;:) = dg is replaced by the condition «(0,) = 1,
then also u(t,-) is a stationary field for any t.

All the precedinghas.an analogue; we are not going to spell out all this explicitly.
We refer to [Szn98] for|the fundamental theory concerning (1.7). See Section 2.1.2
for a formulation ef the Feynman-Kac formula. <&

Remark 1.8. (The PAM on graphs.) It makes perfect sense to consider the
PAM on.an arbitrary graph G instead of Z?, replacing A by the standard graph
Laplacian

Ap(g) = > (e(h) = ¢(9))-

heG: (g,h) is an edge

One interesting choice is the graph G = {0,1}" for some N € N, which models
the set of all gene sequences of length N (where we simplify the presence of four
alleles to just two). For this choice, the branching process picture that we explain in
Section 2.1.1 makes good sense for biological applications, as it models the random
occurrences of mutants in a large population. The state space G is not interpreted
as the region in which the population lives, but the gene pool that the individuals
may have. The potential £: G — R is the ‘fitness landscape’, which attaches to
each sequence g its fitness {(g). Choosing the £(g)s as independent and identically
distributed random variables is currently one of the most popular choices in the
modeling of biological systems.

An interesting open question is how much time (in dependence of the length of
the gene sequences, N) the system needs to reach the ‘fittest’ site with the main bulk
of the population. This question was answered for the complete graph {1,2,..., N},
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where all bonds {4, j} are edges with i # j, in [FleMol90]. &

1.3 Main questions

Let us formulate our main questions about the PAM. Generally, we would like to
describe the solution w(t,-) asymptotically as ¢ — oo. One of the main objects of
interest is the total mass of the solution,

Ut)= > u(t,z), fort>0. (1.9)

z€Z4
We ask the following questions:

Asymptotics. What is the asymptotic behaviour of U(t) as t — oo?
Localisation. What are the regions that contribute most to U(t)? How-do these
regions depend on the potential and how on time? How many of them are there
and where do they lie?

e Shapes. What do the typical shapes of the potential £(:) and of the solution
u(t, ) look like in these regions?

e Mass flow and ageing. What is the behaviour of the entire process of the
mass flow, (u(t,-))icjo,00)7 Does it exhibit ageing properties?

As the above questions suggest, we do not+expect’a homogeneous behaviour of
the solution, but a localised one, i.e., a concentration of u(t,-) on relatively few
islands, with a peculiar form of the potential and the solution inside these islands.
This will be highlighted in Section 1.4» While the first three questions concern a
snapshot of the solution at late times, the last one refers to the flow of the mass over
time intervals, the entire evolution of the process. Here we would like to understand
the correlations of u at several different times or even over an entire time interval.

Chapters 3, 5 and 6 will give the answers to the above questions; some prelimi-
nary, heuristic answers will be discussed in Section 2.3.

As is common in statistical mechanics, we distinguish between the so-called
quenched setting, where we'consider u(t, -) almost surely with respect to the medium
&, and the annealed ‘one, where we average with respect to £. These notions stem
from metallurgy and are frequently used in probability theory and statistical physics,
even though theyrare generally not defined in a universal way; in some situations
their precisesmeaning is due to the author’s point of view and intention.

There are more settings in which asymptotic results can be derived: convergence
in probability and convergence in distribution. They are sometimes applied in cases
in )which the annealed setting does not exist because of the non-existence of the
expected value; we will rely on them in cases in which we will not be able to
take expectations w.r.t. £ but the derivation of almost-sure assertions is technically
cumbersome.

It is clear that the quantitative properties of the solution strongly depend on
the distribution of the field £ (more precisely, on the upper tail of the distribution
of the random variable £(0)), and that different phenomena occur in the different
settings.

1.4 Intermittency

The long-time behaviour of the parabolic Anderson problem is well-studied in the
mathematics and mathematical physics literature because it is an important exam-
ple of a model exhibiting an intermittency effect. Here is a heuristic definition:
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Intermittency:

The random time-dependent function w is called intermittent if u(t,-) develops,
for large ¢, high peaks on few, small, remote islands, the intermittent islands,
which carry most of the total mass U(t) = ) ., u(t, 2).

This captures the geometric essence of this effect; one can call it also geometric
intermittency. Many of the investigations of the PAM were motivated by a desire to
understand it in detail, and it will serve us as a leading idea. Much of the following,
in particular Sections 3 and 6, is devoted to a thorough explanation of intermittency
in this spatial sense.

However, this definition of intermittency is on one hand too detailed to be for-
mulated concisely and on the other hand too little rigorous, as a precise definition
would have to depend on details of the potential. Hence, less detailed, but rigorous
definitions of intermittency are helpful. One of the most often used definitions is in
terms of the moments of U(t):

Moment intermittency:

The random time-dependent function w is called intermittent if its total mass U (t)
satifies 1
1 U(t)r)~/»
lim sup — log o)

p ; W <0, for.0 < p<gq. (110)

Here we recall that (- ) denotes expectation. with respect to . The left-hand side
is non-positive by Jensen’s inequality; the requirement is that the quotient of the
p-norm and the g-norm decays even-exponentially fast in ¢.

Let us briefly illustrate what (1.10) implies for the large-time behaviour of the
solution, see [GarMol90, Section 1|. Write —a for the left hand side of (1.10), pick
some ¢ € (0,a), and consider, the extreme event

Ey={U(t) > e (U(t)?)}/?}

that the total mass is exponentially much larger than its p-norm. With Prob denot-
ing the probability w.r.t. the random potential £, we may estimate

Prob(E;) = Prob(M > etpe) <e e (1.11)
GODR A
with the.help of Markov’s inequality. Hence, E; is an exponentially rare event. On
the other hand, we see that the main contribution of the ¢-th moment comes from
this)rare event as follows. Indeed, we have
(U(t) ge) _({Um{U () < el (U (t)P)a/P}) < etas (U (t)P)a/p (1.12)
(U(t)?) (U(t)?) - U '
(We write 14 and 1A for the indicator function on an event A, if no confusion can
arise.) Combining with (1.10), we see that its exponential rate is negative:
limsup — log () Le;)
PP T U0
This means that the left-hand side of (1.12) decays exponentially fast towards 0,
which implies that (U(t)9) ~ (U(t)91g,). Summarizing, moment intermittency im-
plies that the main contribution of the ¢** moment comes from an event whose
probability decays exponentially fast and does not contribute to the p*" moment, if
0<p<ayq.

< ge —qa < 0.
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Strictly speaking, (1.10) does not say anything about the spatial structure of the
solution u(t,-). However, if one recalls from Remark 1.5 that U(t) = v(¢,0) with v
the solution of (1.1) with homogeneous initial condition v(0, -) = 1, then we see from
(1.11), using the ergodic theorem, that the set {z € Z%: v(t,z) > e'*(U(t)?)/P} of
highest exceedances of the field v(¢,-) has an exponentially small density. What is
not clear at the moment (and whose formulation needs also some more care) is that
it is this set that gives the main contribution to the total mass U(t), more precisely,
to its ¢g-th moments; actually it is a set that contains the intermittent islands.

Intermittency is an effect that is indeed present in the PAM in great generality.
One of the starting points of the interest in the PAM and of the research on the
PAM is the following fact, see [G&rMol90, Theorem 3.2].

Theorem 1.9. If ¢ is truly random, the PAM is intermittent in the sense.that
(1.10) holds.

This fact is one of the leading sources of motivation and has(been severely
extended into various directions; much of this text is devoted to this,

1.5 Examples of potentials

Let us present and comment on the most interesting examples of random potentials
that have been studied in the literature in connection with the PAM.

We will be almost entirely be interested in_phenomena that arise in the limit of
late times, ¢ — oo. Let us stress that these phenomena crucially and almost entirely
depend on the behaviour of the uppertails, i.e., the asymptotics of the function r —
Prob(£(0)) > r) as r — oo. This will be substantiated in Section 2.3.1. Therefore,
it is often just this asymptotics/that is specified, not the entire distribution of the
potential. A first main distinetion is whether or not the essential supremum

esssupA(§(0) )y= sup{r € R: Prob(£(0) > r) < 1}

is equal to oo or not. In thelatter case, it is no restriction of the generality to assume
that esssup (£(0)) =0, as the transition from & to £ + ¢ with a constant ¢ means a
transition from .u(#,+) to u(t,-)e for the solution. We call the distribution of £(0)
the singlexsite distribution; however, note the terminology used in Example 1.19.
Each single-site-distribution comes with its logarithmic moment generating function,
sometimes also called the cumulant generating function,

H(t) = log(e®(0), (1.13)

whose large-t asymptotics stand in a one-to-one connection with the upper tails of
£(0). We will pay special attention to this function, as it is used often in proofs.

Recall from Remark 1.3 the classification of sites z as a hard trap if {(z) = —oo,
a soft trap if £(z) € (—o0,0), neutral if £(z) = 0 and a source if £(z) € (0, c0).

1.5.1 Discrete space

By far most of the examples of random potentials £ = (£(z)),eze that we treat in
this text consist of independent and identically distributed (i.i.d.) random variables.
In principle, any single-site distribution (i.e., marginal distribution in one site) that
satisfies the condition (1.5) is interesting for a consideration of the PAM, but some
received more or less interest for various reasons. Here we list some important single-
site distributions and give some few remarks about the main properties of the PAM
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with the respective distribution. In particular, we establish borders between certain

potential classes, which will later turn out to exhibit characteristic properties.
The case of correlated potentials is nevertheless also highly interesting and has

not been fully explored yet, but we decided to source this subject out to Section 7.2.

Example 1.10. (Bernoulli traps.) The case when the field £ assumes the values
—oo and 0 only has a nice interpretation in terms of a survival probability (see
Example 2.9) and is therefore of particular importance. The logarithmic moment
generating function is H(t) = log(e®(*)) = logp for t > 0, where p is the probability
that a given site is neutral, and H(0) = 0. See Example 1.11 for an embedding of
this potential in a much larger class. For more about the PAM with Bernoulli trap
potential, see Example 2.9, Remark 3.19, and Section 7.7. <&

Example 1.11. (Other bounded potentials.) As we will later see, it\is of inter-
est to extend the scope of bounded potentials, by which we actually mean-potentials
that are bounded from above. For such potentials, we assume without loss of gener-
ality that the essential supremum esssup (£(0)) is equal to zeroxThe relevant choice
of parameters for determining the upper tails is the following. For some D € (0, c0)
and v € (0,1),

Prob(£(0) > —z) = exp{—Dx_ﬁ}, x| 0. (1.14)

That is, we postulate a stretched-exponential behaviour with any negative expo-
nent. The ~-sign is to be interpreted as logartihmic equivalence, i.e., asymptotic
equivalence of the logarithms. The logarithmie moment generating function behaves
like H(t) ~ —Ct" for some C' = C(Dy): The somewhat strange way in which we
incorporated v in the power of x is_motivated by an embedding in a larger class of
potential distributions that we will discuss in Section 3.4 below; actually, this class
is identical to the class (B) of-that classification, see Remark 3.19. The boundary
case 7 = 0 contains the Bernoulli trap case of Example 1.10, but also more, for
example potentials that attain the values —1 and 0 only and the uniform distribu-
tion on [—1,0]. The latter-distribution (more precisely, the uniform distribution on
[0,1]) is one of the main motivating examples for the study of the spectrum of the
Anderson Hamiltonian A' 4 £ in the community of Anderson localisation, as it has
an interpretation in terms of an alloy of metals; £(z) is here the percentage of the
amount, of one of the metals in z.

The houndary case v = 1 is phenomenologically contained in the almost bounded
potentials’of Example 1.13.

Let us already reveal here that one characteristics of bounded potentials is that
the \intermittent islands are relatively large as functions of ¢; actually their radii
turn out to diverge as a power of t in the annealed setting. <

Example 1.12. (The double-exponential distribution.) Of high interest is
also the single-site distribution given by

Prob(£(0) > r) = exp { — er/p}, reR, (1.15)

with parameter p € (0,00). The name double-exzponential distribution refers to the
right-hand side in a naive way; £(0) has just a reflected Gumbel distribution. The
logarithmic moment generating function is H(t) = log(e*(?)) = ptlogt + pt + o(t)
for large ¢ (see [GarMol98], e.g.). The importance of this distribution for the PAM
comes from the fact that the intermittent islands (see Section 1.4) turn out to be
discrete, i.e., their diameter not depending on ¢, in particular not growing with time,
but still showing an interesting spatial shape. This makes it a distribution that is
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nice to study, since a great source of technical difficulties is absent. This potential is
unbounded to infinity and produces high peaks in the solution u(t, -). In Section 3.4
it will turn out to be the main representative of the class (DE), see Remark 3.17.

The parameter p describes the thickness of the tails, i.e., the tendency of the
potential to assume very high values: the larger p is, the easier it is for the potential
to assume large values. This is reflected in the fact that the size of the intermittent
islands is decreasing with p, as we will later see. We will also see later that the
two boundary cases p = 0 and p = oo correspond to the almost bounded case of
Example 1.13 and to the heavy-tailed case of Example 1.14, respectively.

Because of its central position with respect to the asymptotic picture of the
PAM, the double-exponential distribution will be discussed with respect to many
types of results, see Remarks 3.17 and 5.9 and Sections 6.2, 6.3.2, 6.4.1 and 7.1.1«
<&

Example 1.13. (Almost bounded potentials.) This is a class of single-site
potentials that can be seen as interpolating between the bounded distributions of
Example 1.11 for v = 1 and the double-exponential distribution of Example 1.12
with p = 0. Indeed, one obtains examples of potentials (unbounded from above)
by replacing p in (1.15) by a sufficiently regular function p(r) that tends to 0 as
r — 00, and other examples (bounded from above) by replacing v in (1.14) by a
sufficiently regular function y(z) tending to 1 as x| 0.

These potentials constitute another important class of potentials, the class (AB)
of almost bounded potentials, see Remark 3.18. It turns out in [HofKénMor06] (see
Section 3.4) that the radius of the intermittent islands of the solution wu(t,-) for
the PAM with this potential diverges with t “> oo on a scale that interpolates
between the bounded and the double-€xponential case, as one may expect. Despite a
somewhat tenacious introduction of examples of this class of distributions, this class
has the very nice property that the potential and the solution in the intermittent
islands take the shape of perfect ‘parabolas and Gaussian densities, respectively. For
further properties of the PAM with almost bounded potentials, see Remark 3.8. &

Example 1.14. (Heavier-tailed potentials.) By this we mean potentials that
are unbounded to oo, and have heavier tails than the double-exponential distribu-
tion, i.e., phenomenologically the case p = oo from Example 1.12. Hence, it includes
much more distributions than is usually summarized under the — somewhat unsharp
— term ‘heavy-tailed’ distribution, which practically always implies the infiniteness
of positiveexponential moments. However, the class of heavier potentials comprises
also the Weibull distribution Prob(£(0) > r) = e~ ¢ with a > 0 and the Gaussian
distribution; note that all the positive exponential moments of the Weibull distri-
bution with o > 1 are finite. But also the Pareto distribution Prob(£(0) > r) = r—#
for r € [1,00) with 3 > 0 belongs to the heavier-tailed distributions; note that one
has to assume that 8 > d, in order that the condition (1.5) is satisfied.

The heavier-tailed potentials constitute the class (SP) of potentials, see Re-
mark 3.16. The ‘SP’ indicates that the intermittent islands turn out to be singletons
in [G4rMol98], i.e., the potential develops ‘single peaks’, see Section 3.4. Generally,
the more heavily tailed the potential, the stronger pronounced the concentration
effect is and also, on the technical side, the more easily proved.

The Weibull distribution with o < 1 and the Pareto distribution are even so
heavy-tailed that they do not have finite exponential moments, i.e., the function
in (1.13) is not finite for ¢ > 0. Accordingly, all the moments of the solution
u(t, z) are infinite, and the annealed setting does not exist. However, starting with
[HofMo6rSid08, KonLacMorSid09, MorOrtSid11], distributional properties of u(t, )
and limit theorems in probability were derived, and the most detailed pictures that
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can currently be proved for the PAM were first derived for Pareto-distributed poten-
tials; see for example the mass concentration property in Section 6.4.2 and ageing
properties in Section 6.5. <

1.5.2 Continuous space

Let us list and comment on examples of random potentials V on R? for which
the PAM in (1.7) is studied in the literature. Most of them have a quite high
degree of regularity and have positive and sometimes infinite correlation length. The
study of the PAM for entirely uncorrelated potentials is currently in its infancy;.see
Example 1.21. Almost all our examples are stationary, i.e., distributional invariant
under spatial shifts by any vector in R?. One exception is the field that is.eéqual to
&(z) on the box z + [0,1)% for any » € Z¢ with an i.i.d. potential (£(2)).ezd, which
is more or less an discrete-space potential. Such a field is a — somewhat artificial —
example of a potential with finite, positive length of correlation; actually, one might
see all the examples of i.i.d. potentials (£(2)),cze of Section 1.5.1 in this light.

Example 1.15. (Poisson traps.) One of the most-studied potentials is given in
the form

V(z)=-— ZW(J) —x;) =— g W(x —yyw(dy), r € RY (1.16)

where (2;); or w =), §,, is a Poisson point_process in R? with constant intensity
v € (0,00), and W: R? — [0, o0] is a fixed given non-negative function, called cloud.
Since W is non-negative, we call V{a Poisson obstacles potential or a Poisson field of
traps, in contrast with the case of a‘non-positive cloud in Example 1.16. Canonical
choices of non-negative clouds are W = Clg for some compact set K C R? (say, a
centred ball) containing the origin and for some C' € (0, co], or W some non-negative
continuous function with.compact support, or W(z) = C|z|~4 for some C € (0, c0)
and ¢ € (0,00). The random potentials obtained for these choices can be seen as
the natural analogues to’the non- positive potentials of Examples 1.10 and 1.11.

However, one must be careful, as, for W (z) = C|z|~9 with ¢ < d, the potential V'
is infinite almost everywhere (i.e, V' = —o0), almost surely [CheKul12, Proposition
2.1]. For ¢ €\(d/2,d), one can still make a good sense of the PAM by considering
a renormalised version, see Remark 2.6 for more on the potential and Section 7.3.4
for the large-t behaviour of the moments of the solution to the PAM.

See Example 2.10 for more on the PAM with Poisson obstacles potential. This
model is also called the Brownian motion among Poisson obstacles. The large-t
asymptotics of the moments of the solution to the PAM with cloud W (z) = C|x| ¢
and g € (d + 2,00) are very similar to the ones with W = Cll; see Section 3.5.1.
However, for ¢ € (d,d + 2), new phenomena arise; see Example 7.6. For the almost
sure asymptotics of the PAM, see Section 5.2, and see Section 7.3.3 for compactly
supported and bounded clouds with some t-dependent prefactor, and Section 7.10
for results on the PAM with cloud W (z) = C'lk(x) and some t-dependent prefactors
in front of the potential. <&

Example 1.16. (Poisson shot-noise potential.) It makes perfect sense to choose
the Poisson cloud in (1.16) with the other sign, in which case we write p: R? —
[0, 00) instead of —W and

V()= ele—w), (1.17)
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where (x;); is a Poisson point process in R? with constant intensity v € (0, 00). Such
a potential is sometimes called a Poisson shot-noise potential. (This name comes
from the special choice of ¢ as a Gaussian density, say, where each part p(z; + -)
represents the distribution of all the bullets of a shot noise that is fired at x;.) The
potential £, and hence solution u(t,-), can easily achieve very high values in areas
where many Poisson points stand close together; then many copies of the cloud ¢
are superposed. See Section 3.5.3 for the annealed large-t behaviour of the solution
to the PAM with Poisson shot-noise potential for bounded, smooth clouds ¢, and
Example 5.15 for the quenched behaviour.

If ¢ is assumed to be bounded and compactly supported, no problem arises in
the definition of the potential and construction of the solution of the PAM, but the
(very natural) choice ¢(z) = 0|x|™P with p € [0,d) causes problems, as V(z) =00
for almost all z, almost surely [CheKull2, Proposition 2.1]. See Remark 2.6 for a
renormalised version. <

Example 1.17. (Gibbsian point potentials.) In both Examples(1.15 and 1.16,
instead of a Poisson random point field (x;);, one can also pick the random field (z;);
to be a Gibbsian point field, i.e., a point field that, unlike a Poisson process, has some
nontrivial correlation between the particles. In [Szn93, Mex03] (see also [Szn98|),
a Gibbsian point field is considered that arises from a non-homogeneous Poisson
process in R? via a symmetric pair-interaction potential by means of the DLR
equation as the corresponding Gibbs measure in R%. The pair-interaction potential
is assumed there as bounded from below, compactly supported and superstable.
The details of the definition of such a process.are a bit cumbersome, but rely on
standard Gibbs measure theory. The choice of"this potential is motivated by the
wish to model the random matter in_a more realistic way. See Remarks 3.22 and
5.12 for the results of [Szn93]. Under the above assumptions on the pair-interaction
potential they actually do not differ much from the ones in the Poisson case, but
the proofs are significantly more. involved. However, in [Mer03] (see Remark 7.8),
the Gibbsian potential is scaled\in a critical manner, and some physical properties
of the Gibbsian process enter)the description of the long-time asymptotics of the
PAM. <&

Example 1.18.-(Gaussian potentials.) Another interesting and natural choice
is to take, V -as ‘a Gaussian field with sufficiently good regularity properties. A
canonical assumption is twice continuous differentiability of the covariance function
[GarKon00; GarKonMol00], in which case the potential has a modification that
is Holder c¢ontinuous with any parameter in (0,1). Recently there was also some
efforts to study the PAM under much less regularity assumptions [Chel4], where
the potential V' is not even a function, but only a measure, and see Example 1.21
for the uncorrelated case. Furthermore, see Section 3.5.2 and Examples 5.13 and
7.5 for more specific questions about the PAM on R¢ with Gaussian potential. <

Example 1.19. (Alloy-type potentials.) One of the most-studied random po-
tentials in the community of Anderson localisation is of the form

Vix) = Z E(z)v(z — 2), z € RY, (1.18)

ZE€Z2

where £ = (£(2)),¢z4 is arandom i.i.d. field of random variables, and v: R — [0, c0)
is a bounded, compactly supported cloud function, the so-called single-site potential.
The popularity of this kind of potential in the community of Anderson localisation
(see [Kir10] for an extended survey) comes from the fact that every Zd-ergodic
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potential V' can be written in the form V(z) = > . ;. f.(z — 2) with suitable
random variables f, taking values in LP(R?), i.e., in a very similar way. However,
to the best of our knowledge, the PAM with this kind of random potential has not
yet been studied. &

Example 1.20. (Perturbed-lattice potential, also known as random dis-
placement model.) Another interesting choice is

V(iz)==> W(x-2z-n),

z€Z4

where W: R? — [0,00) is a single-site potential, and (7.),cz« is a sequence of
centred R%valued random variables. The interpretation is that, at each“lattice
site, a copy of W is intended to sit, but is randomly shifted by an individual
amount. In the random Schrédinger operator community, this type of potentials
is called the random displacement model. The PAM with this potential is analysed
in [Fuk09a, FukUek10, FukUek11]. Most natural is to assume the 7, as i.i.d., but
also just an ergodicity assumption is of interest. Let us reniark that there is an in-
teresting relation between the distribution of the set {z +75: 2'€ Z} with (1,).cza
a particular ergodic sequence) and the set of zeros of a'ceértain complex power series
with i.i.d. Gaussian coefficients, see [Fuk09a, Remark 2]. &

Example 1.21. (Gaussian white noise.) One of the most natural random po-
tentials on R? is an entirely uncorrelated ome, the most natural example being a
Gaussian white noise potential &, thewcentred Gaussian process (V(x)),ere with
covariance (V(z)V (y)) = &o(z — y)forz,y € RL. Because of the low degree of reg-
ularity of such fields (actually, they are distributions instead of families of random
variables), already the definition of the solution of the PAM presents a major chal-
lenge in d > 2, as it requires renormalisation procedures. The problem in a nutshell
is that the regularity o\ of\V is smaller than —d/2, and one expects a solution u of
regularity 2+ «, such that-the product u-¢ should have a regularity 2+ a+ «, which
is negative. Hence, standard theory of stochastic partial differential equations does
not apply. Furthermore, a meaningful construction is expected to be possible only
in dimensions d < 3.

Only since,very recently, techniques for overcoming these problems are being
developed, ‘and there is currently a high activity in that direction in the spirit of
the theery of rough paths and novel methods like the theory of reqularity structures
[Hail3]"and paracontrolled distributions [GubImkPer12]. Constructing solutions to
the PAM is one of the few major application fields and test cases for these meth-
ods, the other prominent examples being the KPZ equation and the ¢*-model. The
current state of the art is a construction almost surely on the entire state space R%;
see [HaiLab15a] for d = 2 (even without usage of the heavy machinery of renormali-
sation procedures) and [HaiLab15b] for d = 3, however, with some restrictions with
respect to the time-dependence.

The construction relies on a renormalisation with the help of a mollified version
of V| i.e., its convolution with a smooth approximation of the delta measure with a
parameter € > 0 that has to be sent to zero. In order to obtain a (candidate for a)
limit, one has to subtract a certain counter term from the equation that depends
on ¢ and on the dimension, and the task is to prove that a limit of the solution
to the modification exists. Due to the local character of the construction methods,
the limit holds everywhere in space, but only on compact time intervals. Hence, it
is not yet available in such a comfortable way that one could start thinking right
away about intermittency questions.
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Another natural way of construction of the solution would be in terms of a
rescaling of the corresponding eZ9-version with a certain e-depending rescaling of
an arbitrary i.i.d. random potential in the spirit of Donsker’s invariance principle.
Carrying out this way seems to be essentially within reach of the current state of
the art, but has not yet been done; it is expected to be cumbersome.

Spectral theoretic questions for the Anderson Hamiltonian A + V with V a
Gaussian white noise have been investigated in [AllChol5], however, only on the
torus in R? rather than the whole space. Using the concept of paracontrolled distri-
butions introduced in [GubImkPer12], they give some sense to this operator as an
unbounded self-adjoint operator on the space L? and show that its real spectrum is
discrete. Furthermore, they approach this operator with a smoothed, renormalised
version A + V. — ¢. as € — 0 with a suitable constant c.. Finally, they establish
almost-sure asymptotics of the principal eigenvalue of A4V in a large torus of'side
length L — oo on the scale log L. <
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Tools and concepts

One of the most interesting features of the PAM is that, being a partial” differ-
ential equation with random coefficients, it lies in the intersection of, probability
and functional analysis, which opens up exciting possibilities for‘combining tools
from these two different parts of mathematics. Furthermore, there are classic and
well-developed mathematical theories that enable explicit solution formulas and the
application of further techniques to the study of the PAM.\In)this chapter, we give
an account on these tools and pave the way for a deep.understanding and a pow-
erful analysis of the PAM. We bring the probabilistic'side in Section 2.1 and the
functional analytic side in Section 2.2. In Section. 2.3, we discuss a number of as-
pects and conclusions that immediately follow from a combination of these tools; a
panorama of precise conjectures arises.

2.1 Probabilistic aspects

The PAM has a lot of relations to-other questions and models, which explains the
great interest that the PAM receives. We briefly survey the most important ones.
Furthermore, we provide the most important probabilistic tools for the treatment
of the PAM.

2.1.1 Branching process with random branching rates

The solution u'to (1.1) admits an interpretation that arises from branching particle
dynamics, see [GarMol90] and [CarMol94]. The following model is one important
representative of a class of models called branching random walk in random envi-
ronment (BRWRE).

Imagine that initially, at time ¢t = 0, there is a single particle at the origin,
and all other sites are vacant. This particle moves according to a continuous-time
symmetric random walk with generator A'. When present at site z, the particle splits
into two particles with rate £ (z) € (0,00) and is killed with rate £_(z) € (0, o],
where £ = (£4(2)).eze and £ = (£-(2)),cz¢ are independent random i.i.d. fields.
Every particle continues from its birth site in the same way as the parent particle,
and their movements are independent. Put {(z) = &4 (z) —&_(2) € [—00,00). Then,
given £_ and &4, the expected number of particles present at the site z at time
t, as a function of (¢,z) € [0,00) x Z%, solves the equation (1.1) and is therefore,
by uniqueness of the solution, equal to u(t,z) [GarMol90]|. Here the expectation
is taken over the particle motion and over the splitting resp. killing mechanism,
but not over the random medium (£_,&;). The fact that the expected particle
number solves (1.1) is standard in the study of branching processes; see [Hol00] for
an elementary derivation.
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The successful work on the PAM since 1990 has fertilized also the study of the
BRWRE, but to a surprisingly little extent yet. In Section 7.11 below, we survey
some heuristics and results on the BRWRE that are influenced by the study of the
PAM.

Remark 2.1. (Applications.) The mathematical concept of spatial branching
processes as described above has the following main applications.

e Population dynamics. It is a basic model for the spatial movement, branching
and killing of indistinguishable particles in space. It may be seen as a drawback
for realistic applications that the production of new particles at at site does not
depend on the current number of particles there, in particular the number-of
particles at a site is unbounded.

e Mutation and selection. If the space Z? is replaced by a space of phenotypes
of an individual, then the underlying branching process is a popular.model for
population genetics. Indeed, each jump within this space is interpreted as a
mutation, as some detail in its biologic properties is changed; and the particles
in the branching process are not registered according to the spatial location of
the individuals, but according to their biological properties. One example is the
replacement of Z? by the N-dimensional hypercube {=1, 1}, which is a simple
model space for the set of gene sequences that we mentioned in Remark 1.8.

e Chemical reactions. The particle model with migration, branching and killing
also serves as a (very simple) model for chemieal reactions. Indeed, imagine that
particles are randomly distributed over Z%that have an action as catalysts for a
certain type of chemical reaction; that.ig, their presence at a given site supports
the reaction of a certain reactant,and helps producing new substance of it. In
mathematical terms, we assume that a'reactant particle at z is, for any catalyst
particle present at z, split into two at a given rate v € (0,00), say. That is, the
rate of the reaction is linear in the number of catalysts. Additionally, assume
that each reactant particle dies with fixed rate ¢ € (0,00). Let £.(z) denote the
number of catalyst particlesat z, whose presence we want to assume as random.
Then u(t, z) is the-expected number of reactant particles at time ¢ in the site z,
where the random potential is given as & = v&, — 9.

<

Remark 2:2.”(The (non-parabolic) Anderson equation.) As we announced
in Remark 1.1, there is an interpretation of the solution of the non-parabolic version
of the PAM, the original quantum mechanic Schrédinger equation (1.4), in terms
of ‘a branching processes, see [Wagl3, Wagl4, Wagl5]. The underlying branching
process is indeed a marked branching process with migration in Z¢, and the marks
are taken from the set {1,—1} x {4, —}. While the marks 1 and —1 appear very
natural to mark, in some way, the real part and the imaginary part, respectively,
the introduction of the marks + and — are at the first sight surprising. They can
be interpreted as ‘present’ and ‘vanishing’ or as ‘visible’ and ‘hidden’. See [Wag13]
for the precise mechanism. Then the solution to (1.4) is given as

U(t, Z) = E[nlﬁ-(tv Z) - Ul,—(t, Z)] + iE[n—1,+(tv Z) - 77—1,—(757 Z)]v (21)

where 7,,(t, z) denotes the number of particles with mark m at time ¢ in the site
z. In [Wagl5], a kind of Feynman-Kac formula is formulated in terms of a simple
random walk on Z?. However, it seems more appropriate to formulate one for a
suitable random walk on Z? x {1, —1} x {+, —}, but this is currently open. &
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2.1.2 Feynman-Kac formula

Some of the most interesting applications of the PAM are best explained in terms
of an explicit formula for the solution in terms of random walks. A very useful
standard tool for the probabilistic investigation of (1.1) is the well-known Feynman-
Kac formula for the solution w, which reads

Feynman-Kac formula. Under the moment condition (1.5),

u(t,z):EO[exp{/otg(X(s))ds}@(X(t))}, (t,2) € [0,00) x Z9.  (2.2)

Here (X (5))se[0,00) 18 @ continuous-time random walk on Z¢ with generater A
starting at z € Z% under E.. One can also write 0,(X (t)) = dx ) (z) = I{X(¢t) =5}
for the indicator variable on the event that the endpoint of the path is located-at z.

In words, in (2.2) a random walk path runs from the origin to z, and in the
exponential we evaluate the sum of all the potential values that the ‘walker sees on
this way, weighted with the time that it spends in the respective lattice site. Actually,
we used a time-reversal here, e.g., the initial condition §y and.the.evaluation at z at
time ¢ may be interchanged. For u a solution with initial ¢ondition u(0,-) = ug(+),
one would have to start the random walk at z and replaee §, by ug. By summing
up over all z € Z% we see that the total mass U(t) admits the Feynman-Kac
representation

U(t) = Eo [exp{/otg(X(s))dsH, £ e [0,00). (2.3)

We refer the reader to [GarMol90,.Theorem 2.1] for a proof of (2.2) (or its
finite-space version in (2.7)), which is intimately connected with the almost sure
existence and uniqueness of a solution to (1.1). Actually, the restriction to a finite
box is technically much easier to handle (see Section 2.1.3); for a proof of finiteness
of the infinite-space version(2:2) one has to control the decay of the potential £ at
infinity, and some percolation arguments are necessary for proving the uniqueness
part, see our remarks-after Theorem 1.2.

Remark 2.3. (Relation with semigroup theory.) For the sake of better un-
derstanding, we give an explanation why the Feynman-Kac representation given in
(2.2) actually selves problem (1.1) by making a connection to the theory of semi-
groups of operators. Consider the family of operators (P;);>o acting on the bounded
functions on the lattice as

’Ptf(Z):IEZ[exp{/oté(X(s))ds}f(X(t))}, (t,2) € [0,00) x Z%.  (2.4)

By time reversal, we see that (2.2) is tantamount to u(t,z) = Pidp(z). An appli-
cation of the Markov property shows that the family (P;);>0 is a semi-group, i.e.,
Po is the identical operator and Py o Py = Psyy for any s,t € [0,00). Elementary
calculations using the theory of continuous-time Markov chains reveal that the cor-
responding generator is equal to A + £ showing up on the right hand side of (1.1),
ie., 0¢Piflimo = &'f + &f for many functions f. (We do not enter here a discus-
sion about the largest class of validity, i.e., a characterisation of the domain of the
generator, but recall the criterion in (1.6).) Then we obtain the forward equation
%’Ptf = (&' + &)P.f, which means that u(t, z) = P.f(2) solves the parabolic An-
derson problem (1.1) with initial condition u(0,-) = Pof = f. &
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Remark 2.4. (Large-t asymptotics &~ maximisation.) By (2.2), U(t) is the
t-th exponential moment of the random variable 1 fot &(X(s))ds. Hence, its large-t
asymptotics is intimately connected with the maximisation of this random variable,
according to the well-known fact that the ¢-th exponential moment of a random
variable behaves exponentially in ¢ with rate equal to the essential supremum of
that random variable. We will elaborate on this thought in Remark 2.3.1. For the
moment, we keep in mind that the large-t asymptotics of U(t) are determined by
paths X that make fot £(X(s)) ds large. &

Remark 2.5. (Self-attractiveness.) We see from the Feynman-Kac formula that
the interaction with a random potential £ induces a self-attractive effect to the path;
when one takes the expectation with respect to £. Indeed, according to Remark 2.4,
the paths that really count in the limit ¢ — oo are those who make the exponent
fot &(X(s))ds large. When taking the expectation w.r.t. £, then the path and the

potential jointly make fot &(X(s))ds large in a coordinated strategy, which consist
of the following:

e ¢ is very large in an area B C Z¢, and
e the path does not leave B by time t.

Achieving large values is probabilistically costly, henee¢ the potential would like
to be large only in a small set B. On the other ‘hand, not leaving a small set is
probabilistically costly as well, so the path wouldlike to do this only with a large
set B. Potential and path have to find a compromise, i.e., an optimal size of B. This
depends mainly on the costs for the potential to achieve extremely high values, i.e.,
on the upper tails of £(0) (the asymptotics of Prob(£(0) > r) as r T esssup£(0)).
We will see in Chapter 3 how this‘compromise will be found, but it is clear from the
central limit theorem that the diameteér of an optimal set B will be much smaller
than /. &

It should be stressed thatsthe random walk path in (2.2) is not to be interpreted
as the trajectory along which the mass flows through the random potential, even
though this association,may be tempting. It does not reflect the time-evolution of
the heat flow that/is.described by the solution (¢, -), but should be seen only as some
mathematical object that enables an explicit description of u(¢, -). Nevertheless, this
path is often studied as an object on its own interest as some random path under
the influenicerof the random environment &; see Section 2.1.5.

Certainly, there is a Feynman-Kac formula in the spatially continuous case as
well, see many standard texts on Brownian motion, e.g., [Szn98, Section 1.1]. If
f: R4 — [—00,0) is a continuous function that is bounded from above, then the
solution u: (0,00) x R? — [0, 00) of the PAM (1.7) (with V replaced by f) satisfies
the formula

u(t,z) = Eo [exp{/ot f(Z(s)) ds};Z(t) € dx} /dx, t € [0, 00), (2.5)

where Z = (Z(s))se[0,00) is @ Brownian motion with generator A in R? starting from
2 under E,. (Note that we dropped the factor % in front of the Laplace operator, in
accordance with (1.7).) This time, we need to conceive the expectation as a density
of the terminal site Z(t) in z, therefore we do not use the time-reversal property.
In words, the right-hand side is the density of the random variable Z(t) under the
measure with density given by the exponential. The formula in (2.5) holds also
under much weaker assumptions than upper boundedness of f [Szn98, Section 1.2];
it suffices to assume that limsup, o sup,cga Ex [fg |f(Zs)|ds] =0, i.e., that f lies in
the Kato class.
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Remark 2.6. (Renormalized Poisson potential.) As we said in Example 1.15,
one of the most natural and most-studied potentials is the Poisson trap potential
= — Jpa W(z—y)w(dy), where w =}, 0., is a standard Poisson point process
in Rd with 1ntens1ty v € (0,00), and W: R? — [0,00) is a continuous potential.
However, for the choice W(x) = Clz|~7 with ¢ € (0,d], this potential is equal
to —oo almost everywhere, almost surely [CheKull2, Proposition 2.1]. This type
of potentials is worth being studied, since, in d > 3, for the choices ¢ = d — 1 and
q = d—2 the potential has the interpretation of the gravitational force and potential,
respectively. One way out of the problem is to consider the renormalised Poisson
potential V(z) = — [L. W (w(dy)—dy). Indeed, if [, (e~ @ —1+W (z))dz <
oo (this is satlsﬁed for W( ) = C'|z|~? precisely in the case ¢ € (d/2,d)), then
[CheKullQ, Theorem 1.1] the renormalised potential can be properly defined, and
[CheKul12, Proposition 1.2] the corresponding Feynman-Kac formula is a solution
o (1.7). However, it is a solution possibly only in the weak sense, i.e., in the sense
that

u(t, ) = uole /d/ dypr_o(@ — Puls,PEW),  ©ERLE >0,
]Rd

and the integral on the right-hand side converges absolutely,  where ps(z) =
(47rs)’d/2e*|‘”‘2/45 is the Gaussian density. In particular, the expectation of the
Feynman-Kac formula (taken over the Poisson process)\is finite, i.e., the first mo-

ment of the solution is finite. Let us also remark that one of the main formulas in
[CheKul12] is

(U(t) = <E0 [exp { /Ot V(Z)ds) ) =By exp {v | Flu(t,x)ds}], (26

where F(z) = eV (®) — 1+ W(x) fo z)ds, and (Zs)sep0,00) 18 a
Brownian motion in R? with generator A starting from x under E;. We will discuss
the large-t behaviour of the.moments in Section 7.3.4 below.

The first moment of-the_solution turns out to be infinite [CheKull2, Theorem
1.4] if we change the sign in front of the potential, i.e., if we consider V(x) =
C [ga |z —y|"9(w(dy)— dy) with C > 0 and ¢ € (d/2,d). However, it was shown in
[CheKul12, Theorem"1.5] that the Feynman-Kac formula representing the solution
to the PAM with this potential is almost surely finite for ¢ € (d/2, min{2, d}), but
infinite if ¢ > 2.1In the critical case ¢ = 2 and d = 3 [CheRosl1], the finiteness
depends.on whether C < 1/16 or not. The effect of another additional ingredient
is studied in [CheXiol5], where the Poisson process w is assumed time-dependent,
more precisely, it is replaced by the process (ws)se[0,00) Of independent Brownian
motions, which is a Poisson point process at every time s. We refer to Section 7.3.4
forsome asymptotic results for the moments for this model. &

2.1.3 Finite-space Feynman-Kac formulas

For many proofs, it will be important later to approximate the PAM with finite
boxes. Luckily, the two most important types of boundary conditions turn out to
serve for very useful lower and upper bounds, respectively.

If we equip the Anderson operator &'+ £ with zero boundary condition in some
finite set B C Z<, then the corresponding solution up (see Remark 1.6) may be
represented as

up(t,z) = o exp /g Ndshx(o.4) ¢ BxXm =], (@7
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i.e., the zero boundary condition is translated into the condition that the random
walk does not leave B by time t. The Laplace operator with zero boundary condition
in B generates the simple random walk before it exits B, i.e., restricted to not leaving
B. It is clear that up < u and that the total mass of up,

Us () = Eo [ exp { /Ot §(X () ds}1{X(0.1)) € BY), (2.8)

satisfies Ug < U.

Now let B = (—R,R]Y N Z? with R € N be a centred box and consider the
Anderson operator A" 4+ £ with periodic boundary condition in B. We obtaina
Feynman-Kac formula by noting that the Laplace operator with periodic boundary
condition generates the periodised simple random walk, X = (X (s))scj0,50)>
which can be pathwise realised as X ™ (s) = X(s) modB. This walk never leaves B.
In plain words, if the walker is at the boundary of B and decides to jump to the
outside of B, then it re-appears at the opposite side of B. Hence, we obtain

w0, = E[ew { [ xmmaiionn=a], e

and for its total mass:

UE(t) = 3 ug () = Eo[exp / ts<X<R><s>>ds}] (210)

zeB

We will see in Section 4.3 that, after taking expectation with respect to &, U](;”)(t)
turns out to be an upper bound for U (%), i.e., (U(t)) < (UF™(1)).

Remark 2.7. (One particle with'random mass.) The Feynman-Kac formulas
in (2.2) and (2.7) and all variants will serve not only as starting points for several
proofs, but also as settings.for.our intuition for the interpretation of the solution to
the PAM (like also the branching process setting of Section 2.1.1). Indeed, we can
now imagine that we start 'with one particle at the origin, carrying a unit mass at
time zero. Then the particle starts its random walking along the trajectory in the
Feynman-Kac formula and increases and decreases the mass that it carries according
to the potential values that it sees on the way. At time ¢, its mass has the current
value exp{fotf(Xs) ds}. Then u(t, z) is its expectation, restricted to being at site
z at that time. We will often refer to this picture and will talk about the ‘random
walker’ orrthe ‘trajectory of the Feynman-Kac formula’. When we talk about the
‘optimal’ one, then we mean those realisations of the trajectory that g;ives the best
contribution to the expectation, i.e., maximising the value of exp{fO &(Xs)ds} in
comparison to the probability of that trajectory. &

2.1.4 Local times and moments

The functional in the exponent in the above Feynman-Kac formulas, fg £(X(s)) ds,
is indeed a functional of the local times of the walk,

t
U(2) = / 6.(X)ds, t>0,zecz (2.11)
0

The family (¢4(2)),cze is a random measure on Z¢ with total mass equal to t. It
registers the amount of time that the random walk spends in z up to time ¢. The
occupation times formula says that
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/0 (X ds = 3 E()hl2). (2.12)

2€74

Taking into account that the random potential ¢ is i.i.d., we may easily calculate
the expectation of the main term in the Feynman-Kac formula:

<J““H“>:<Ilé@@@>:]I<§@ﬁ@>:IIem&@>

z€Z4 z€Z4 z€7Z2

—exp{ Y H(u(2)},

ZE€Z2

(2.13)

where we recall the logarithmic moment generating function H (t) = log(e*¢(9)).from
(1.13). Certainly, for this calculation we have to assume that H(t) is finite for all
positive ¢, i.e., that all positive exponential moments of £(0) are finite. Using Fubini’s
theorem for interchanging the two expectations, we arrive at

(U W) =Eo|exp { 3= H(t(2))}]. (2.14)

2€74

and similar formulas for the expectations of u, also for zero.and periodic boundary
conditions in some box B.

Remark 2.8. (Random motions in random media.) We want to give a little
guidance to the classification of the PAM within the’ world of random motions in
random media; the vocabulary used in the“probability literature has achieved a
certain stability in this respect.

By the virtue of the Feynman-Kac formula in (2.2), the PAM is often called
a random walk in random potential, and £ is often called a potential. This is one
of a handful of fundamental examples of a random motion in the presence of a
random medium. Another one is{the process (f(;5 §(X(s))ds)icjo,00) that appears in
the exponent of the Feynman-Kac formula, which is sometimes called the random
walk in random scenery (RWRSc). This is an interesting object to study on its own,
also in discrete time and for Brownian motion instead of random walks. In recent
years, several authors.got interested in the description of its extreme behaviour,
which, on a technical level, has much to do with the analysis of the PAM, see
Section 7.4. A third example is the random walk in random environment (RWRE),
whose transition-probabilities are given by a random field of probability measures
in the sites of.Z%. Conditional on the environment (i.e., in the quenched setting), is
is a Markoy process, but not in the annealed setting, i.e., when the environment is
averaged out. Important examples are the random walk among random conductances
(RWRC), which we consider in Section 7.9, and the Bouchaud random walk, see
Section 7.9.2. To complete this small list (without considering them further), also
self-interacting random walks are fundamental, which evolve in time according to
random mechanisms depending on the past, often only on the local times produced
so far. Important examples here are the reinforced random walk and the myopic
random walk or true self-repellent random walk. &

2.1.5 Quenched and annealed transformed path measures

Starting from the Feynman-Kac formula (2.2), it is rather natural to consider the
quenched path measure

oS E(X(s)) ds

Qe (dX) = W]PO(dX)’

t>0, (2.15)
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on the set of trajectories [0,t] — Z<, [0,t] > s — X (s). Note that Q¢ ; is a probability
measure by (2.2). It obviously depends on the realisation of the potential £ and does
in general not constitute a consistent family of measures in ¢, i.e., they do not come
from a path measure for paths [0, 00) — Z? by projection on the time interval [0, ¢].

Like in many models of statistical mechanics, the study of the large-t asymptotics
of U(t) is intimately connected with the question of the behaviour of (X (s))se[o,
under Q¢ ;. In particular, we will often discuss intermittency (see Section 1.4) in this
view. Plainly, intermittency is reflected by the behaviour of the random walker X
under Q¢ ; to move quickly through the potential landscape to reach some region(s)
of exceptionally high potential and then stay there up to time ¢. This would make
the integral in the numerator on the right of (2.15) especially large, and it would
give much weight to trajectories that end at time ¢ in such regions. Certainly, these
regions are the intermittent islands, and it may a priori be that different trajectories
choose different islands. On the other hand, the probability (under Py)'to)quickly
reach such a distant potential peak may be rather small, since the optimal regions
are typically far away. Hence, the main mass in )¢ comes from-paths that find
a good compromise between the high potential values and the far distance, and
so does the main contribution to U(t). This contribution is mainly given by the
absolute height of the peak. The second-order contribution to U(t) is determined
by some finer information, for example, by geometric properties of the potential in
that peak.

In analogy, the annealed path measures are-defined as

<ef0t E(Xs)ds> o ezt H(E:(2))

QudX) = s Po(dX) = B S Po(dX), ¢>0, (2.16)

where we recall the local times and thé cumulant generating function from Re-
mark 2.1.4. It might be confusing that the density in (2.16) is not chosen as the
expectation of the density in(2.15), which would also make perfect sense as an
annealed path measure (note that the term ‘annealed’ is not a mathematical term,
but depends on the taste and'the view of the author). However, the main objective
is the analysis of thé.partition function, i.e., the term efo $(X2)ds and therefore the
impact of its expectation is of principal interest.

In (4.5) below we will see that the density in (2.16) has an attractive effect on
the path, as the functional p — exp{}_, H(t/(2))}, seen as a map on probability
measures on Z¢, is convex. Hence, one may already here expect that the walk will,
under 3, spread out on a smaller area than the free random walk, i.e., we may
expect that X, < /t as t — oo, typically under Q;. See Section 7.5 for results on
upper tails for the functional in the exponent and Section 7.6 for results on such
path measures.

Example 2.9. (Simple random walk among Bernoulli traps.) The simple
case where ¢ is an i.i.d. field and each potential value is either —oo or 0 (see Exam-
ple 1.10) is called simple random walk among Bernoulli traps. The solution to the
PAM may be seen as the survival probability of the walk. Indeed, let

O={ze2 &(z) = —c}

be the set of obstacles or traps, then it is clear that the exponent fot &(X(s))ds in
the Feynman-Kac formula is equal to —oo as soon as the path X ([0, ¢]) hits O. This
implies that

u(t,z) = Po(X([0,t]) C O, X(t) = 2)

is the probability that the path does not hit any trap by time ¢ and ends up at
the site z, and U(t) is the survival probability. Introducing the stopping time Tp =
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inf{¢t > 0: X(t) € O} of the first visit to the obstacles, we may also write u(t,z) =
Po(To > t,X(t) = 2), and U(t) = Po(To > t) is the upper tail of Tp. Hence, the
measure Q¢ ¢ defined in (2.15) has the density 1{To > t}/Po(To > t).

The density of the annealed measure, (), can easily be calculated from (2.13),

since
> H(ty(2)) = (logp) > 1{(2) > 0} = Ry logp,

z€Z4 z€Z4

where R; = [{X(s): s € [0,t]}| is the range of the walk by time ¢, the number
of visited sites. Hence, the density of Q; with respect to the simple random walk
measure is equal to e %t /Eqle”Vf*] where v = —logp € (0,00). That is, the
expected total mass of the solution of the PAM, (U(t)) = Eo[e %], is equal to a
negative exponential moment of the range. The large-t study of the latter has been
called the range problem.

The intermittent islands are the ones where u(t,-) achieves its maximun zero,
the trap-free zones. It will turn out that these islands depend on ¢ and are rather
large; in fact, in the annealed setting their radius is of order t'/(4t?)} and in the
quenched setting they are of order (log t)l/(d+2).

Let us mention that a discussion of general trapping problems from a physicist’s
and a chemist’s point of view, including a survey on related mathematical models
and a collection of open problems, is provided in [HolWei94]. <&

Example 2.10. (Brownian motion among.Poisson traps.) Recall the trapped
Brownian motion of Example 1.15 and look at-the special case V(z) = —oo X
>z € K,(x;)}, where we use K,(x) to denote the ball with radius a around z,
and (z;); is a Poisson point process in R%with intensity v € (0, 00). Hence, V () is
equal to —oo in the a-neighbourhood of theyunion of the Poisson points. The solution
u to the PAM is also known under the name Brownian motion among Poisson traps
or Brownian motion among Poisson obstacles, as it is equal to a survival probability.
Indeed, let O = J; Kq(x;) be-the-union of the a-balls around the Poisson points,
then V(z) = —ocoll{x € O}. Consider the stopping time Tp = inf{t > 0: Z; € O},
the first entry time of the| Brownian motion (Z(s))scjo,0) into the obstacle set O,
then we have fg V(Z(s))ds = —ool{Tp < t}. The Feynman-Kac representation
reads
u(t,z) =P (To > t, Z(t) € dz) /dz,

i.e., u(t, x)\is equal to the sub-probability density of Z(¢) on survival in the Poisson
field of traps by time ¢. The total mass U(t) = Po(Tp > t) is the survival probability
by time t.,The analogue of the path measure Q. is the conditional distribution
given the event {Tp > t}, i.e., it transforms with the Radon-Nikodym density
HTo > t}/U(}).

Tt is easily seen that the first moment of U(¢) coincides with a negative expo-
nential moment of the volume of the Wiener sausage Sa(t) = Usep4 Ka(Z(5)),
ie.,

(U(t)) =Eo[(1{Z([0,£)) N O = 0})] = Eo[(1{#{i: @ € Sa(t)} = 0}] 517

= [Eo[e—VISa(t)\}7 (2.17)
where v € (0, 00) is the intensity of the Poisson process, and |-| denotes the Lebesgue
measure. For this reason, the analysis of the annealed transformed path measure Q;
is sometimes called the Wiener sausage problem; it was historically the first special
case of a PAM for which substantial asymptotic results were derived [DonVar75];
see Section 3.5.1. &
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2.2 Functional analytic aspects

It belongs to the standard knowledge of functional analysis that the solution to
the heat equation with potential £ in a finite box can be represented in terms
of an eigenvalue expansion (also called Fourier expansion), i.e., an expansion with
respect to the spectrum of the operator on the right-hand side of (1.1), the Anderson
Hamiltonian A + £. This is one of the most important and fruitful connections of
the heat equation with analytic theory. In this section we introduce the relevant
notions and recall the most important facts. Recall that we do not put a minus sign
in front of the Laplace operator, unlike the mathematical physics community. In
particular, we do not speak of the ‘bottom of the spectrum’ but of the ‘top’, and
‘deep valleys’ of the potential are here ‘high exceedances’.

2.2.1 Eigenvalue expansion

We introduce Dirichlet (i.e., zero) boundary condition in a finite set B C Z¢ and
denote the Hamilton operator &' + £ by Hp. This operator is’symmetric and non-
negative definite on the Hilbert space /2(B) of square-integrable functions (vectors)
on B. Furthermore, it has precisely | B| eigenvalues A;(B) > \s(B) > A\3(B) > --- >
Aip|(B), and there is an orthonormal basis of ¢*(B)-¢onsisting of corresponding
eigenfunctions (eigenvectors) vi, vz, vs, ..., v |, which also depend certainly on B.
We always take the principal eigenfunction vi- positive everywhere in B, while all
the other eigenvectors may have positive and negative values in B. We think of vy,
as being defined on the entire space Z4with w;(2) = 0 in B°. Certainly, all these
eigenvalues and eigenvectors are randomy; as,they depend on £, but for a while this
will not be important.

Now we consider the solution ug of (1.1) in B with localised initial condition
up(0,-) = dp(+); see Remark 1.6. It admits the spectral representation (sometimes
also called Fourier expansion or, spectral decomposition)

JB|
up(ty )= Y e P Our(), 1 e (0,00), (2.18)
k=1

with respect to the eigenvalues and eigenfunctions. This can also be written as
up(t,2) = (62,72 80) = (72 8) (2), (2.19)

where (-} denotes the standard inner product in £2(Z?). The J; is the initial con-
dition, the 0, refers to the evaluation at z, which can also be seen as a terminal
cendition.

One of the most obvious nice things about (2.18) is that the time-dependence
sits exclusively in the exponent as a prefactor of the eigenvalues. In particular,
one immediately sees that the main part of the large-t behaviour of up(t, ) should
come from the principal eigenvalue, A1 (B). This fact is not drastically altered if the
box B depends on t and grows to Z¢ for large ¢, but will need some more care;
actually there are cases in which the main contribution does not come from the first
eigenvalue, but from another eigenvalue A\, that has a better value of vy (0).

Some drawback about (2.18) is that there is a priori no version for B = Z?, at
least not for random i.i.d. potentials &, unlike the Feynman-Kac formula. Versions of
(2.18) on the entire space Z require that the potential decreases to —oo far out (i.e.,
lim| ;o £(2) = —00), as this implies that the Hamiltonian A" 4- £ has a compact
resolvent on £2(Z?), but this is not satisfied for an i.i.d. potential ¢, unlike in trivial
cases. I am not aware of versions of (2.18) on Z? that work under conditions like
(1.5), but possibly they would not be too helpful.
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2.2.2 Relation between eigenvalue expansion and the PAM

The eigenvalue expansion in (2.18) yields an instructive explanation of the large-t
asymptotics from a spectral point of view and serves as a starting point for powerful
proofs, see also Remark 2.2.3. Let us illustrate some the of the benefits for the study
of the PAM that (2.18) offers.

Rayleigh-Ritz formula. One certainly guesses that the large-t asymptotics of
the function up(t,-) should be mainly governed by the principal eigenvalue, Ay =
A1(B), and this is true for many levels of precision. Therefore, the Rayleigh-Ritz
formula or Rayleigh-Ritz principle is of high interest:

A (B) = sup (Hpv,v)
vel2(Z4): supp (v)CB,||v|2=1

1
= — inf (f —v )
vel(Z4): supp (v)C B,[lvfla=1 \2 2 AR

T,y€Ze: x~y z€B
(2.20)

where we wrote = ~ y to denote that x and y are nearest neighbours, i.e., they differ
in precisely one component and precisely by one. (In the sum.on x,y we mean the
sum on the ordered pairs (z,y), i.e., (z,y) # (y, ) for  # y; which gives rise to the
prefactor of %) We remark that the first sum in the second line can be restricted
to the sum on x and y in B and its outer boundary, The variational formula on the
right-hand side has precisely one solution up to a multiplicative constant, and this
is v1, which is a positive vector.

Upper estimates for upg. There is a standard way to estimate the total
mass of up in terms of the principaleigenvalue with the help of the Cauchy-
Schwarz inequality ((f,g) < ||f]l2 [|gll>for'any f,g € £2(B)) and Parseval’s identity

( LB|1<vk, 1?2 =|f||3 for any f € ¢*(B)) as follows:

= Z uB(t,Z) = %ew\k<vk550><vk7ﬂ>
z€B =
Bl 1/2
< (Ze”"“ Uk, 0o) 2) (kz_: (v, 1 ) (2.21)
|B| |B| 1/2
< et)\l(z Uk:a(SO ) ( ’Uk;, )
k=1

[ do][211]|2 = VWI

See Remark 3.1 for the approximation of U with Ug for large boxes B.

Lower estimates for up. In in the investigation of the PAM, it turned out
useful to reverse the estimate in (2.21), i.e., to estimate the eigenvalue \; in terms
of the solution up, with the help of the expansion in (2.18). This seems difficult on
the first sight, since all eigenfunctions vy, with the exception of v, assume positive
and negative values. However, if one plays with the initial condition, this problem
is removed. So let us denote by u%’ the solution to (1.1) with initial condition
u$$(0,-) = 8,(-) instead of dy(-), then we can estimate, using that every vy is £2-
normalised,

|B| |B] |B]

t>\1 < Zet)\k _ Zet)\k Z )2 — Z Zew\k Uka Z u(ar)

x€EB rz€EB k=1 rxeB
(2.22)
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Applying the Feynman-Kac formula in (2.7), adapted to the initial condition d,,, we
arrive at expressions that can be handled further with the same means as Ug(t) =
> wepun(t,x), and they give the same leading asymptotics.

2.2.3 Anderson localisation

One of the great sources of interest in the random Schrédinger operator A 4-¢ is the
fact that its spectral properties help describing electrical conductance properties of
alloys of metals or optical properties of glasses with random impurities. Therefore,
one is naturally interested in bounded potentials, as the potential generically models
the concentration ratio of the two metals in the conductance application.

Another source of interest in the spectrum of A 4¢ is the study of the Anderson
Schrodinger equation in (1.4), which differs from the PAM by the additional jpref-
actor of the imaginary unit i on the left-hand side of (1.1) and models‘dynamical
quantum mechanical processes in a random environment. Note that ‘inthe large-t
analysis of this equation, the entire spectrum is involved, in contrast to the large-¢
asymptotics of the PAM, where only the top of the spectrum is involved.

The driving force for studying the spectral properties of A' +¢ comes from the
exciting prediction of P.W. Anderson [And58] that the spéctrum should have a pe-
culiar behaviour, which in a way interpolates between the smoothing effect of the
Laplace operator, whose ‘eigenfunctions’ are infinitely spread out in Z¢, and the
localising effect of the multiplication operator £, which has only delta functions as
eigenfunctions. He predicted that, at least in its Spectrum close to the spectral ends
(we are thinking of a bounded random potential &, for which also the spectrum of
A + ¢ is bounded), all eigenfunctions of- 2 + £ should be exponentially localised.
More precisely, for all eigenvalues close to any of the two boundaries of the spec-
trum, the corresponding eigenfunction)should decay exponentially fast away from
its individual (random) localisation centre. This predicted phenomenon is nowadays
called Anderson localisation. It-was the motivation of an intense research activity in
the last decades, and its validity has meanwhile been confirmed in a great number
of cases, after the invention of deep mathematical tools. See [Kir10] for an extensive,
and pedagogically written; survey on Anderson localisation and further reading.

2.2.4 Intermittency and Anderson localisation

Let us explainshow Anderson localisation is related with intermittency in the PAM.
The_starting point is the spectral representation in (2.18) with a large box B (de-
pending-on t) such that up is a good approximation for u (see Remark 3.1). In the
limit ¢ = oo, we can neglect all the summands in (2.18) with large k, because the
exponential term e'** makes them negligible in comparison to the leading terms
et etr2 etrs . According to the Anderson localisation prediction, at least for
small k, the eigenfunctions v should be exponentially localised in centres x;. Here
we anticipate that the localisation property, which is predicted by Anderson local-
isation theory only in the entire space Z?, persists to large boxes. Moreover, as
extreme-value statistics predicts (see Section 6.4 below), these centres are far away
from each other, since they form a Poisson point process, after rescaling (see Sec-
tion 6.3 below). Hence, vy should be small outside a finite neighbourhood of z and
even extremely small in neighbourhoods of the other x;s and in the origin. Hence,
up(t, ), + ) is well-approximated in a neighbourhood of zero by just the k' term,
e vy, (0)ug(7r + -). As a consequence, the field up(t,-) has high peaks in small
islands (the neighbourhoods of the localisation centres of the leading eigenvalues),
which are far away from each other, and is much smaller outside these islands. This
is a clear picture of intermittency. Additionally, we also see that the solution w(t, -)
should be shaped like the eigenfunctions in these islands.
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2.2.5 Integrated density of states

We saw in Section 2.2.4 that large-t asymptotics of the PAM have much to do with
the top of the spectrum (eigenvalues and the corresponding eigenfunctions) of the
Anderson Hamiltonian A + ¢ with zero boundary condition in large boxes. Another
explicit manifestation of this relation is in terms of Lifshitz tails, which describe the
upper tails of the integrated density of states (IDS).

One definition of the integrated density of states is as follows, see [CarLac90,
Kir10]. In order to be consistent with the literature, we consider the operator — A" —
€. By (=4 — €)p,, we denote its restriction to the box Bg = [~R, R] N Z¢ with
zero boundary condition. Denote by F; < Ey < Fy < --- < E\py) its eigenvalues,
counted with multiplicity (and of course depending on R). Let Ngr = >, dg, denote
its spectral measure. For an energy F € R, let

nr(E) = Np((—o0, E]) (2.23)

denote the number of eigenvalues < E of (—&" — £)p,,. Then, by thesubadditive
ergodic theorem, the limit

1

W(E) = Jim rpn(E) (2.24)
exists and is almost surely constant. The function. /s is called the integrated density
of states (IDS). The interpretation of p(E) is the number of energy levels of —A' —¢
below E per unit volume. Note that 4(E) €0, 1], since the Br x Br-matrix (—A" —
&)y cannot have more eigenvalues than the cardinality of Br. After shifting and
rescaling, 1 is a distribution function, i-e.,’it is-increasing and right-continuous with
left limits and boundary values 1 as EN'supo(—A'—¢) and 0 as E | inf o (-4 —¢),
where o(H) denotes the spectrum of an’operator H.

The IDS is related to the PAM.as follows. Let

L(Ng, 1), = /]R e M Np(dX) =) et (2.25)

k

be the Laplace transform of N evaluated at ¢t > 0. Using the eigenvalue expansion in
(2.18) and the finite-box Feynman-Kac formula in (2.7), we have the representation

LN = Y E. [ Ji X0 ds i x4 € Bri{X; = z}], (2.26)
z€BR

i.e.;the sum over z € By of solutions to the PAM with initial condition ¢, evaluated
at zysee (2.22). The existence of the limit in (2.24) is proved by showing that ﬁNR
has an almost sure limit /V, and this in turn is proved by showing that ﬁﬁ(}\/}%7 t)

has a non-trivial limit for any ¢. Using the ergodic theorem in (2.26), it is not difficult
to prove that, almost surely,

1 ¢
Jim LN, ) = (Eo[efs €C¥I 010, = 0}] ) = (u(t,0)). (2.27)
Hence, |B Bn VR has a limit N as R — oo, whose Laplace transform L(N, 1) is given

by the right-hand side of (2.27), and this is equal to the expectation of the solution
to the PAM as in (1.1) evaluated at zero. Certainly, pu(E) = N((—oo, E]) is the
distribution function of N.

There is also a useful connection between the IDS and the principal eigenvalue
in a fixed box [CarLac90, VI.15, p. 311]. Indeed, for any R € N,
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1

1 1
w(E) > @(MR(E» > Bl > " Prob(Ey, < E) > ——Prob(E; < E).  (2.28)

~ |BRgl

This connection was utilized in [Fuk09b] for deriving relations between asymptotics
of p(E) for E | inf o(—4" — &) (see Section 2.2.6) and the almost sure asymptotics
of the principal eigenvalue in large boxes.

2.2.6 Lifshitz tails

Roughly speaking, the logarithmic asymptotics of the IDS p(E) (as defined in (2.24)
above) for F | inf o(—A" — &) are called the Lifshitz tails of the operator —A! — ¢,
see [CarLac90, Kir10]. They are of high interest for the description of the spectrum
of —A* — £ close to its bottom. But they are intimately connected with the.large-t
asymptotics of the PAM by the fact that they stand in a one-to-one connection
with its Laplace transform L(N,t) of the IDS N. According to (2:27), we have
L(N,t) = (u(t,0)), where u is the solution to the PAM with initial\condition dy.

In this book we are mostly concerned with moment asymptotics for the total
mass (rather than w(t,0)), in particular in Chapter 3. However, it is not difficult
(see below) to see that

L(N,t) = (U(t)) as t — 09, (2.29)

where we mean by ‘~’ logarithmic equivalence, ie;; the quotient of the logarithms
of the two sides converges to one. Based on (2.29), one easily derives Lifshitz tails
from large-t moment asymptotics of the totalmass. We refer to Remark 3.21 for an
explicit example of such assertion that-has been proved in the literature.

A proof of (2.29) is not very difficult. Indeed, ‘<’ is obvious from the Feynman-
Kac formula in (2.2) (just drop the‘indicator on {X(¢f) = 0}), and one obtains a
lower bound for £(N,t) by inserting, on the right-hand side of (2.27), the indicator
on {X([0,t]) C B} for any'set B: A good choice for B is a t-dependent large centred
box; see Remark 3.1. Expanding this in an eigenvalue series, we obtain

E(N, t) > <Zet/\k(3)vk(0)2> > <et/\1(B)vl(0)2>.
k

(Note that it'was the coincidence of the initial and terminal conditions that enabled
us to drop‘all-other summands.) Now some technical work is required to deduce that
the term vy (0)? is negligible. The fact that (e!*1(B)) ~ (U(t)) can be proved starting
from the estimate in (2.21) and using Remark 3.1.

2.3 First heuristic observations
Based on the probabilistic and the functional analytic considerations in Sections 2.1

and 2.2, let us give now some heuristics about what to expect in the description of
the solution of the PAM in the long-time limit.

2.3.1 The total mass as an exponential moment

The first observation is that, via the Feynman-Kac formula in (2.3), U(¢) is equal
to the t-th positive exponential moment of the quantity

1 t
Y= /0 £(X,) ds,
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the average of the potential values along the random walk path. (The quantity ¢Y;
is sometimes called random walk in a random scenery, see Remark 2.8.) It is a well-
known fact from standard probability theory that, for any random variable Y, we
have lim; .o 1 logE[e"?] = esssupY € (—o0,00]. Hence, the limiting exponential
growth rate of U(t) as t — oo will have much to do with the maximisation of Y;
over the probability space.

Actually, this maximisation has to be put into the right balance with the limiting
behaviour of Y; as t — oo, i.e., with the prefactor ¢ in the exponent. If one considers
the expectation of U(t) with respect to £, one has to find a balance between the
two random objects, the path and the potential. Certainly, an optimisation of Y; is
achieved by confining the random walk path (X(s))se[o,4 to an area in which the
potential ¢ is extremely large, and in which it does not cost the path too much to
stay a long time. This area will be centred around the starting point of the motion,
and it will be much smaller than of the size that one knows from the central limit
theorem, i.e., its diameter will be much smaller than v/¢. On the other hand; picking
just one site in which the potential is extremely huge will not necessarily. be optimal.

Hence, the upper tails of ¢ (i.e., the asymptotics of Prob(£0) > r) for
r 1 esssup&(0))) will be one of the most decisive criteria, since they quantify the
probabilistic cost of making the potential large, and they give information about
the size of the highest peaks of the potential. The second \relevant criterion is the
probabilistic cost to confine the motion to the optimal.area. The balance between
the two strategies is subtle and will be described in detail in Section 3.2.

2.3.2 Moment asymptotics versus almost_sure asymptotics

Let us now explain the difference in the\thinking about the annealed and the
quenched setting. The asymptotics of<the moments of U(¢) and its almost sure
asymptotics are based on quite different (but related) arguments. The phenomeno-
logical difference between the two is the following.

First we consider the moments; i.e., the annealed setting, see also Remark 2.5.
From the Feynman-Kacformula in (2.2) we see that the moments of U(t) are the
joint expectations over the path and over the potential. Hence, both random objects
can ‘work together’ according to a joint strategy that is a compromise between the
two; each of them gives a contribution that is exponentially costly: the potential
assumes high values-in a suitable area, and the path does not leave that area during
the time interval’[0,¢]. For making the latter not too costly, the area should be
a centred ball. Hence, the main contribution to the moments of U(t) should come
from a self-attractive behaviour of the random walk and an extreme behaviour of the
potential. Phrasing it in terms of intermittency, it will turn out that the moments
of the-total sum over z € Z? of the solution u(t, z) is asymptotically already well
approximated by just the sub- sum on a much smaller region, which is centred at the
origin and has a radius that we will call Ra(t) in Section 3. This is an intermittent
island, and we want to stress here that

In the annealed setting, just one intermittent island is sufficient, and this island
is centred.

Remark 2.11. (Estimating the probabilistic costs.) Here is a simple rule of
thumb for estimating the probabilistic cost for the random walk to stay in a ball
of (t-dependent) radius 1 < r; < v/t until time ¢, the non-ezit probability. Namely,
it is of order e=C/™9). More precisely, writing ‘<’ if the quotient is bounded and
bounded away from zero, we have

—log Po(X([0,1]) C [, m]%) = %, t — o0, (2.30)
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where =< means that the quotient of the two sides is bounded and bounded away
from zero. This can be seen, with the help of the central limit theorem, as follows.
Chop the random walk path into t/7? pieces of length 72 to see that staying t time
units in a ball with radius 7 is equivalent to each of these t/r? pieces staying in that
ball. For each piece, the probability for doing this converges towards some fixed
number in (0, 1), according to the central limit theorem. According to the Markov
property, the total probability for all the pieces to stay within that ball, should be
roughly the product of the single probabilities, i.e., a product of O(t/r?) terms of
finite size in (0, 1), i.e, of size exp{—O(t/r?)}.

Another way to see that (2.30) holds (even with explicit identification of the
prefactor) is to write P (X ([0,¢]) C [~r,7]¢) as the total mass Up, () of the solution
to the PAM with potential ¢ = 0 in B, = [—r,7]? N Z? and to use the estimate in
(2.21) to obtain that the left-hand side of (2.30) is not smaller than —tXy(B,) —
log(2r + 1)%/2. Now one needs a rescaling argument for the principal*eigenvalue
A1(B,) of &' in B,; actually, one can show that A\;(B,.) ~ r~2X§([—1, 1]¥)asn — oo,
where X§([—1,1]¢) is the principal eigenvalue of the Laplace operator A in [—1,1]¢
with Dirichlet boundary condition. This shows that the left-hand-side of (2.30) is
even ~ A§([—1, 1]‘1)%. (Because of the appearance of the term —log(2r + 1)%/? in

the above estimate, the upper limitation 7, < v/t has to-be sharpened by adding a
suitable logarithmic correction.)

Much more precise assertions are possible using thelarge-deviations principle in
Lemma 4.3. &

In contrast, in the almost sure settirig. (see>Section 5 for details), the quenched
setting, the potential makes no particular effort of any kind, but behaves ‘as usual’.
The random path has to cope with that.and must ‘make the best’ out of it. Hence,
the identification of the almost sure‘asymptotics depends on a closer analysis of the
potential landscape, almost surely for every sufficiently large ¢. In fact, within some
large ‘macrobox’, one derives thé existence of ‘microboxes’ (local, much smaller
regions) in which A + &-possesses particularly large principal Dirichlet eigenvalues.
Then one either lower-bounds the Feynman-Kac formula for U(t) by requesting the
path to spend almost all its time there (neglecting the travel time to that place),
or one lower bounds the principal eigenvalue of the macrobox against the local
principal eigenyalue ‘of one of these microboxes.

For the argument to work, one needs a good control on the upper tails of the
eigenvalues of ' + ¢ in local subregions inside a given large a priori box. In par-
ticular, one needs control on the probability that the local principal eigenvalues are
extremely large. This is achieved by a control on their exponential moments with
large prefactor, by use of the exponential Chebyshev inequality. This control in turn
is a by-product of the proof of the asymptotics of the moments, since (U (¢)) a (ef*1).
In this way, the analysis of the moments gives the necessary control on the upper
tails of the eigenvalue and serves as an important input in the proof of the almost
sure asymptotics.

In this way, we will use just one island (microbox) for a lower bound for the
total mass. This estimate turns out to be very satisfactory, as it matches with a
corresponding upper bound. However, this a priori does not mean that this island
alone approximates the total mass U(t) so well that the sum coming from the com-
plement of this island is negligible with respect to the sum from that island. In order
to achieve this, we a priori need to collect much more such islands, whose family is
then called the intermittent islands in the sense of Section 1.4. Such assertions are
handled with the help of spatial extreme-value analysis, which is used to identify
the number, location, size and form of such islands. At this point, we would like to
stress that
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In the quenched settin%, there are a (friori many intermittent islands, and they are
widely spread, randomly located and much smaller than the annealed intermittent

island.

It is another, much deeper story to prove that finally indeed just one of these
islands (carefully picked) is sufficient to asymptotically exhaust the total mass, see
Section 6.4.

The above explains only lower bounds (but very good ones). Most of the proofs
in the literature for the corresponding upper bound do not reflect any details about
the potential landscape and are quite abstract. We present the most successful proof
strategies in Chapter 4.

2.3.3 Mass concentration

In Section 6, we will go much deeper into the description of the PAM and- will
reveal much more information about the intermittent islands. This is well explained
in terms of the eigenvalue expansion in (2.18):

1B
u(t,") = upgwm(t,-) = Z et’\’“vk(())vk(-), (2.31)
k=1

where B® is a centred box that is so large that the first approximation is good
enough; see Remark 3.1.

The intermittent islands are equal to the regions where one of the eigenfunctions
v has its main mass. More precisely, as“Anderson localisation theory predicts,
all the leading eigenfunctions vy are<highly,concentrated in a region of small size
somewhere in B® and are extremely closeto zero everywhere outside. Each of these
regions gives rise to a lower bound of the kind that we explained in Section 2.3.2.
Furthermore, using extreme-value statistics, one can understand and prove that the
shape of the potential £ and the one of the solution u(t, -) in these islands approaches
a certain deterministic form.

For the lower bound for U(t) we just considered the first term in the above
sum, the one with the largest eigenvalue. However, also the distance of the island
to the starting point of the motion plays a role. Looking at the eigenvalue expan-
sion in (2.31), this distance is roughly expressed by the term wvj(0), by the fact
that vy istexponentially descreasing away from the centre of that island. Hence,
the above_heuristics gives the best lower bound by taking that k& that maximises
the term e/**v,(0). This maximal k& may be different from one. Then the conjec-
ture is\tempting that it is just this single summand that gives the overwhelming
contribution, which is a rather strong form of intermittency, it is indeed a concen-
tration assertion. This is indeed known for a number of potential distributions, see
Section 6.

2.3.4 Time-evolution of the mass flow

All heuristics so far considered only the situation of the mass flow at a given fixed,
large time, i.e., a snapshot. However, one of the main goals is to describe the evolu-
tion of the mass flow, i.e., the function ¢ — u(t, -). Making qualitative statements in
this general view is rather difficult. However, in those cases in which the concentra-
tion property in just one island holds, we can make much more precise assertions.
Indeed, we here can restrict the description of the main mass flow to a description
of the time-evolution of the centre of that island. For this process there are explicit
formulas available for a number of potential distributions; see Section 6.5.
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An intuitive description of the main mass flow is as follows (see also [Mor11]).
The box B® in (2.31), if it is picked sufficiently large, is the space horizon of the
main mass at time ¢, i.e., the space in which it is located with high probability
at time ¢t. Now imagine that we look at a movie and let ¢ increase, assuming that
the radius of B® increases accordingly. Then from time to time it happens that
this increasing horizon suddenly includes a new, much better local island than all
islands that it contained before. Here ‘better’ refers to the relation between size
of the local eigenvalue and the distance to the origin, as is expressed by the term
e* vy (0). During a small time interval, this island becomes relevant and replaces
the island that was optimal before. As a result, the main mass ‘jumps’ to the new
island, and the Feynman-Kac formula is from now mainly concentrated on paths
that go in short time to this new island and spend there most of the time.

There are two interesting time scales in this picture: the time lag during which a
certain island is the optimal one, and the time lag during which the main mass moves
from one optimal island to the next one. In all cases that we present in/ Section 6.5,
the latter is much shorter than the first one. Furthermore, we alse see there that
the time lag during which an island is optimal increases from one'eptimal island to
the next one, i.e., the mass flow ages; it behaves differently at late times than at
early times. The effect of ageing will be highlighted and deepened in Section 6.5.
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Moment asymptotics for the total mass

In this chapter, we explain what the asymptotics of the logarithm of the monients
of the total mass U(t) of the solution u(t,-) of the PAM in (1.1)—(1.2) are deter-
mined by, and how they can be described. This is fundamental for_a deeper study
of the PAM, and we will develop a rich picture. We will be working under the ba-
sic assumption that (£(z)),cz« is an ii.d. random potential*and that all positive
exponential moments of £(0) are finite, in which case all-the moments of U(t) are
finite.

After making some basic observations in Section 31, we give in Section 3.2 a
heuristic derivation, based on a large-deviation‘statement for the rescaled potential,
under a crucial regularity assumption on the upper tails of £(0) called Assumption
(J). This is followed by a second derivation in” Section 3.3 in terms of a large-
deviation statement for the local times of‘the random walk, under an assumption
on the large-t behaviour of the logarithmic moment generating function H (t) called
Assumption (H). We formulate the outcome of these heuristics for the respective
potential distributions in Section 3:4.-It turns out there that we need to distinguish
four different regimes only, and we will provide explicit formulas in these regimes.
The spatially continuous-case'is‘discussed in Section 3.5.

3.1 Rough bounds

We recall ¢he cumulant generating function H(t) = log(e’¢(9)) of £(0) defined in
(1.13), whichwill play an important role here, since its behaviour as ¢ — oo describes
the potential close to its essential supremum. Without much efforts, we obtain the

two, bounds
eHM=2dt < (7(1)) <eH® e (0,00). (3.1)

This easily follows from the Feynman-Kac formula U(t) = Eqle/o ¢X:)ds] in (2.3).
Indeed, we obtain a first lower estimate for (U (¢)) by restricting the expectation with
respect to the random walk to the event (N c(, 4{Xs = 0} that it does not leave
the origin up to time ¢. This event has probability e=2% as the time of the first
jump, 7 = inf{t > 0: X(¢) # X(0)}, is exponentially distributed with parameter
2d. Furthermore, on this event, we have that fot £(X(s))ds = t£(0). Hence,

(U(1) = (Eole" Vs y]) = (@) = 07201,

which shows the left inequality in (3.1). On the other hand, an upper estimate
arises by applying Jensen’s inequality in the exponential term in the Feynman-Kac
representation to the probability measure on [0,¢] with Lebesgue density 1/t as
follows:
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exp{/ot f(Xs)ds} < Atiexp {tf(Xs)}ds.

Now taking the expectation with respect to ¢ and interchanging it with the integral
over ds and the random walk expectation, we arrive at

([l lsnafo) - [ oo

_HO),

{U()

IN

which shows the right inequality in (3.1).

Because of (3.1), it appears appropriate to consider the term e~ ®)(U(t))-and
to try to derive logarithmic asymptotics on the scale ¢t or some smaller scale:, This
means that the moment asymptotics are described by (at least) two termsj.the first
of which is the cumulant generating function. This term yields a rough.information
about the way in which the potential attains large values, but no information about
the structure of the potential in the high peaks. Therefore, we will have to work
harder on the second term. Actually, it will turn out that it is'more appropriate to
replace e ®) by some modification.

3.2 Heuristics via eigenvalues

We give a heuristic derivation of a lower bound for (U(¢)), which will later turn
out to be also equal to the upper bound,up.t6 the precision given by logarithmic
asymptotics that we consider. However, the ‘explanation of the lower bound here is
intuitive and gives quite some insight-in the behaviour of the PAM, while the proof
of the upper bound does not. The main result of this section is (3.22).

Step 1: Catching in a large box. The first observation is that

{Ut) ~ (Upw (1)), (3.3)

if the centred box B |is large enough, where we recall from Remark 1.6 that Up
denotes the total mass of the solution of the PAM in the set B. More details about
(3.3) and the size'of”B® are given in Remark 3.1; for the remainder of this section
it will be enough to know that the diameter of B® is large, but not larger than a
power of ¢

Remark 3.1. (Approximating with a large box.) In order to approximate U
with Ug to obtain (3.3), one uses the Feynman-Kac formula (2.2) to see that

U(t) — Up(t) = By |elo € X 0{ X 1 ¢ BY|. (3.4)

This error term is small, if the box B is large, since it costs the path then much
to travel to the outer boundary of B by time ¢. A qualitative upper bound is (see
[G&rMol98, Lemma 2.5(a)])

R
Po(Xy ¢ [-R, R]?) < 2941 exp{ ~ Rlog = + R}, Rt > 0. (3.5)

This estimate is particularly useful if R is much larger than ¢, as one gets a super-
exponentially decaying upper bound. This can now be used in (3.4) in various ways,
after taking the expectation w.r.t £ (but also without). The easiest is to separate
the two terms from each other by use of Holder’s inequality and afterwards using
(3.5) for the probability term and (3.1) for the expectation. In this way, one arrives
at some term in the exponential of the form %H (pt) minus some term that comes
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from the right-hand side of (3.5). Depending on the asymptotics of %H(pt) — H(t),
one can pick R large enough that one can conclude that (3.3) holds. For many
potentials including the double-exponential distribution, it suffices to take R = R;
as t(logt)!™" with some 1 > 0. &

Step 2: Switching to the principal eigenvalue. The second main step is the
approximation

Ugw (t) = et)‘d(Bm’g) (3.6)

(in the sense of logarithmic equivalence, i.e., the quotient of the logarithms converges
to one), where we now write A\*(B, ¢) to denote the principal (i.e., largest) eigenvalue
of the operator A' + ¢ in a finite set B C Z¢ with zero boundary condition, for
some potential p: B — R (hence A*(B,§) = A\ (B) in the notation of Section 2:2.1).
This approximation is a consequence of the spectral representation (2.18) and can
be easily justified with the help of the methods that we described in Section 2.2.2.
Hence, we have to understand the logarithmic asymptotics of the ¢-th exponential
moments of the principal eigenvalue in a large, t-dependent box.

Remark 3.2. (p-th moments.) It is already heuristically clear from (3.3) (and
true in all known cases) that the p-th moments of U (¢) should have the same asymp-
totics as the first moments of U(pt), at least as it concernsthe leading terms. <

Remark 3.3. (Rough bounds on A*(B®, £).) Observe that the leading eigen-
value A4 (B® £) is of the same order as the highest peak of £ in B®. Indeed, we
easily check by the Rayleigh-Ritz-formula (2.20)-that

max ¢ —4d < M(B,§) Smax¢, B C 7 finite. (3.7)
o

Step 3: Adapting the potential to the intermittent island. We are going to
introduce some decisivescales and to explain their interdependences. As we indi-
cated in Remark 2.2.3, the main contribution to (e*" (B9} comes from realizations
of the potential £ haying high peaks of some order L(t) on mutually distant islands,
the intermittent islands, whose radii are of some order «(t), which is much smaller
than v/f. As we'now consider the expectation over the potential ¢, it will be much
less costlytomn the probabilistic side to form just one such island and to place it
around“the origin. Furthermore, the potential will achieve the value L(t) not pre-
cisely, but will have some deviation from that, whose order we will denote by ~(¢).
More explicitly, we will consider the shifted and rescaled version of the potential,

&) =&l a®)) - L®)]. (3.8)

Scales for the moment asymptotics:

a(t) = order of diameter of intermittent island
L(t) = maximal height of potential in the island

v(t) = reciprocal of the order of deviations of potential from L(¢) in the island

The appropriate orders of a(t), L(t) and ~(¢) will be identified in (3.17), (3.18)
and (3.19), respectively.
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Remark 3.4. (a(t) — oo.) For definiteness, we are considering in this heuristic
only the case where «(t) — oo as t — oo, which will be determined by Assump-
tion (J) below. In the terminology of Section 3.4, we are here in one of the cases
(AB) and (B). Hence, we need to rescale the intermittent island to «(¢) times some
‘continuous’ subset of R%. By all means, there are interesting potential distributions
that imply that «(t) does not diverge. This will turn out to be the cases (DE),
where we put a(t) = 1 and have islands of bounded size, and the case (SP), where
a(t) — 0, since the island is a singleton. All the following formulas and reasonings
have analogues. The decisive difference between cases (AB) and (B) on one side
and (DE) and (SP) on the other is the need of a spatial rescaling in the two former
cases. o

Here, in the case where a(t) — oo, the core of our approach is the ansatz.that ¢,
resembles some continuous shape function ¢ on the continuous box Q"< [+ R, R]?
and that the outside of that box can be neglected. In other words, we-use the lower
bound

(B0 > <etAd(B<”,£)]1{gt ~ ¢ in QR}>
> <etxd(BRa<t>,£)]1{gt ~ @ in QR}>a

where we write Br = [ R, R]¢ N Z% for the discrete box with diameter ~ 2R. The
second estimate follows from the monotonicity of the.map B — A4(B,§). In (3.9),
the potential £ undertakes particular efforts in the ‘microbox’ B, () (equivalently,

(3.9)

£, in QRr), and these will turn out to give the main contribution to the eigenvalue in
the macrobox B®, for proper choices for.c(t)y L(t), v(¢) and . This effort consists
of assuming a particular shape ¢ inside this box, after proper rescaling. In the end
we have to optimize over the box“diameter R and over the potential shape .

Remark 3.5. (Large-deviation ansatz.) Certainly, in (3.9) we are presenting
an ansatz that turns out to‘\lead to an optimal lower bound, in the sense that it
matches with an upper, bound, up to the precision that we consider. This is crucial
and is typical for a large-deviation approach. It is based on a variant of the Laplace
method (see Remark7.1), which says that, among a sum of many exponential terms,
the term with thelargest rate wins. Here we use this idea in a very abstract manner
(the ‘sum’ is indeed an integral over an enormously large space, the space of all
potential shapes), and it is also technically rather cumbersome to make it work
mathematically, but it makes the heuristics very instructive. In a more elaborate
wording, ‘'we apply a large-deviation principle (LDP) for &,, see also (3.20) below.
The theory of large deviations is instrumental to the study of the large-t asymptotics
of the moments of U(t), as we see here. See [DemZei98]| for an account on the theory;
in“Section 4.2 we summarise the most important facts. O

Step 4: Identification of the scales. Let us find out what proper choices for
a(t), L(t) and v(t) are. For this purpose, we calculate the contribution from the
event {£, ~ ¢ in Qr}. We have obviously

&~y inQr = ()R L)+ 5v(am) i Bra: (3.10)

It is clear that a shift of the potential by a constant shifts the eigenvalue by the same
constant (and leaves the eigenfunction unchanged). Furthermore, it turns out that
the only reasonable choice of (t) is a(t)?, since the asymptotic scaling properties
of the discrete Laplacian, A, imply that

1
X (Brat): sz (atmy)) = a(t)2>\°(QR,90)a (3.11)
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where \°(Q, ¢) denotes the principal eigenvalue of A 4+ ¢ in a bounded set @ C
R? having a ‘nice’ boundary with zero boundary condition, and A is the usual
‘continuous’ Laplacian.

Remark 3.6. (Eigenvalue rescaling.) The relation (3.11) even holds with ‘=’
replaced by ‘~’ and reflects the convergence of the discrete Laplace operator towards
the continuous one after a spatial rescaling that is in the spirit of the central limit
theorem. Its plausibility can be seen from the Rayleigh-Ritz principle in (2.20) by
picking the (candidate for the) eigenfunction of the form v(z) = ﬁ f(ﬁ) for

some smooth function f: RY — [0,00) with support in Qr. (Certainly, we have
replaced B by Brq () and § by ﬁgp(m)) Then ‘>’ in (3.11) is more or less clear
by optimising over v. However, proving the opposite inequality needs some work
that can be carried out using techniques from the theory of Gamma-convergeénce,
a theory from variational analysis that deals with the interchanging of limits, and
suprema. See [Bra02| for a rather readable introduction to this theory. <

2

Because of (3.11), we need to choose v(t) = «(t)? and obtainj.on the event

{Et e in QR}a

A (Bra(n):£) ~ otL(t) to.
e Ra(t)8) e eXp{a(t)Q)\ (QRr,®) ¢ (3.12)

That is, we extracted from the eigenvalue term a‘leading scale (just L(t)) and a
second scale, ta(t)~2, with an interesting prefactor that we will have to optimise
on. Now we need to choose «(t) and L(t).such‘that the probability of the event
{€, ~ p in Qr} is also on the exponential scale te(t) 2. (Otherwise, one of the two
scales will be negligible w.r.t. the other,~and after optimisation we will obtain a
trivial prefactor, 0 or co.) Hence, weshave to make a suitable assumption on the
tails of the potential distribution.

Assumption (J).

There is a positive scale-function n and a strictly increasing function J such that

1
lim —

H(s) n(s) \ _
Jim S 10sProb(£0) > =% + TE0) = —J@),  weR (313

S

On the left-hand side, we may replace ‘>’ by ‘~’ (with some meaning that we
do not want, to specify here), by strict monotonicity of J. Under Assumption (J),
we (calculate

Prob(f(.) ~ His) + n(ss)(p($) in BRa(t)) ~ H efn(s)J(sa(ﬁ))
#€BRa) (3.14)
~ exp{fn(s)a(t)dIR(cp)},

where
Tn(p) = /Q J(o(y)) dy, (3.15)

using that the potential £ is i.i.d., and after turning the Riemann sum of the J(p(-))-
values into an integral. In order that this potential shape scaling coincides with our
ansatz in (3.11) and that the scale of this probability coincides with the one in
(3.12), we need to introduce a new scale function s(t) such that

= and = n(s(t))a(t)? (3.16)
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§0)~ —art + oz ¢(3)
it A, .
| A
\J H(t/af) Fig. 3'1f The event
t/ad {&, =~ ¢ in Qr}: the
¢ random potential &
K approaches a certain
shifted, rescaled version
\quﬂ A v nu{b - of the profile ¢ (shaded
V U 2

line) in the box with
Ray radius Ra(t).
Clearly, this requries that s(t) = ta(t)~%. Hence, a(t) is determined'by the require-

ment
n(ta(t)_d) 1
ta(t)—d a(t)?’ (3:17)

which in turn implies that

H —d
L(t) = Afzg)‘d ) (3.18)
Step 5: Finish. Hence, we have identified the right scales and see that
_ H —d
600 = a(2(s(an) - 100 ) (3.9

formally satisfies a large-deviation principle (LDP) with speed ta(t)~2 and rate
function Ig defined in (3.15)\n"the box Qg, i.e., in simple terms,
t

Prob(&, )~ ¢ in Qr) ~ exp{ - WIR(QO)}. (3.20)

The event {¢, 2¢'in Qr} is depicted in Figure 3.1; recall (3.10) and (3.19).
So we arrive at

<U(t)> > <et)\d(BRa(t)7f) ]1{5() ~ ap() in QR}>
! N (Qrs @)}Pmb(gt ~ ¢ in Qg) (3.21)

alt)?
(1) = X(@Qr.9)) }-

o o@D H(t/a(t)) exp{ _

a(t)?

Optimising on ¢ and R, we finally obtain the main result of these heuristics:

~ (O HE/a(t)?) exp{

Under Assumption (J),

(U(t)) > eo® HE/a®m" eXp{ _

t
al)? (x + 0(1))}, t — oo, (3.22)

where the constant x is given in terms of the characteristic variational problem

= lim inf |I —A° ,
x = lim WeC(QR)[ r(p) = X(Qr, )]

nf [/ 7 (/ 2 _ |y H2)} (3.23)
= 1n oY — sup wg” — |IVg .
pEC(RY) L JRa gEHL(RY): ||g|la=1 *JRd ?
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Here we used the Rayleigh-Ritz principle (2.20) for the principal eigenvalue, and
C(Q) is the set of all continuous functions @ — R.

We arrived at the intended lower bound for the main assertion on the moment
asymptotics. Recall that we did this heuristics under the assumption that a(t) —
oo; in the other cases the formula (3.23) must be replaced by a discrete version.
In Section 3.4 we summarize the moment asymptotics and give the characteristic
formulas in all these cases.

The upper bound ‘<’ also holds in (3.22), but its proof is much more technical
and difficult and does not give insight in the behaviour of the model. See Section 4
for some techniques for proving the upper bound.

Remark 3.7. (Interpretation of x.) The variational formula on the right of
(3.22) is an important object for the description of the long-time behaviour of the
PAM., as it contains interesting information about the behaviour of the potential
in the intermittent island. The first term is determined by the absolute height
of the typical realizations of the potential, and the second contains infermation
about the shape of the potential close to its maximum in spectral terms of the
Anderson Hamiltonian A' + ¢ in this region. More precisely, those. realizations of
¢ with &, ~ ¢, in Qg for large R and ¢, a minimizer in the variational formula
in (3.23) contribute most to (U(t)). In particular, the geometry of the relevant
potential peaks is hidden via x in the second asymptotic term of (U(¢)). Hence, yx is
a characteristic formula that gives, via an optimisation,'a 1ot of useful information,
which will be instrumental for a number of deeper investigations. <&

Remark 3.8. (Potential confinement properties.) The above heuristics sug-
gest, in the spirit of large-deviation theory, that the main contribution to the mo-
ments should come from those realisations) of the potential £ such that the rescaled
shifted version &, resembles the members of the set M of minimizer(s) of the vari-
ational formula in (3.23). This ¢an-be formulated in terms of a kind of law of large
numbers for £, under the annealed potential measures

Qi(dy) = ﬁﬂio [exp { /Otg(Xs) ds}]Prob(g edyp), t>0,0:2¢ >R
(3.24)

note the analogy-to the annealed path measure in (2.16). More precisely, if U (M)
is some neighbourhood of M in a suitable topology, then the event {¢: &, & U(M)}
should be of . asymptotically small probability w.r.t. @t. (We got around specifying
that topology by writing ‘¢, ~ ¢’ in the preceding.)

Such a’property is called a potential confinement property. There is no doubt
that such a law of large numbers should be valid in great generality, but there are
only /few formulations or even proofs for this in the literature. Such a statement
has been proved in the case of an almost bounded potential £ from the class (AB)
(in the notation introduced in Section 3.4 below) in [GriiK6n09], and there exists a
quenched version of such statement for the double-exponential distribution, due to
[GarKonMol07], which we report on in Section 6.2.

A technical problem for the proof is that the problem in (3.23), and hence also
M, is spatially shift-invariant, i.e., one has to cope with the event that &, does
not resemble any shift of the minimiser(s). Another problem is to prove a certain
stability of the characteristic variational problem (3.23), the property that says
that, for any sequence ¢,, of admissible functions such that the functional in the
second line converges to its infimum, there is a subsequence that converges towards
the minimiser, up to spatial shifts. This property needs to be valid in the same
topology in which the large deviation principles under Q; hold. &
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3.3 Heuristics via local times

In this section, we present another route along which the (lower bound of the)
asymptotics of the moments of U(t) can be identified. This route is in a sense ‘dual’
to the route that we described in Section 3.2: instead of carrying out the expecta-
tion with respect to the random walk in the Feynman-Kac formula in (2.2) first,
and then analysing the £-expectation of the resulting expression in the eigenvalue
expansion, we start by carrying out the £-expectation and then analyse the resulting
expectation over the random walk. The main result of this section is in (3.31).

To that end, we recall from (2.11) one of the main objects in the probabilistic
treatment of the PAM, the local times {4(z) = f(f 0.(Xs)ds of the random walk
(Xs)se[0,00)- Again, the cumulant generating function H(t) = log(e€(©) plays a
major role; it is again assumed to be finite for any ¢ > 0. From (2.13) we already

know that
WU(t) =Eo[exp{ 3 H(t()}]: (3:25)

z€7Z4

We are going to work under the following supposition on the asymptotics of H.

Assumption (H):

There are a function H : (0,00) — R and a continuousfunctionn: (0,00) — (0,00)

such that = =
i 2 tY) — yH ()
100 n(t)

and the limit n, = lim;_,, n(t)/t € [0, 0] ewxists.

= H(y)#0 fory+#1, (3.26)

Assumption (H) is crucial and will be discussed at length in Section 3.4 below.
It is essentially equivalent to Assumption (J), as we discuss in Remark 3.11. Let us
already remark that the function 7 coincides with the one of Assumption (J) above.
We are certainly going to use the same scales as in Section 3.2, but we have to
determine them now-by, means of Assumption (H). As above, we define the scale

function «(t) by
n(ta®)™) 1

ta(t)- 1  a(t)?’ (3:27)

As in Section3.2, we restrict to the case «(t) — oo. Then we need to consider the
spatially.rescaled version of the local times,

a(t)?

—G(lowy)),  yEQr=[-RR]", (3.28)

Li(y) =

which is a random, L!-normalised step function. In order to make use of (3.26), we
now continue (3.25) with

(U(t)) = e H(t/a(t))

x Eo {GXP {U(ﬁ) >

sezd Ueor

The validity of this is easy to verify, using that ) _,. £;(2) = t. By definition of a
in (3.27), we may replace the prefactor in the exponent by ¢/a(t)9+2. According to
Assumption (H), we may asymptotically replace the quotient after the sum on z by
H(Ly(z/a(t))). Turning this sum into an integral using the substitution z = |ya(t)],
we arrive at



3.3 Heuristics via local times 47

(U(B) o e HEONE, exp | aé)Q - (1t)d > H(Lu(z/a(t) }]
€z (3.29)
~ ea(t)dH(t/a(t)d)Eo {exp {W g ﬁ(Lt(y)) dyH .

We see that, after all these elementary manipulations, we arrived at some interesting
term that has an exponential rate on the scale ta(t) =2, which is precisely the scale
that we encountered in Section 3.2, see (3.20). A crucial fact is that (Li)se(0,00)
satisfies a large-deviation principle (LDP) with speed ta(t)~2 and rate function
g2 — || Vg3, that is,

t 2
MOEACLE (3:30)

for any L2-normalised function g € H'(R?) with support in Qg (see Section 4.2 for
details). Now we obtain a lower bound in (3.29) by inserting the indicator on the
event {L;(-) ~ ¢*(-) in Qr} and optimising over g> and R. This implies the main
result of these heuristics:

Po(Li(-) = ¢°(+) in Q) ~ eXP{ -

Under Assumption (H),

) > O H(/a(t)?) exp{ - (xo 0(1))}’ (3.31)

where x, is given as

o=t {IVolt - [ Begige W@ ol =1} (33

Observe that this is ‘dual’ to((3.22) in the sense that the two variational formulas
x and X, are ‘dual’ to each other;see Remark 3.12. The remarks below (3.23) apply
here as well.

Remark 3.9. (Interpretation of x,.) The characteristic variational formula in
(3.32) has an analegous interpretation and importance as the formula x in (3.23).
Here it is the (rescaled)local times L; in the Feynman-Kac formula that is consid-
ered instead of the'random potential. One main information that one should grasp
is that the main contribution to the expectation in (3.25) comes from those paths
whose rescaled Tocal times L; resemble the minimiser(s) g® in (3.32). This assertion
is not innocent, as the set of minimisers, M., is shift-invariant, i.e., any spatial shift
of & minimiser is also a minimiser. Hence, even if one would know that, in some
sense;-L; belongs to a neighbourhood of M, with high probability (like for y, one
calls'this a tube property), the question arises to which shift of the minimiser L; is
attracted. See Remark 3.14 for more about that. <

Remark 3.10. (Higher moments.) Handling the p-th moment of the total mass
U(t) in the above way presents no problem, as long as p is an integer. Indeed,
one then writes the Feynman-Kac formula as an expectation over p independent
random walks and proceeds with a large-deviations principle for the vector of these
p motions, see [GarMol98], e.g. For non-integer p, one has to employ convexity
equations in a clever way, see [GarKon00, Lemma 1] for p > 1 and [BisKon01,
Lemma 4.1] for p € (0,1). The outcome is that, at least up to the precision that we
consider in (3.31), the asymptotics of (U (¢)?) are identical to the ones of (U(tp)),
as we mentioned and motivated in Remark 3.2. <
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Remark 3.11. ((J)é(H)) Let us comment on the relation between the two
Assumptions (J) and (H) under which we derived the two main assertions (3.22)
and (3.31). First note that the scale functions 1 appearing in (3.13) and (3.26)
are identical. Essentially, the crucial connection between Assumptions (J) and (H)
is that they describe the second-order terms of the upper tails of £(0) and of the
exponential moments, respectively. Introducing the t-dependent random variable
X = (&(0) — H(t)/t)t/n(t), we see that (J) describes the upper tails of X;:

. 1
(3.13) = lim —

log Prob(X; > z) = —J(z), z€R, (3.33)
and, because of (e"M¥Xt) = (etE(O))e=vH®) — Hty)-vH() (H) describes the ex-
ponential moments of Xj;:

1 ~
(3.26) — lim —— log(e"®¥Xe) — H(y), 3> 0. (3.34)

t—o0 1)(t)

We now claim that Assumption (H) implies Assumption (J), but the reversed
implication is true only under the following additional assumption on the very large
values of X;:

1
lim lim ol log ("X 1{X, > M}) =<0,  y>0. (3.35)

Furthermore, H is the Legendre transform of\J that is,
H(y) = max(ry ~J(2)),  y>0. (3.36)

Let us sketch the proofs of these assertions; they are fundamental in the theory
of large deviations and in other, parts of mathematics (e.g. in the theory of regular
functions). The derivation of Assumption (J) from Assumption (H) decomposes into
proving the upper bound“on’the right of (3.33) and the lower bound. The upper
bound is easily derived|via‘an elementary application of the exponential Chebychev
inequality, which is the/Markov inequality for the function = — e*. Indeed, for any
y > 0 we have

Prob(X; > %) = Prob(e"®¥X: > evan(t)) < (en(yXeye—van(t) o on(O)H (y)g-van(t)

— e—n(t)[yw—ﬁ(y)]’

where ‘~’ denotes equality up to an error e°”*) Now the best upper bound that
we can get in this way is to take the maximum over y > 0 over the expression within
[+ -] in the exponent, and an upper bound with the Legendre transform of H arises.
But this is equal to J by duality of Legendre transforms.

The proof of the lower bound follows the well-known proof of the Gédrtner-
Ellis theorem, see [DemZei98|. The proof needs a transformed measure Prob, ; with
density "MV Xt (en()y=Xe) =1 where y, > 0 is chosen as a maximiser in the Legendre
transform relation J(z) = max,[yz — H(y)]. For technical reasons, we have to do
that for = + ¢ instead of z, for some auxiliary ¢ > 0. Then one rewrites

Prob(X; > z) = <en(t)ym+aXt><e—n(t)yx+th 1{X, > x}>
x4e,t

> en(t)(ﬁ<ym+s>+o(1))<e—n<t>ym+sxt Yo+ 2> X, > x}>
- z4e,t

> MO e ) +o(0) =y =(+2) Prol (2426 > X, > a),
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where the second step used the right assertion of (3.34). Leaving the € and the last
probability term aside, we already arrived at the desired estimate, since H (Yz) —
yzx = —J(x), according to the Legendre relation. The main problem is to show
that the last probability term has the exponential rate zero on the scale 7(t). The
best way to do that is to show that it converges towards one. This decomposes
into two parts, the ‘upper’ of which we show now. Again applying the exponential
Chebyshev inequality, we obtain, for any r > 0,

Probytc (X > x +2¢) < (e"(t)rxt)m+s7te*”7(t)(m+25)

~exp{ —n(t) | = H(gase+7) + H(gere) — (o +22)] }.

Now using that H’ (yz) = = by maximality of y,, and employing a Taylor expansion
around y,, one sees that, by proper choice of r, the term in [- - -] is positive: Hence,
the probability of the event {X; > x + 2¢} vanishes. Similarly one shows the 'same
about the event {X; < x}, which finishes the proof.

The proof that, under (3.35), Assumption (H) follows from Assumption (J) is
done by proving that Assumption (J) and the strict monotonicity of J imply that
X; satisfies a large-deviation principle with scale 7(¢) and rate function J (this is
done similarly to the respective part of the proof of Cramér’s*theorem), and then
the right-hand assertion of (3.34) follows from Varadhan’stemma, using (3.35). See
[DemZei98] for details. &

Remark 3.12. (xo = x.) In view of the fact_ that in both (3.21) and (3.31) also
the complementary inequality < holds, the(two variational formulas in (3.23) and
(3.32) must be identical. This can also’be seen’in an analytical way by interchanging
the infimum and the supremum in (3.23):

— inf inf [/Jo _(/ z_vzﬂ
X gEHI(RY): ||g[la=1p€CRI) L JRa ¥ Rdwg IVallz

= inf [||V9||§— sup (/ sog2—/ JO@)] (3.37)
gEH (R?): ||g|l2=1 p€eC(RE) N JRd R

= Xo-

To see that the last step holds, one has to show that

Hog*= sup (/ @gz—/ Jow)7
R4 peC(RD) N JRd Rd

i:e.;the functional g% — J H o g? is the Legendre transform of the map ¢ +— [ Joep.
But this is easily derived from the relation (3.36). <&

Hence, the heuristics of this and the preceding section lead us to the formulation
of the following result. We also include the case where «a(t) does not diverge as
t — oo, which we excluded from the above heuristics.
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Theorem 3.13 (Moment asymptotics). Suppose that Assumption (H) holds,
and define «(t) by (3.17).

(1) Assume that limy_.. n(t)/t = 0. Then a(t) — oo, and

W(O) = 00" ey { (tt)z (X +0(1)}, (3.38)

with xo = x given by (3.23) and (3.32).
(2) Assume that lims_,oon(t)/t = 1. Then a(t) — 1, and H(y) = pylogy for some
p € (0,00), and

(U(t)) = el W exp { —t(x, + 0(1))}, (3.39)

with X, given by (3.45) and (3.47), the spatially discrete version of (3.23) and
(3.32), respectively (see Remark 3.17).

(8) Assume that lim;_. n(t)/t = co. Then a(t) — 0 and (3.39) holds with p = oo,
where xoo = 2d is also given by (3.45) and (3.47) (see -Remark 3.16).

In case (1) the diameter «(t) of the intermittent island for the moments diverges,
in case (2) it stays bounded and bounded away from'zero, and in case (3) the island
shrinks to a single site.

Theorem 3.13 has been proved in the literature for various choices of the distri-
bution of the potential £, but the proofs‘are scattered over a number of papers. See
Section 3.4 for references and explicit.formulas. A rigorous proof under Assumption
(J) does not seem to be given yet,

Remark 3.14. (Path confinement properties.) Analogously to Remark 3.8, it
is also tempting to guess that the rescaled local times should satisfy a law of large
numbers, i.e., should converge'to the set M, of minimiser(s) in (3.32) in probability

with respect to the transformed path measure given in (2.15). Explicitly: for any
neighbourhood U(M,) of- Mo,

lim sup () log Ko [exp { D ez H(€t(z))}]l{Lt € U(MO)C}]
oo Eo[exp {3, ez H(l:(2))}]

This preperty is called path confinement property. Sometimes also the name tube
property is-used, as the set M, can be thought of as a line if it consists only of all
the shifts of some unique function, and then a typical neighbourhood U(M,) is a
tube around that line.

The topology in this statement and the one of the neighbourhood U (M, ) must
coincide with the one of the LDP in (3.30).

Proving the tube property in (3.40) requires two main steps (and a lot of tech-
nicalities). According to large-deviation theory (notably (3.29), the LDP in (3.30)
and Varadhan’s lemma, see Section 4.2), one expects that

< 0. (3.40)

— ; 2 7 2 : 2 77 2
Lhs of (340) =~ _inf (||g||2 /Hog ) —&—1;12f(|\gH2 /Hog ) (3.41)

Proving (3.41) is involved because of the lack of compactness in the LDP, an ubig-
uitous problem that we explain in Section 4.2. One has to extend compactification
techniques, notably the periodisation technique outlined in Section 4.3, or one has
to adapt some of the techniques that we present in Chapter 4. This is the first major
step on a way to a proof of (3.40).
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The second step is to prove that the right-hand side is strictly negative. This is
usually done with the help of stability, once this property has been established. (We
recall that this is the property of a variational problem that its minimiser(s) can be
approached only by minimising the value of the functional.) This is a serious piece
of work that has to be done on a case-by-case basis. See Section 7.1 for examples
of variational problems of the form of y,, whose stability has been established and
has been exploited for deriving deeper properties of the PAM.

For a related model, the above has been carried out in [BolSch97]. For the PAM
with doubly-exponentially distributed potential, a version of (3.40) can be derived
from results of [GarHol99], which we outline in Section 7.1.1. There we also go
deeper and reveal the distribution of the shift to which the path is attracted. In
that example, which lives in Z¢ rather than in R%, M, consists of just one function,
modulo shifts, and L; converges in distribution under the annealed path measure
towards a random shift of that minimiser, whose distribution is identified explicitly.

o

3.4 Decomposition into four potential classes

In this section we explain that, under the crucial regularity’ Assumption (H), there
are only four regimes (called universality classes in JHofKénMo6r06]) of asymptotic
behaviours of the PAM. Turning it around, the regular potentials decompose into
four classes, each of which leads to a significantly ‘different asymptotic behaviour of
the PAM. Each of these behaviours comes with'a spatial scale («(t)) and an explicit
characteristic variational formula, given)in.two forms that are dual to each other:
one describing the shape of the potential (x) and one describing the shape of the
local times (x,). We follow [HofKénMor06].

Recall Assumption (H) from Section 3.2, see (3.26). The function H extracts
the asymptotic scaling properties of the cumulant generating function H. In the
language of the theory of-regular functions, the assumption is that the logarithmic
moment generating function H is in the de Haan class (see [BinGolTeu87] for more
on the theory of regular functions). This does not leave many possibilities for H:

Proposition 3.15.Suppose that Assumption (H) holds.

(i) Theretis o/ > 0 such that limyo n(yt)/n(t) = y¥ for any y > 0, ie., n is
regitarly warying of index . In particular, n(t) = t77°1) as t — oco.
(ii) There exists a parameter p > 0 such that, for every y > 0,

- {y;yj if v # 1,

H(y)=p :
ylogy ify=1.
(iii) If v <1 and n. < oo, then there exists a unique solution «: (0,00) — (0,00) to

n(toz(t)fd) 1
ta(t)=d  a(t)?’

(3.42)

and it satisfies lim;_, o, ta(t)~? = co. Moreover,

(a)If vy =1 and 0 < n, < oo, then lim;_ a(t) = 1/,/1, € (0,00).
(b)If v < 1 and n, = 0, then a(t) = t*T°0)  where v = (1 — ) /(d+2 —dv) €

0, 733)-
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Certainly, a(t) plays the role of the order of the diameter of the intermittent islands
for the moments and is identical to the a(t) appearing in Sections 3.2 and 3.3.
The additional assumption on the convergence of 7(t)/t, which we incorporated
in Assumption (H), is mild and is necessary only in the case 7 = 1, which plays a
particular role.
Now, under Assumption (H), we can formulate a complete distinction into four
classes of i.i.d. potentials, in the order from thicker to thinner tails:

(SP) 7. = oo (in particular, v > 1), the single-peak case.
This is the boundary case p = oo of the double-exponential case below. It com:
prises all heavier-tailed distributions with finite positive exponential moments
in the terminology of Example 1.14. We have «(t) — 0 as ¢ — oo, as is(seen
from (3.42), i.e., the relevant islands consist of single lattice sites. As(we will
see in Section 6.4.2, this class phenomenologically also contains a.number of
potentials that have no finite positive exponential moments.

(DE) 7. € (0,00) (in particular, v = 1), the double-exponential case.
This is the case of the double-exponential distribution, see Example 1.12.
By rescaling, one can achieve that 7, = 1. The parameter p of Proposi-
tion 3.15(ii)(b) is identical to the one in (3.44) below. This case is stud-
ied in [GdrMol98], [GéarHol99], [GarKon00], [GarKonMol00], [GarKonMol07],
[BisKon16], [BisKénSan16] and more papers.

(AB) n. =0 and v =1, the almost bounded case.
This is the case of islands of slowly growing size,i.e., a(t) — oo as t — oo slower
than any power of ¢. This case comprisesiunbounded and bounded from above
potentials, see Example 1.13. This class-was introduced in [HofKénMor06] and
further studied in [GriiKoén09]. It lies.in"the union of the boundary cases p | 0
of (DE) and v 1 1 of (B).

(B) v <1 (in particular, n. = 0), the\bounded case.

This is the case of islands of rapidly growing size, i.e., a(t) — oo as t — oo at
least as fast as some power.of ¢. Here the potential ¢ is necessarily bounded from
above. This case was-treated for a special subcase of v = 0 (Bernoulli traps,
see Example 1.10)inJAnt95] and [Ant94], and in generality in [BisKon01] (see
Example 1.11).

Let us give some more insight in the four cases. In particular, we give explicit
examples for{the-two characteristic formulas x of (3.23) and x, of (3.32).

Remark 3.16. (The case (SP).) This case is included in [G&rMol98] as the
upper-boundary case p = oo in their notation; it comprises all heavier-tailed
potentials with finite positive exponential moments, see Example 1.14, the most
explicit examples being the Gaussian distribution and the Weibull distribution
Prob(£(0) > r) = ¢~ ¢ with @ > 1. Here v > 1, and a(t) — 0, and there is
no extinction between the two terms on the left-hand side of (3.26) in Assumption
(H). Hence, H(t) and 7(t) are on the same scale and the subtraction of yH (t)/n(t)
is trivial. The resulting variational formula is

o = inf \V4 2 _ 2d7 3.43
* geL2(24): ||gll2=1,9: Z7—{0,1} IVll2 (3.43)

which is trivially solved exclusively by delta-functions g. This is identical to the value
of the right-hand sides of (3.45) and (3.47) for p = oo; the corresponding minimisers
are g = o and ¢ = —o0llza\ (o} (With the understanding that (—c0)-0 = 0). Actually,
[G&rMol98] handled this potential class by referring to (3.26) with n(t) = ¢ and
ﬁ(y) = ooylogy, which also led to x = 2d, however, with the second term being
on the scale ¢ instead of 7(t) ~ t7. &
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Remark 3.17. (The case (DE).) The study of this case was initiated in
[G&rMol98], see also Remark 3.17. The particular interest of this class comes from
the fact that the intermittent islands have a discrete and non-trivial structure, since
a(t) stays bounded and bounded away from zero and may therefore be put equal
to one. The main representative of this class is the double-exponential distribution
(which is indeed a reflected Gumbel distribution) given by

Prob(¢(0) > r) = exp{—er/p}, reR, (3.44)

where p € (0,00) is a parameter. Here H(t) = ptlogt+ pt+ o(t) as t — oo. For any
representative on the class (DE), H(y) = pylogy and n(t) ~ t. The characteristic
variational problem is given as

= inf Vol2 + pI(g?)], where I(g z)lo
seod [IVgll5 + pI(g*)] gzzdg 89%(2),
(3.45)
Note that one can also write
A
= inf <g2,7gfplog92>.
geL*(Z): |lgll2=1 g

From here one can easily deduce the Euler-Lagrange equations (i.e., the variational
equations that the minimiser solves), which read

=9 plog g? = const. = y. (3.46)
g

It is known [GiarMol98, GirHol99] that'(3.45) possesses minimizers g2, which are
unique (up to spatial shifts) for every sufficiently large p (it suffices p > 15.7). These
minimisers are not explicitly known, but they are known to decompose into a d-fold
tensor product of minimisers of the formula for d = 1, which are positive in Z, have
precisely one maximum (assamed to be at zero) and are unimodal (i.e., increasing in
—N and decreasing in N). Furthermore, they approach delta-like functions for p T oo
and Gaussian functions (after rescaling) for p | 0. Both asymptotics are consistent
with the understanding that (SP) is the boundary case of (DE) for p 1 oo, and (AB)
is the boundary case of (DE) for p | 0.
The dual formula for y, is

X = inf (3 3 er@e )\(ap)), (3.47)

. 7d C L =
p: Z4—-R: lim, o p(2)=—00 sezd

where A(@) = supge2(z4): |g,=1(9: (& + ¢)g) denotes the top of the spectrum
of &' + ¢ in Z%; note that, due to the condition lim, .., ¢(z) = —oo, it is also
its principal eigenvalue with (up to shift and normalisation) precisely one eigen-
function. The first term in (3.47) is easily seen from (3.44) to be the infinite-space
version of the large-deviation rate function of the potential; obviously the condition
lim, . ¢(z) = —o0 is necessary for it to be finite.

Both formulas, x, and x have been proved to be stable in the sense that every
sequence of of approximate minimisers has a subsequence that converges pointwise
to some shift of the minimiser, see [GarKonMol07]. &

Remark 3.18. (The case (AB).) This class was brought to the surface in
[HofK6nMor06] and was further studied in [GriiKén09]; it is a kind of interpola-
tion between the cases (DE) for p =~ 0 and (B) for v = 1, see also Remark 3.18. One
obtains examples of potentials (unbounded from above) by replacing p in (3.44) by
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a sufficiently regular function p(r) that tends to 0 as r — oo, and other examples
(bounded from above) by replacing ~ in (3.51) by a sufficiently regular function
~(x) tending to 1 as x | 0. We find that ﬁ(y) = const y log y, and the infinite-space
version of the rate function in (3.14) is

() =L / @)/ g (3.48)
€ Jpd

The characteristic variational problem is given by

o= inf v 2+/ *lo 2}. 3.49
Xo= [II gllz pJ 9 o8y (3.49)

This is the spatially continuous version of (3.45), but in contrast it dees.admit
explicit minimisers. They are easily seen to be (up to spatial shifts, uniquely) equal
to the Gaussian density g%(z) = const e~?I212 which is the principal éigenfunction
of A+ ¢ for the parabolic function ¢(x) = const — p?||z||3. The parabola in turn is
the (up to spatial shifts, unique) minimiser of the alternate representation of y:

X = inf (8 / e?@)/Pdp— A(g@))7 (3.50)
R4

@EC(RY): limg— oo p(x)=—00 \ €

where A(¢) = SUpye g1 (ray.: |g),=1(9: (A + ©)g) is"the principal eigenvalue of the
operator A + ¢ in L?(R4). Hence, in spite of a relatively odd definition of the
potential distribution, the appropriately rescaled and shifted shape of the local times
and of the potential that give the main contribution to the moments of the total
mass are unique, explicit and elementary functions. Using a standard logarithmic
Sobolev inequality, some stability ‘properties of both formulas, x, and x can be
derived, see [GriiKon09]. &

Remark 3.19. (The (case(B).) This class contains only distributions that are
bounded from above, so~without loss of generality we assume that their essential
supremum is equal to zero. The upper tails at zero of the main representatives are
given by

log Prob(£(0) > —z) ~ —Da~ T3, z |0, (3.51)

where D €-(0;00) and v € [0,1) are parameters (certainly, v is identical with
the o of ‘Proposition 3.15). Let us first turn to the case v € (0,1). We find that
H(t) = =t7*t°() for t — oo and therefore H(y) = % (y? —y) for some p € (0,00)
that depends on D. Hence,

2 927 — 92
o= inf ( \Y — / 7) 3.52
Xo = n@ht s IVglz—p i (3.52)

This formula was analysed in [Schll]. It is in particular shown that a minimiser
exists, is unique up to spatial shifts, and has compact support, which is actually a
ball. Certainly, the last term pg?/(y — 1) can be easily extracted from the integral,
as it gives just the constant p/(y — 1). Actually in [BisKoén01], the second term
on the left-hand side of (3.26) in Assumption (H) (i.e., the term yH(t)/n(t)) was
dropped, as the first one alone behaves like a constant times ¢7, and hence the last
term in (3.52) did not appear. However, the formula in (3.52) has the advantage
that one can easily guess the limit as « T 1. Indeed it is not too difficult to identify

this limit as (3.49), as, obviously, the term 92;7192 converges toward the derivative
of v — (g?)" at v = 1, which is equal to g?log g°.
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The case v = 0 contains the case of Bernoulli traps, where only the values 0 and
—oo are attained, the former with probability e:D . For all distributions in the case
v =0, we also have H(t) = t°") and therefore H(y) = D19,00)(y). Hence,

. 2

o= et ., (Il + Dlswp (9)]). (3.53)
This is a classic variational formula that is well understood for a long time. Again,
a minimiser exists, is unique up to spatial shifts, and has compact support, which
is actually a ball. The ball-shape of the support follows from a classic isoperimetric
inequality called the Faber-Krahn inequality (see [Ban80], e.g.), which says that,
among all regular domains with a given finite volume, the principal Dirichlet eigen-
value of —A in that domain is minimal precisely for a ball. Nevertheless, this does
not imply stability of the formula, even though it holds; see Section 7.1.

The minimiser can be explicitly written in terms of the principal eigenfunction
of the Laplace operator in a ball, and the radius of that ball can easily be found
using elementary analysis. Indeed, use that A\(rQ) = r=2\(Q) for any r > 0 and
any compact set @ C R? where we wrote now A(A) for the ptincipal Dirichlet
eigenvalue of the continuous Laplace operator A in the set A: Then we see easily
that, writing B, for the centred ball with radius r and wy for.thé wvolume of By,

o = min (A(A) + D|A|) = min (\(B,)+ D|B,|) =. ‘mi “2X\(B1) + Dr?
Xo = min (MA) + D|A)) = min (A(B)+ D|B:[) =, mmin (r™*A(By) + Drwa)

2X\(B1)\d diﬂ d
= (Dwa(REN T (14 i),
(3.54)
and the optimal r is r* = (ﬁDwdd)l/(d”). Let us also remark that the value

of A(Bj) can be expressed in terms-of the smallest zero of a Bessel function, see
[Szn9g], e.g.
&

Remark 3.20. (Moment intérmittency.) Let us remark that one can easily
verify on a case-by-case-basis that in all the preceding cases moment intermittency
holds in the sense.that (1710) holds. Also part of the geometric interpretation of
intermittency was already clear from the heuristics of the moment asymptotics
(believing that .a corresponding upper bound holds), as the total mass was well
approximated by the sub-sum over the ball with radius Ra(t) only. This shows that
this ball is the ‘(unique) intermittent island in the annealed setting. However, it was
not even attempted to show that the sum from outside this ball gives a negligible
contribution. This is indeed a rather difficult task to do, which has been done only
in the case (DE), which we report on in Section 7.1. Such an assertion cannot be
proved by looking at the leading two terms only, since a concentration of the mass in
a shift of the island even by some quite large amount contributes the same leading
two terms. <&

Remark 3.21. (Lifshitz tails for bounded potentials.) As announced in Sec-
tion 2.2.6, we give an example of an assertion about the Lifshitz tails for the random
Schrodinger operator A'+4-¢€ for an i.i.d. potential £ with single-site distribution given
in (3.51). From (3.38) and Remark 3.19, we have, for any p € (0, 00),

t
10g<U(t)p> ~ pi)gj(\oa t— o0,

a(pt

where a(t) = t*T°1) with v = digij'y € (0, d—ig], and Xo = Xo + p/(y — 1) with

Xo as in (3.52). According to (2.29), we have the same asymptotics for the Laplace
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transform L(N,¢) of the IDS N with parameter ¢. Inverting this transform, we
obtain [BisK6n01, Theorem 1.3]

log N(E) 2v ~ 1/2v
S 1—20)%. "%,
I e (17— T2 (2%

where a1 is the inverse function of ¢ — «(t). As a consequence, we have log N (E) =

EY/B+eM) for E | 0 with Lifshitz exponent 8 = 2% € (0, 2]. This means that one

can obtain any Lifshitz exponent in (0, %] by making the tails of the single-site
potential sufficiently thin, the boundary case of hard obstacles (i.e., v = 0) being
the boundary case with 8 = %. &

3.5 The spatially continuous case

In the spatially discrete case, we formulate the main assumption on-the distribution
of the random potential in terms of just one single random variable £(0), since
we rely on the assumption that the potential is i.i.d. In this way, one naturally
covers all i.i.d. potentials whose single-site distribution'is regular in the sense that
Assumption (H) holds.

However, in the continuous case, one cannot’ do this so easily without determin-
ing the spatial correlations (if we do not want_to mimic the i.i.d. case by putting
the potential constant in the unit boxes-z 4 (—%, %]d and ii.d. over z € Z%). Nev-
ertheless, a number of potentials studied- in_the literature obviously belong to one
of the above classes in a phenomenological sense. E.g., the case of a Poisson field of
obstacles and many variants belongtothe case (B), see Section 3.5.1.

However, new variational formulas arise in the cases of regular Gaussian fields
and Poisson shot-noise fields, with-positive cloud, see Sections 3.5.2 and 3.5.3. Here
the radius of the intermittent islands does asymptotically shrink to zero, but after
rescaling an interesting, smooth shape is developed in both the random potential
and in the solution;-a |phenomenon that is not possible in discrete space. Hence,
these two important examples do not belong to the class (SP). In both cases, the
first-order term of the moment asymptotics turns out to be given by e/(t) = (etv(0)>
(where we recall that we write V' for the random potential), like in the spatially
discrete case.

3.5.1 Brownian motion among Poisson obstacles

Letus here discuss the moment asymptotics in the important case of a Brownian
motion among Poisson obstacles, see Example 1.15. This was studied in [DonVar75],
in many papers by Sznitman, resulting in the monograph [Szn98|, and in more pa-
pers. We assume for simplicity that the potential is given as the hard-trap potential,
ie, V(z) = =, cyW(z — ;) with (z;)ien a standard Poisson point process on
R? with intensity v and W = co x l,, where K, is the centred ball with radius
a > 0. In general, the cloud W: R? — [0,00) is assumed bounded, measurable
and compactly supported (e.g., an indicator function on a compact polar set), but
the following asymptotics are shown in [DonVar75] to hold literally true also for
clouds like W(z) = C|z|~% with ¢ € (d + 2,00). The interesting case ¢ € (d,d + 2)
was shown in [Fukl11] to show a different behaviour, see Example 7.6 below. The
case ¢ € (d/2,d) requires a normalisation and exhibits further new phenomena
[CheKul11, Chel2, CheKull2], see Section 7.3.4.
We want to understand the large-t asymptotics of the moments of
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U(t) = E, {exp{ - /Ot N W(Z, - ) ds}], (3.55)

ieN

where Z = (Z,)sc[0,00) is the Brownian motion with generator A (i.e., the time-
change of the standard Brownian motion with a factor of 2). Let us first take the
expectation with respect to the Poisson process. We recall from Example 1.15 that,
in the special case W = ocollg,

(U(0) = Bole™15:1],

where Sa(t) = Uepo,g Ka(Zs) is the Wiener sausage up to time ¢ with radius a.
For finding the large-t asymptotics of this (sometimes called the Wiener sausage
problem), applying a large-deviation principle (LDP) for the normalised occupation
times of the motion, u; = % fg 0z, ds is the most natural method. This LDP“roughly
says that

P, (ut(dm) ~ ¢*(z) d:c) ~ exp{ - t||v¢||§)}, t %00, (3.56)

i.e., the probability that z; resembles the probability measure with density ¢? decays
exponentially fast with rate given by the energy of ¢. For a precise statement, one
has to restrict to finite boxes and has to consider topolegies. See Section 4.2 below
for precise statements and [DemZei98| for more about the theory.

The LDP in (3.56) describes the behaviour*ofthée motion when staying by time
t in a compact part of R?, which does not depend-on ¢. However, the typical spatial
scale of the motion in the expectation of. e 2”5« is not the finite one. Rather, we
seek for some scale oy such that a compromise between the probability to stay in a
box of radius a; and the term e~*15« (Ml is realised. Looking only at the exponential
rates, the rate of the former is to;.%, which can easily be seen from the argument
that leads to (2.30), and the scale of-the latter is af, both with the negative sign.
Minimising their sum shows that the optimal scale is a; = /(42 Due to the
Brownian scaling property ‘for\this spatial scale, we immediately obtain from (3.56)
an LDP for the normalised occupation measure ;" of the rescaling Z(" = a; ' Z,2;
indeed, it is the same.with scale tozt_2 = t4/(d+2) instead of t. For large ¢, we may
neglect the radius/a of the Wiener sausage and can approximate

1S4 (t)] ~ aif[supp (ug")| = ¢4/ |supp (115")]. (3.57)

Hence, using Varadhan’s lemma (see Section 4.2 for a precise formulation), we now
understand that

_gd/ (@42,

(U(t)) = Eole~15®] ~ K, [e—utd/““)\supp (ui”\} ~e , (3.58)

where

° = em @t et (IV gl + v]supp (¢%)])- (3.59)

(The ‘=’ in (3.58) means that the error is eo(td/(d+2>).) Note that x, is identical with

the x, from (3.53) with D = v. This ends our heuristic explanation of the asymp-
totics of the moments in the case of Brownian motion among Poisson obstacles,
using large deviations for the motion, analogously to Section 3.3. From the point
on that we approximated with the Brownian scaling (a;lZm?)se[om), the range
problem for Brownian motion is essentially analogous to the spatially discrete case,
i.e., to the case of Bernoulli traps in case (B).

Another way to understand the asymptotics can be heuristically described using
a joint strategy of the Poisson process and the motion as follows (this is analogous
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to Section 3.2). We start from (3.55) and observe that the large-¢t asymptotics of
(U(t)) are mainly concentrated on maximisation of the term in the exponent, i.e., on
minimisation of fg > ien W(Zs — x;). Let us assume that W is a bounded function
with compact support. One good joint strategy of the motion Z and the point
process w = (x;); is that the latter leaves a certain bounded area A C R? empty of
sites x; (even with a certain distance, such that A does not intersect any support
of the functions W (- — z;), but this extra amount asymptotically vanishes), and the
path Zjg ) does not leave A. In this case, the exponent is even equal to zero, which
is certainly optimal. The probability cost for w of following this strategy is eIl
the Poisson probability to have no particle in a set with Lebesgue measure |A|. The
cost, for the motion can be found from the LDP of (3.56) as follows:

Po(Zjo. © A) = Polsupp () € A)mexp{ —¢ inf |IVglg)}.
gEH(A): lgll2=1

Note that the Rayleigh-Ritz principle (a continuous version of (2.20)) says that the
right-hand side is nothing but e~**(4) where A\(A) is the principal e¢igenvalue of A
in A with zero boundary condition. Hence, the joint strategy has the probabilistic
cost e~ (WIAIHAA) “and this is roughly equal to the expectation of U(t). Now we
have to identify the optimal set A, i.e., to identify the minimiser A in the formula

Xt = (V[ A] + tA(A)),

inf
ACR4
Using elementary scaling arguments, it is easily seen that the diameter of the optimal
Ais of order t'/(4+2) and that y, is of order+%/(4+2) and that y,t~%(4+2) converges
towards X, in the form of (3.54) with. D.=v. This ends the second derivation of
the moment asymptotics.

These asymptotics do not dependyon the shape of the cloud function W, at least
as long as it has a compact support and does not depend on ¢. Actually, to a certain
degree, they are stable with respect to multiplying W with a ¢-dependent factor;
see Section 7.3.3 for the boundaries of this.

Remark 3.22. (Gibbsian point fields.) In [Szn93|, the potential V(z) =
= ien W(x —a4) is considered with (z;); being a Gibbsian point field (see Ex-
ample 1.17), i.e; an ergodic point process with correlation between the particles in-
duced by a symmetric pair potential, which is assumed to be non-negative, bounded
from below;compactly supported and superstable. The cloud function W is taken
as the hard-core function W = oollg, there, where K, is the centred ball with
radius.a: Under these assumptions, the results for the moments of the total mass
(and also for its almost sure behaviour; see Remark 5.12) are literally identical with
the-above result; however the proofs are more involved. &

3.5.2 Gaussian potentials

Also the case of a Gaussian potential is interesting. Let V' = (V(x)),ere be
a Holder continuous stationary centred Gaussian field with covariance function
B(z) = (V(0)V(z)). We assume that B is twice continuously differentiable in a
neighbourhood of zero with B(0) = 02 € (0,00) and such that —B”(0) = X? is a
positive definite matrix, i.e., the maximum of B at zero is strict and B parabola-
shaped. Then H(t) = log(e!V(?)) = 14202, and with a(t) = t~'/4, it is proved in
[GarKon00] that

(U(t) = et exp { - ﬁ(zflﬂ‘tr(z) fo)), oo, (360)
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where tr denotes the trace. The enormously explicit term in the second-order term
in fact comes from a variational formula that is in the spirit of the characteristic
formula (3.32); this is explained in Example 7.4. Like for the formula (3.49) in the
class (AB), the minimisers are perfect Gaussian functions (describing the rescaled
local times), and the corresponding potential shapes are perfect parabolas, like the
second-order approximation of covariance function B close to zero. The scale «(t)
has the same interpretation as in the above heuristics as the order of the radius of
the relevant islands. Interestingly, this is an example for a(t) — 0, i.e., the Gaussian
field attains the relevant maxima on very small islands. Such an interesting peak
behaviour on vanishing islands can be observed only in the spatially continuous
case. The first term in the above asymptotics was already derived in [CarMol95].
Gaussian potentials with much less regularity and the singularity B(0) =_ o0
and B(z) ~ |z|7” as x — 0 for some v € (0,2) are considered in [Cheld4]; see
Section 5.13. The case of Gaussian white noise is widely open, see Example.1.21.

3.5.3 Poisson shot-noise potential with high peaks

Asin Section 3.5.1 and Example 1.16, let (z;);en be a standard Poisson point process
on R? with intensity v € (0,00) and ¢: RY — [0,0) be a non-negative, compactly
supported cloud, and we consider the potential V (z) = > . s ¢ (2 — ;). Like for the
covariance function in Section 3.5.2, we assume that ¢“is stricly maximal in 0 with
a strictly positive definite Hessian matrix 22 = —¢/'(0). Clearly, the logarithmic
moment generating function H (t) = log(e!” () Yis given by H(t) = v [(e?*(*) —1) du.
Then in [G&rKo6n00] it turns out that the order of the diameter of the relevant islands
is given as a(t) = t%/8e~t#(0)/4 and that

(U(t)) = ") exp{ - - (1)2 ((”2(3225/;))1/ *be() + 0(1))}, t— 00, (3.61)

Note the extremely strong decay of «(t) and the extremely fast asymptotics of the

moments of the total mass. The first term, H(t), seems to depend on all the values

of the cloud ¢ in a neighbourhood of zero, but an application of the Laplace method

shows that its main asymptotics depend only on ¢(0) and the Hessian matrix of ¢

at zero. However, the second term depends only on the Hessian matrix at zero.
Interestingly,-both (3.60) and (3.61) may be summarized as

1 H(t
Dogwy = T royVEW, 1o, G62)
with x\= (202)~Y2tr(X), where 02 = (0) in the Poisson case. These two inter-
ésting cases were examined as special cases of the PAM with a correlated random
potential that admits a natural large-deviations approach, which we explain in Ex-
ample 7.4.
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Some proof techniques

In Section 3.2, we described the heuristics for the large-t exponential rate of the
moments of the total mass U(t), neglecting all technical issues. More precisely, we
only gave the heuristics for a lower bound and assured that this matches with the
upper bound, at least on the level of precision that we discussed, i.e., logarithmic
asymptotics on the scale t/a(t)%.

However, in the proofs of the upper bound there are<a number of problems
to be solved, which require quite some efforts and developments. These problems
may make a technical impression, as large-deviation theory already quite clearly
suggests the validity of the asymptotics (as soon~as.one is willing to believe that
regularity and compactness issues are only “technical). However, the mathematical
difficulties in deriving proper proofs are not.to be underestimated. Indeed, a number
of papers have been written essentially with the main purpose to overcome them by
introducing new methods. These problems served as motivations for finding them, as
one felt that these new methods might be applicable to other interesting situations.

In this chapter, we present ‘some-of the proof techniques that have been suc-
cessfully used in this respect. In Sections 4.2—4.11 we explain the methods in their
simplest form, their nature, benefits and drawbacks. Let us first describe in Sec-
tion 4.1 the type of problems that we want to solve.

4.1 The problems

One type of ‘crucial assertions are precise logarithmic large-t upper bounds for ex-
pressions of the form
Eo{exp {% /Rd H(L,g(:t))dQUH7 (4.1)

where v, = ta(t)™?> — oo is a scale function, H is the function introduced in
Assumption (H), see (3.26), and L; is the rescaled and normalized local times intro-
duced in (3.28). We stick here to the case a(t) — oo, i.e., the case where a spatial
scaling is necessary, but some of the following applies also to a(t) = 1 with the inte-
gral on R? replaced by a sum on Z? and L, replaced by $¢; and is technically even
easier. Recall from Section 3.3 that (4.1) comes from the expectation of U(t), after
having taken the expectation with respect to the random potential and inserting
some rescaling into the local times of the random walk. The main goal is to prove
that the negative exponential rate on the scale 7, is equal to Y, defined in (3.32),
i.e., to the infimum of the LDP rate function for the local times minus the functional
g° — [ widehatH o g2, taken over all L?-normalized functions g € H'(R?).

Another fundamental and closely related task is to find a tight logarithmic upper
bound for the expression
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<et)‘d(B’5)>, (4.2)

where \(B, &) is the principal Dirichlet eigenvalue of the operator A* + £ in the
box B C Z®, whose radius may depend on ¢ and may be rather large. Here we did
not yet insert the «(t)-depending rescaling of the eigenvalue that proved necessary
in our heuristic derivation in Section 3.2.

As we have seen in the preceding sections, in particular see (2.21) and (2.22),
both tasks are strongly related, and there are techniques to estimate the two ex-
pressions in (4.1) and (4.2) in terms of each other.

However, a number of technical obstacles arise in deriving a tight logarithmie
upper bound for (4.1) and (4.2), respectively:

(1) restriction of the integral fRd respectively of the box B to a box of appropriate
(much smaller) size,

(2) overcoming the lack of boundedness of H, respectively of the map-§ = A*(B,¢)
and

(3) overcoming the lack of continuity of H, respectively of the map\& — A (B, §).

These are problems that are similar also to those that arise in the analysis
of other exponential functionals of the local times (for-e¢xample self-intersection
local times, where ﬁ(l) = [P for some p > 1, see Example 7.9, Section 7.3.2, the
monograph [Chel0] and the short survey [Kon10]).

In Section 4.2 we first explain why the desired result should be true at all, and
why items (1)-(3) are indeed problems.

4.2 Large deviations

One of the cornerstones of the mathematical analysis of the expectation of ex-
ponential functionals with a, large prefactor is the theory of large deviations, see
[DemZei98| for a comprehensive treatment. A family (Y})ic(0,00) Of random vari-
ables with values in_some\topological space X is said to satisfy a large-deviation
principle (LDP) with ‘speed ~; and rate function I: X — [0,00] if the level sets
{z € X: I(x) < c} are compact for any ¢ € R and if the set functions % logP(Y; € -)
converge weakly. towards the set function A — infs I = inf,c4 I(z) in the sense
that

1 1
lim sup—logP(Y; € C) < —inf ] and liminf —logP(Y; € O) > —inf I

t—vo., it c =00 7y 0
fornany closed set C and and any open set O in X, respectively. This — somewhat
technical — definition may be symbolically summarized by saying that P(Y; = z) =~
e~ el(@)

One of the most important ideas is the following strong extension of the well-
known Laplace method, which is called Varadhan’s lemma: If (Y};):e(0,00) Satisfies
the above LDP and F': X — R is a continuous and bounded function, then

1
lim —logE[e%F(Y")} =sup(F —I).
Y

t—o0 Yt

4.2.1 LDPs for the occupation measures of random motions

One could already guess from the representation of the moments of U (%) in (2.14),
and it has been used in the heuristics in Section 3.3, that the analysis of the moments
of U(t) may be very well attacked with the help of an LDP for the normalised
local times %ﬁt or spatially rescaled versions of them, see (3.30), of the underlying
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simple random walk (X)scj0,00)- Let us cite the relevant LDPs from [G&r77] and
[DonVar75-83]. By M;(B) we denote the set of probability measures on Z¢ with
support in B C Z%.

Lemma 4.1 (LDP for the local times of the random walk). For any finite

box B C 7%, the normalised local times %Et = %fg 0x. ds satisfy an LDP with speed
t both under the distribution of the random walk conditioned on not exiting B by
time t and under the distribution of the periodised random walk. The rate function
of the former is the quadratic form

2
Mi(B) 3 p (Vi -AVE) ~Cr= Y (Vi = Vi) —Ca,
z,y€L: z~y

where Cp = inf ,c \q, z4): u(B)=1 (/I —A'/1) > 0. The rate function of the-latter
is the analogous quadratic form with A* replaced by the discrete Laplace operator on
B with periodised boundary condition in B and Cpg replaced by 0.

The zero boundary case is true for any finite set B, not necessarily a box.

Remark 4.2. (Cp and eigenvalues.) The normalisation constant C'p comes from
the exponential rate of the probability for the conditioning:

1
Cp —tlim n logPo(Xs € B for every g€ [0,])

o1
= _tll»rgo 7 log Py (supp (+44) © B).

On the other hand, one sees from comparing to’the Rayleigh-Ritz formula in (2.20)
that Cp is equal to the principal eigenvalue,of A" with zero boundary condition in
B. When considering zero boundary condition, it is positive, and when considering
periodised boundary condition itis equal to zero, as the corresponding eigenfunction
is constant. <

The two LDPs of Lemma 4.1 are important tools for the case of the double-
exponential distribution (i.e, the cases(DE) and (SP) in [GarMol98], where a(t) = 1
respectively a(t) > 0;.i.e, in the absence of spatial rescaling. Note that, for time-
discrete random walkthere is also a LDP like the one in Lemma 4.1, but the rate
function is different, as this LDP is based on an LDP for the empirical pair measures
via the contraction principle.

However,in the cases (AB) and (B), we need to consider the spatially rescaled
version Ly of ¢; introduced in (3.28). A proper formulation of (3.30) is as follows;
see [GanKo6nShi07, Lemma 3.1] for the discrete-time case, but an extension to the
continuous-time case is simple, see [HofKénMor06, Prop. 3.4].

Lemma 4.3 (LDP for the rescaled local times of the random walk). Assume
that a(t) — oo such that a(t) < Vtind =1, a(t)? < t/logt ind = 2 and a(t)? < t
in d > 3. Then, for any centred cube Q C R?, the rescaled local times (Lt)te(0,00)
both under the distribution of the random walk conditioned on not eziting (a(t)@Q)N
74 by time t and under the distribution of the periodised random walk in that bo,
satisfies an LDP on the set of probability densities on Q with speed ta(t)~2 and rate

function
2 {llw% ~MQ) ifge HYQ), w3

400 otherwise,
in the case of zero boundary condition, and g*> — ||Vg|3 in the case of periodic

boundary condition. The topology is the one that is induced by test integrals with
respect to continuous functions Q@ — R.
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Here H}(Q) is the usual Sobolev space of L2-functions g: R? — R that possess a
gradient in the weak sense with zero boundary condition in Q; it is usually defined as
the completion of the set of all infinitely smooth functions g: R — R with support
in Qr with respect to the L?-norm of g plus the one of Vg. The normalisation
A(Q) is equal to the principal eigenvalue of A in @ with zero respectively periodic
boundary condition.

In (3.56), we used a similar LDP with speed equal to ¢ for the normalised occu-
pation times measures of the Brownian motion with generator A; this LDP holds
for the two cases (1) under conditioning the motion not to leave the set @) by time
t and (2) for periodised Brownian motion in [—R, R]¢. Both LDPs also follow from
[G&ar77] and [DonVar75-83], and the rate function is again equal to the function-in
(4.3) with zero respectively with periodic boundary condition. We call this \LDP
sometimes the Donsker-Varadhan-Gdartner LDP.

The fundamental papers [DonVar75] and [DonVar79| by Donsker and.Varadhan
on the Wiener sausage contain apparently the first substantial annealed results
on the asymptotics for the PAM, based on the large-deviation theory that they
developed in [DonVar75-83] and periodisation (see Section 4.3):

4.2.2 LDPs for the random potential

In Section 3.2 we used an LDP for the shifted and rescaled potential &, in (3.19),
based on the Assumption (J) for the upper tails-of ‘a’single-site potential variable,
see (3.20). Deriving precise versions of such~an‘LDP in some topology presents
no deep problems, in particular in the“simpler case a(t) = 1, where no spatial
scaling is involved. See [BenKipLan95] for such assertions and proofs. However, it
is notoriously difficult to complete the.main step in the proof, the argument for
the application of Varadhan’s lemma, see (3.21), since the the necessary rescaling
properties of the discrete principal eigenvalue of A" 4 ¢ and the necessary continuity
properties of the map ¢ — X°(Qr, ) are difficult to obtain or to approximate in
the most obvious topologies.in which one proves the LDP. The topologies in which
one can handle some LDP for the rescaled potential are typically much weaker than
those in which the €igenvalue is continuous. For this reason, there are not many
rigorous proofs.in-the literature that are based on the methodology described in
Section 3.2. One important example is the celebrated method of enlargement of
obstacles by~Sznitman, see his monograph [Szn98| and a very short summary in
Section 4.7,

4.3 Periodisation

Since the asymptotic methods described in Section 4.2 work only for random walks
confined to a box having a certain size (possibly depending on t), we first need to
find upper and lower bounds for the moments of U(t) in terms of its versions on
these boxes. As we explained in Remark 2.1.3, the lower bound is easily obtained,
since U > Upg, where we recall that Up is the total mass of the solution to the PAM
in the box B with zero boundary condition. In Remark 3.1 we described how to
control the difference U — Up, but this technique is successful only for very large
boxes B, depending on ¢. This method is meant to introduce just some finite horizon
to the problem, but not the proper one, whose radius we called «(t). In this section,
we rather explain how to derive an upper bound for the moments of U in terms of
an arbitrary box B, which we afterwards can choose optimal. For this, we have to
use periodic boundary condition, which we introduced in Remark 1.6.
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Lemma 4.4 (Upper bound via periodisation). For any boz B = (—R, R|*NZ4,
we have the inequality

{U@W) <(Ug™@®), t>0. (4.4)

Here is the proof. Denote by ¢/ (2 fo (X{™)ds the local times of the
periodised random walk X in the box B Wthh can be realized by taking the free
simple random walk X = (X¢):c(0,00) modulo B, ie., X;® = X;(mod RZ?). Then
it is not difficult to see that the local times of X are given by

0 (2 Z l(z + 2Rx), z € Bt € (0,00),
z€Z4

where ¢; is the local time of X. Now using that H is convex and that H(0) =0, we
see that H is also super-additive, i.e., H(I) + H(I') < H(l+1") for any {,1" €((0y ).
Indeed, first we use convexity and H(0) = 0 to see that H(A\) = H(A + (1=N0) <
MAH()+(1—X)H(0) = AH(I) for any I € [0,00) and A € [0, 1], and then wesee that

H()+H(') = H (gl () +H (75 (1) < gl HUH )+ ) = H(H).

The super-additivity now shows that the interaction term for the free walk on Z¢
is upper bounded by the same term for the periodised walk:

Y H(U(2) = > H(l(z+2Rx))

z€7Z4 2€B zeZ4
(4.5)
<> H(Y ale+2Rn) = Y HE ()
2€B zeZd 2€Z4

Using this in (2.14) (noting the analogous formula for U%*”), we arrive at the
assertion in (4.4).

Lemma 4.4 is indeed one of the canonical starting points for proofs of upper
bounds for the moments of U(t),-as we explained in Remark 2.1.4. This device is
sometimes called periodisation; it is one of a couple of methods to ‘compactify’
the space. It seems that [DonVar75] is the first work on the PAM that uses this
technique.

In order to later“derive the proper conclusions, one has to choose the radius of
the box B as Ray \(using the notation of the heuristics in Section 3.3).

4.4 Spectral domain decomposition

Amother technique of ‘compactification’ is demonstrated in [GarKoén00, Proposition
1] inthe continuous setting and was transferred to the discrete setting in [BisK6n01,
Prop. 4.4]. This technique works directly for expressions of the form (4.2) and
allows for an upper bound for ‘global’ eigenvalues in terms of ‘local’ eigenvalues,
i.e., of the same expression with a much smaller box instead of B, which might
be rather large, as we recall. The error is of the inverse order of the square of the
radius of the small box, which is just what one can handle by picking parameters
appropriately. The estimate works for the eigenvalue with arbitrary fixed potential,
i.e., has nothing to do with randomness and it is not restricted to taking moments.
We write B, = [—r,r]¢NZ4.

Lemma 4.5 (Spectral domain decomposition, discrete version). There is a
constant C' that depends only on d such that, for any potential V: Br — R,

A (Bgr;V) < g + max \*(z + B,., V), R>r>0. (4.6)

z€BRr
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In the proof one sees that already the maximum over much less (carefully cho-
sen) boxes serves as an upper bound, but the above formulation is simpler and is
good enough for the application to the PAM. One constructs a partition of the one
consisting of smooth functions that approach the indicator functions on the interi-
ors of the subboxes, where we mean ‘interior’ in the sense that these parts of the
subboxes build a decomposition of Bg; the overlapping regions are used for pressing
the functions down from 1 to 0 in a sufficiently smooth way. The error term comes
from the energy of these parts, i.e., from the ¢2-norm of their gradients. [BisKén01,
Prop. 4.4] is formulated for nonpositive potentials V' only, but an inspection of the
proof reveals that it actually holds for all potentials.

Here is the continuous version, see [GarKon00, Proposition 1]. For any smooth
region @ C R? and any Hélder-continuous potential V: Q — R, A\°(Q, V) denotes
the principal Dirichlet eigenvalue of A+ V in Q, and we write Q, for [—r;%]%
Lemma 4.6 (Spectral domain decomposition, continuous version): For any
r > 2, there is a continuous function &, : R? — [0,00), whose supportis contained
in the one-neighbourhood of the grid 2rZ% + 0Q,., such that, for-any R > r and any
Hiélder-continuous potential V: R — R,

@ “(2rz+ B,, V). 4.
A (Qr,V =) < ZEde‘a@R/T/\(TZJr V) (4.7)

Moreover, @, can be chosen 2r-periodic in each coerdinate and such that fQ P, <
K|Q.|/r for some constant K that does not_depend on r.

Let us explain the application in the discréte-space setting. One takes R, de-
pending on ¢, so large that the a prioribound in (3.4), in conjunction with (3.5),
gives a negligible error for (U(t) < Upy (t)). (Recall that R is then typically much
larger than ¢.) Hence, the B of (4.2)\is the Bgr of Lemma 4.5. The maximum over
z € Bpgr is turned into a sum of exponentials, using that they all have the same
distribution. Summarizing, we_get the following estimate for r» < R:

<et)\d(BR,£)> < <etmaxzeB72 )\d(z+BT,§)>etC/7'2 < Z <et>\d(B,‘,§)>etC/r2
z€EBRr
o <€t>\d(BT’£)>|B'R|etC/T2_

Hence, the big size of the box is finally tamed down to a big pre-factor, which is
negligible with respect to the exponential asymptotics that we are after. Now we
choose.r = Ra(t), with R and «(t) as in the heuristics in Section 3.3. This reduces
the problem to the appropriate size on which one can use the LDP of Lemma 4.3
for \L;. The error term C/R%a(t)? brings the last term onto the scale of the LDP,
and it vanishes in the limit ¢ — oo, followed by R — oo, two limits that have to be
taken finally anyway.

4.5 Cutting

Difficulty (2) for the expression in (4.1) is sometimes handled by some cutting
technique, which requires serious work on a case-by-case basis. The problem arises
if H is not bounded. The basic idea is to replace H by some cut-off version H M
that is bounded, and controlling the remainder He™ = H — H); with the help of
some additional argument in the limit M — oo, after the limit ¢ — oo has been
taken. A typical choice is fIM(l) = ﬁ(l) A M. One separates the factors 7t J fm(Le)
and e/ A" (L) from each other using Holder’s inequality with parameters p, g
satisfying  + ¢ = 1, such that the first term appears in the p-norm with p very
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close to one. The exponential rate of the second term is shown to vanish in the
limit ¢ — oo, followed by M — oo, and then the rate of the first term is shown to
approach the desired one in the limit ¢t — oo, followed by M — oo and p | 1.

The details of such an approach must be carefully carried out on a case-by
case basis, depending on availabilities of good upper bounds for H>* and ad-
ditional techniques for controlling the rate of the corresponding term. E.g. in
[HotfK6nMor06], some additional elegant inequalities could be employed to arrive in
a setting, where HEM could be replaced by a negative power of M times a mono-
mial with a small power, and then combinatorial techniques were used to bound the
exponential rate in terms of bounds for high polynomial moments.

4.6 Smoothing

Difficulty (3) for the expression in (4.1) is often taken care of by some ‘smoothing
procedure, i.e., by a replacement of the rescaled local times with the.convolution
with a smooth approximation of the Dirac measure. This procedure-is isolated in
technical lemmas in a number of papers, also for the Brownian case.

As an example, let us formulate a version for Brownian ‘motion. Let ¢: R¢ —
[0,00) be a rotationally invariant, non-negative, smooth function with support in
[—1,1]% and integral equal to one. For § > 0, let ¢s(z) =3-%)(x/5). We denote by
* the convolution, that is, u v(z) = [, u(z — y)u(y)dy for integrable functions
u,v: R — R. The main idea is that, for any~integtable u, the function u x 15 is
smooth and approaches u in the limit ¢ | 0 in. L#-sense for any p > 1 (see [LieLos01],
e.g.). Here is a version of this fact that works'in the sense of large deviations, see
[AssCas03, Lemma 3.1]. By p; = %fot 0y, ds we denote the normalised occupation
measure for a Brownian motion (Z;)cj,00) in R?, starting from 0 under Py.

Lemma 4.7 (Smoothing the occupation measure of Brownian motion).
For any ¢ > 0,

lim lim 1log sup  Po(|(pe, u —uxhs)| >e) = —o0. (4.8)
510 t—oo t o R [—1,1]
measurable

That is, the probability for the replacement error of the potential u by a
smoothed version u x s being larger than a small amount is enormously small
on the exponential scale in ¢ — oo, if § is taken small afterwards. Note that the ap-
plication-of Lemma 4.7 assumes a bounded potential, which might require a cutting
pre-step; see Section 4.5.

For handling Difficulty (3) for the expression in (4.1), i.e., for the rescaled local
times L; of a random walk as defined in (3.28), one needs a version of Lemma 4.7
for this setting. This is provided in [GanK6nShi07, Lemma 3.5], which we formulate
for the setting of Lemma 4.3.

Lemma 4.8 (Smoothing the rescaled local times of the random walk). For
any € > 0,

o aft)?

lim lim —log  sup  Po(|(Li,u—uxts)| >e) = —o0. (4.9)

510 t—oo ¢ w: R [—1,1]

measurable

4.7 Method of enlargement of obstacles

In the spatially continuous case (i.e., on R? instead of Z?), there is an additional
problem to the control of the expression in (4.2): the infinite (even uncountable)
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combinatorial complexity of the space. In the 1990s, Sznitman contributed a lot to
the understanding and the proof techniques for Brownian motion among Poisson
obstacles, see his monograph [Szn98]. In particular, he developed proof methods
that follow the physical picture, i.e., the interpretation in terms of spectral prop-
erties of the random Schrédinger operator. For this, he had to overcome also the
problem of making the principal eigenvalue, seen as a function of the random Pois-
son field, amenable to a large-deviation analysis. For this, he developed a method,
a coarse-graining scheme, that yields an upper bound by increasing and discretis-
ing the random potential in a careful way. This method was called the method of
enlargement of obstacles, since the obstacles (the regions in the neighbourhood of
the Poisson points) are enlarged by this procedure, giving an upper bound, which
is the crucial point. The method is natural, but also involved and introduces three
length scales.

Since the method is explained at length in Sznitman’s monograph [Szn98} and
is briefly surveyed in [Kom98], and since we decided to concentrate on the spatially
discrete case in this text, we abstain from trying to explain the-method here. A
spatially discrete variant of this method was carried out in [Ant94]~and [Ant95], but
has not been deeper exploited since then, to the best of our knowledge.

4.8 Joint density of local times

A quite sophisticated technique for overcoming the lack of boundedness and conti-
nuity for the expression in (4.1) was derivedin{BryHofKén07] and makes it possible
to derive the LDPs of Lemmas 4.1 and 4.3"even in the strong topology, i.e., in the
topology that is induced by test integrals against bounded measurable functions
(not only bounded continuous functions). This method is based on an explicit up-
per bound for the joint density .of the family of local times for random walks on a
finite state space. It was applied in [HofKénMor06, Section 5] to expressions like
the one in (4.1). A drawbagk of this strategy is an error term that makes it fail in
too large boxes. The precise formulation of the crucial assertion is as follows (see
[BryHofK6n07, Theorem 3.6]).

Lemma 4.9. Let B, C Z% be finite and Ap the generator of a continuous-time
Markov chain (X;)ic0,00) 0n B with local times (;(z) = f(f lyx,—.yds. Then, for
any measurable function F: My1(B) — R and for any t > 0,

Efowftr(ie)}) <ep{t sw [F - I(-45)" val3] bouB), @10)

HEM 1 (B)
where the error term is given by Cy(B) = exp {|B|log (2dv/8et) }|Blel BI/4t.

This certainly applies also to simple random walk in a box with any boundary
condition. The great value of Lemma 4.9 is that the function F' is neither assumed
to be continuous nor bounded, and the error term is explicit. The main term on the
right-hand side is precisely the variational formula that the large-deviation principle
for 14, (see Section 4.2), in combination with Varadhan’s lemma, suggests. After
applying some pre-compactification (e.g. by periodisation), the estimate in (4.10)
can immediately be applied to the expression in (4.1).

However, to mention also the drawbacks, we also note that the function F' that
needs to be picked for the rescaled version of L; in (4.1) depends on ¢ in a non-
trivial way, and the appropriate box B as well. As a result, the variational formula
on the right-hand side of (4.10) needs to be studied further, and techniques from
the theories of Gamma-convergence and finite elements need to be adapted in order
to derive a precise asymptotic. In similar situation (intersection local times, i.e., F'
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being a p-norm, respectively the p-th power of the p-norm), this was carried through
in [BecKén12] and in [Sch10], respectively.

Lemma 4.9 stands in the tradition of the search for more explicit, deeper and
more direct evidence for an interpretation of the family of local times of a continous-
time random walk as a Gaussian process with covariance structure given in terms
of the generator of the walk, see the literature remarks in [BryHofKon07].

4.9 Dynkin’s isomorphism

Another fruitful attempt in the search for Gaussian descriptions of the family of
local times of random walks is called the Dynkin isomorphism theorem [Dyn88].
In a version derived by Eisenbaum it proved extremely useful in the mathematical
treatment of upper tails (equivalently, to the high exponential moments) of the’self-
intersection local times of the walk, which corresponds to the choice H (1).= [P for
some p > 1 in (4.1) and taking the p-th root of the functional [ L;(z)?dz. The
Dynkin isomorphism has not yet been applied to the PAM, but'is very likely to
give also here very good results. Its application to self-intersection local times was
initiated in [Cas10] and was brought to full bloom in [CasLauMeéll4]. We cite here
the version by Eisenbaum [Eis95].

Lemma 4.10 (Dynkin’s isomorphism). Let X-= (X,)s¢c[0,00) be a random walk
on a finite set B with local times {¢, and let 7 be.an etponentially distributed random
variable, independent of the walk. By G = Gy p we denote the Green’s function
of the walk stopped at time 7. Let (Z;)zecp b€ a centred Gaussian process with
covariance matriz G, independent of m~and of the walk. For s € R\ {0}, consider
the process S, = £ (x) + %(Zm + 8)>awith = € B. Then, for any measurable and
bounded function F: RE — R,

E[F((So)een)| < E[F((5(Ze +9)2),c5) (1+ %)}

Hence, essentially the family of local times, taken at an independent exponential
1

time, is in distributien equal to 5 times the square of a Gaussian family with
covariance matrix given by the Green’s function of the stopped walk. However,
there are a numberof alterations, due to the addition of parameter s and the density
14Zy/s. The great value of Lemma 4.10 comes from the fact that Gaussian processes
are a lot_better behaved as local times and offer a lot of more techniques for their
study, like concentration inequalities and explicit calculations. See [CasLauMél14]
for\these techniques at work and the monograph [MarRos06] for much more on

relations between local times and Gaussian processes.

4.10 Discretisation of the Rayleigh-Ritz formula

Part of Difficulty (3) for estimating (4.2) from above comes from the fact that the
eigenvalue \*(B, V) is a supremum over a quite large set of functions, in particular
over an uncountable set. Let us describe one possible way to overcome this in the
spatially continuous case. Here, the Rayleigh-Ritz principle for the principal eigen-
value of A+ V in a bounded set Q C R? with regular boundary (recall (2.20) for
the discrete-space case) says that

NQ.V) = Ev(6),  where Ev(6) = V6|2 - / Ve?, (411)

- inf
SEHF(Q): [|¢ll2=1
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for Holder-continuous potentials V. One natural approach to derive upper bounds
for A(Q, V) is to approximate the infimum over this large set by the infimum over a
much smaller, actually finite, set of functions that lie so dense that the replacement
error is small. One example in the literature where this has been carried out are
[MerWiit0Ola, MerWiit02], from which we cite now. We write Qg for [~ R, R]%.

Lemma 4.11 (Discretisation of the Rayleigh-Ritz formula). For any n > 0,
there are M > 0 and R > 1 and a finite set P C {¢ € C*(Qr+1): ||¢]l2 = 1} such
that, for any R > R, and for any Holder continuous potential V: Qr — R,

AQr,V) < — min min Evam (o(-—y)) +n, (4.12)

where

Yar = {y€ £ 1+ Q) 1 Qr £0}.

The minima extend over finite sets and can, for applications to the PAM, safely
be replaced by sums, to obtain suitable bounds. Indeed, to apply thislemma to (4.2),
one estimates the exponential of the eigenvalue (now with V' the random potential
under consideration) from above by the sum of the exponentials of —Ey anr(d(-—y))
over y and ¢. Then one uses the shift-invariance of the distribution of V' to get rid
of the y-dependence. This turns the problem of estirhating (4.2) into the problem of
estimating (e!(/(VAM)$*~IIVSI2)) for a fixed, normalised ¢ € C*(Qr41), which is a
much easier problem. For the potential V' considered in [MerWiit0la, MerWiit02],
this problem is handled by using a spatial discretisation technique that is adapted
to the Poisson nature of the potential VA

4.11 Compactification by local-masses decomposition

An interesting idea for compactifying the set of probability measures on R¢ was re-
cently introduced in [MukVar15]. The idea is to register only local, widely separated
regions in which a non-trivial part of the mass of a given probability measure is lo-
cated and to forget about their locations. In this way, the measure is represented
just by an at miost countable collection of sub-probability measures whose total
masses add Gp to not more than one, and whose locations can be thought of as be-
ing at the origin. The authors have predominantly in mind to extend the well-known
Dorsker-Varadhan-Gértner LDP (see Section 4.2.1) for the normalised occupation
measures of a Brownian motion from bounded regions to the entire space R?, but it
is clear that the idea can be translated into the Z%-setting as well. It seems that the
method has a great potential to contribute to a deeper investigation of the PAM
and possibly also for the one of certain variational formulas like the ones appearing
in Section 3.4.

Here is a formulation of the compactification idea of [MukVarl5]. We intu-
itively describe how to extract a converging subsequence from a sequence (ti, )nen
of probability measures on R? Consider the concentration function g,(r) =
SUp,cpa fn (T + [—7,7]?) for any r € (0, 00) and extract some subsequence (denoted
(ttn)n) along which g, (r) converges towards some ¢(r) € [0,1]. By monotonicity,
the limit p; = lim, o g(r) exists in [0,1]. Then there is a sequence of shift vec-
tors a,, € R? such that, along some subsequence, the shifts p, x d,, of u, vaguely
converge towards some sub-probability measure a; on R? with total mass equal to
p1. (We keep writing * for convolution, so p x J, is the a-shift of u.) Hence, we
can write p, x 0., = ol 4+ uf) with o converging weakly towards a; along some
subsequence. Now we proceed recursively, i. e., we apply the same procedure to the
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sequence (), and so forth. In this way, we obtain a sequence (a, px)ken of sub-
probability measures aj, with total masses py € [0,1] satisfying >, .y px < 1, and
we write & = {a%d,: x € R?} for the equivalence class of o with respect to the rela-
tion that considers measures as equal if one is a translation of the other. As a result,
the measures 1, concentrate on widely separated compact areas in R? of masses py,
and a mass of 1—3, _ px leaks out. For example, for any = € R?\ {0}, the sequence
(3 (8- +0nz))nen is represented by the sequence (100, 1), (180, 2), (0,0),...), and
the sequence of uniform distributions on unboundedly growing balls is represented
by the trivial sequence ((0,0),...), i.e., all the mass leaks out here.

Since the above construction neglects the shift vectors a,,, it actually works in
the quotient space M;(R?) = {fi: p € M1(R%)} of M;(R9). The space S of all
sequences (o, pi)ren Of classes of subprobability measures oy with total masses
pr € [0,1] satisfying >, ypr < 1 is the mentioned compactification of Mo (R).

One can see Ml(Rd) as subset of S when identifying it with {(z,1), (0;0),~.) €
S: € Mi(RY}. On S, [MukVarl5] constructs a metric that makes it compact.
It appears that this construction is quite natural and has many benefits and
possible extensions. The main application given in [MukVar1l5] is an LDP for the
normalised occupation measures of a Brownian motion (without any restriction to
a bounded set), after mapping it into M, (R%). The method was used there for
proving a tube property for a well-known model from (statistical mechanics, the

mean-field polaron model and was further extended-to a deeper study of this model
in [KénMuk15] and [BolKénMuk15].
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Almost sure asymptotics for the total mass

In this section, we explain the basic picture that underlies the almost sure asymp-
totics of the total mass U(t) under Assumption (H). Like for the moments, we will
give an argument only for the lower bound, as this gives a good insight in the be-
haviour of the PAM, while many proofs of the corresponding upper bounds do not.
The heuristics come with a new characteristic variational formula, which is closely
connected with the two formulas that describe the moments. Again, we distinguish
the spatially discrete case (Section 5.1) and the continuous’case (Section 5.2). It is
helpful to recall the considerations made in Section 2.3.2-about the difference in the
thinking about moments and about almost sure statements.

5.1 Discrete space

Let us consider the PAM as in (1.1) with'initial condition (1.2) with an i.i.d. random
potential ¢ = (£(2)),ez¢ having all positive moments e() = (e®(0)) finite; in
particular, the condition (1.5)*holds! As in Section 3.2, we suppose that Assumption
(H) holds; see (3.26). We want to reveal the mechanism that is behind the almost
sure asymptotics of the(total-mass U(t) of the solution w(t, ).

Recall from (3.3) and (3/6) that U(t), at least as it concerns the moments, can be
well approximated with, the help of the principal eigenvalue A?(B®, £) of the Ander-
son Hamiltonian A+ in a sufficiently large centred box B i.e., U(t) ~ et (B9,
see also Remazk '3.1. Hence, it suffices to study the asymptotics of A\*(B® &) as
t — oo. As\we.are considering a potential distribution with all positive exponen-
tial moments finite, the diameter of B® can be taken of order ¢ with logarithmic
corrections. For definiteness, we again assume that a(t) — oo as t — oo (i.e., class
(B) ‘or (AB)), but the same heuristics applies in all other cases with appropriate
modifications. B

The idea is to estimate \*(B®,&) > A (B,¢) for some optimally chosen ‘mi-
crobox’ B in B™. (We again use that the eigenvalue is monotonous in the domain.)
That is, we search for some local area in which the potential is extremely high and
has a particularly good shape, where the latter refers to a particularly large local
eigenvalue of A' 4 £. This microbox is one of the intermittent islands that we talked
about in our phenomenological discussion of intermittency in Section 1.4; our lower
bound will be based on just one of them.

Recall that we write Br = [-R, R]* N Z? for R > 0. Our ansatz is to put
B=z+ Bpgg, for some z € B® (neglecting a small error close to the boundary
of B®) and for some scale function a; — oo and some radius R (taken large
afterwards). Therefore, we consider the shifted and rescaled potential

Go()=a¢+ @) ~n]  inQn=[-RR, (5.1)
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introducing a new scale h; for the absolute height of the potential in B. The choice of
the pre-factor as the square of the spatial scale a(¢) is (like in Section 3.2) motivated
by the asymptotic rescaling properties of the discrete Laplace operator in (3.11).

Scales for the almost-sure behaviour:

tlog? t ~ order of diameter of macrobox B
a; = order of diameter of intermittent island
ht = maximal height of £ in the macrobox (and in the island)

&? = reciprocal of the order of deviations of potential from &, in the island

The choices of &; and h; will be determined by (5.3) and (5.6) below.
Note that, for any continuous shape function ¢: Qr — R,

gt’zmgo in Qr = f(z—l—.)zht—l—ai%(p(ai) inB—=. (5.2)

(Actually, for a lower bound, which we are demonstrating here; only ‘>’ instead
of ‘~’ is necessary.) For a given z, we want to use the large-deviation principle in
(3.14) to derive the probability for the event in (5.2). Indeed, if we could write, for
some new scale function §(t) — oo,

. B aG0))
G=ol)and s =S a8

then Et,o is identical to Eﬁ(t) defined in"(3.8). Then an application of (3.14) with
((t) instead of ¢ gives that

; (5.3)

Prob (&0 ~¢-in Qr) ~ exp{ - ﬁIR(go)}, (5.4)
where we recall the rate function Ig(p) = fQR J(p(y))dy from (3.15). Hence, the
probability that & realizes the event in (5.2) in one of the microboxes (centered at,
say, z = 0) decays-exponentially on the scale 3(t)/a(B3(t))? with rate Ir(p).

Now we examine the probability of the existence of some z € B® such that the
event in (5.2) holds for this z. A rough argument is to require that, on an average,
there is at.least one microbox z + Bgrg(+) in B in which (5.2) is satisfied, i.e., to
put

1< ]E{ Z 1{&.. ~ ¢ in QR}} = |BY| Prob(gw ~ ¢ in Qr)
2eB (5.5)
- B(t)

Here we recall that the volume of the macrobox is roughly ¢¢ with logarithmic
corrections, which we neglect. Hence, in order that we can expect one microbox in
which the event in (5.2) holds, we should choose ((t) according to

B(t)

2O dlogt, (5.6)
that is, t — (3(t) is the inverse of the map s — s/a(s)?, evaluated at dlogt. Fur-
thermore, we have to restrict to potential shapes ¢ that satisfy Ir(¢) < 1. Hence,
with the choice of 3(t) in (5.6) and the choice of &; and h; in (5.3), we can expect
that at least one z € B exists such that é ~ p in Qr. With all these choices, we
obtain the lower bound
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1 d (t) d( D 1 . 1 o
N logU(t) = A (B",€) > A (B’ht + f?@(z)) ~ h; + ?/\ (Qr,¥), (5.7)
g t

where we recall that A°(Q), ¢) is the principal Dirichlet eigenvalue of the operator A+
©in Q. In the second step of (5.7), we used the shift-invariance of the eigenvalue, and
in the last one, we used the rescaling of a ‘discrete’ eigenvalue to a ‘continuous’ one,
see (3.11) and Remark 3.6. The right-hand side of (5.7) is an optimal lower bound
in the limit R — oo after optimising on the potential shape . In the precision that
we follow in these heuristics, this lower bound turns out even to be an asymptotic
upper bound, as we will comment on in Remark 5.6. Hence, we can summarise:

Theorem 5.1 (Almost sure asymptotics of the total mass). Assume that
the i.i.d. potential & satisfies Assumption (H), and let J be given by (3.13). Then
the following holds almost surely.

(i) If a(t) — o0 as t — oo (equivalently, if o — o), then

1 H(B(t)/a(B(t))? 1 ~
P00 = L~ s e, P 69
where B(t) is given in (5.6), and
X= ecm), o St avsi SR )] (5:9)

(ii) If a(t) — 1 as t — oo (equivalently, if ay = 1), then ﬁ(y) = pylogy for some
p € (0,00) and
1 H(dlogt)
—logU(t) =——77"—= — 1 5.10
t Og () dlogt XP+0( )’ ( )

where

R inf _)\d Zd, ) 511
Xp PR ZISR: g glzezd ew(2)/p<1 [ ( <ID):I ( )

(iii) if a(t) — 0 as t — o0 (equivalently, if a; — 0), then (5.10) holds with p = oo,
and Xoo = 2d.

We know from'Section 3.2 that (i) comprises the two potential classes (B) and
(AB) of boundedrand almost bounded potentials, while (ii) is the case (DE) of
the double-exponential distribution, and (iii) is the case (SP) of the single-peak
class. See [BisK6n01], respectively Example 5.10, and [HofK6nMor06] for precise
formulations and proofs of (i) in these two respective cases and [GarMol98] for (ii)
and (iii). (We took the freedom to slightly simplify the original theorems; see some
of the following remarks.)

Like for the moments in Theorem 3.13, there are two characteristic terms: an
H-dependent one that describes the maximal absolute height of the potential in
the ‘macrobox’ B, and a second-order term providing some more information
about local properties of the potential inside the ‘microbox’ B, which is one of the
intermittent islands that we talked about in Sections 1.4 and 2.3.

Remark 5.2. (The first term.) To achieve a neat and interpretable representa-
tion, we actually cheated a bit as it concerns the first term, i.e., the term involving
H(t). Actually, this term must be just equal to max,c g £(2), i.e., the maximum
of about t¢ independent copies of £(0). Giving deterministic asymptotics for that
is standard and relies a bit on the taste and on the way how the assumptions on
the upper tails are formulated. In [GarMol98, Theorem 2.2] one finds a different
representation of this term, which is derived from the upper tails of £(0), but not
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from the exponential moments. Furthermore, in the class (B) in [BisK6n01], the
first term is even missing, as it is assumed there that esssup £(0) = 0, and hence the
term max,c g £(2) is very close to zero, and therefore the first term is negligible
with respect to the second. &

Note that a; is logarithmic in ¢ and hence much smaller than «(t), the spatial
scale of the intermittent island for the moments. The shape of the potential £ in
the island is determined by the characteristic variational formula; see Remark 5.5.
A crucial feature is that the intermittent islands come out of a local optimisation
procedure; they are the places with the highest potential values in balls of radius
&, whose size is determined by the crucial condition (5.5).

Remark 5.3. (Technical remark on the lower bound, I.) Our heuristics; in
particular (5.5), explained only how to find the right scales, but not how-to-prove
the almost sure asymptotics as stated in Theorem 5.1. Many proofs-of the lower
bound in Theorem 5.1 make crucial use of the Second Borel-Cantelli lemma via the
following recipe. _

Indeed, one does not consider all the possible centerings z of the microbox B,
but only certain ones, who have a spacing of 2R, from each other, i.e., only z in
the grid G = B® N [2Ra,]Z%. The benefit is that the boxes z + Brg, with 2z € G
are mutually disjoint and therefore the potential values-in them are independent,
which is a prerequisite for the application of the Second Borel-Cantelli lemma. The
cardinality of G is still very close to |B®| =~ t?. Now we pick some ¢: Qr — R and
derive for the probability of the event in (5.2) with ‘>’ instead of ‘~’ the following
lower bound.

Prob(Elz €qG: gm > pin QR) > |G|Pr0b(§~t70 > pin QR)

8o 3
WIR(@)} ~ eXp{ — dlogt[[R(@) _ 1} }7

where we used (5.4) in the second step and (5.3) in the last one. The first goal
is to replace ¢ by some sequence t,, tending to oo quickly (e.g., t, = 2") and to
show that the above lower bound is not summable over n € N. For doing this,
some technicalities~have to be overcome, and some slight changes in the objects
have to be made, e’g., one should assume that Ir(y) is close to one, and one should
replace ¢ by @ — ¢ for some small € > 0, and more. Hence, according to the Second
Borel-Cantelli lemma, with probability one, for any sufficiently large n, we know
that there’is some z, € B such that something slightly more comfortable than
&z = @ In Qg holds. Afterwards, one has to show that this assertion (or slightly
lessy but still sufficient) persists for all the values t € [t,_1,t,], at least for all
sufficiently large n € N. This shows that, almost surely, for all sufficiently large ¢,
the event in (5.2) holds true for some z € B™.

The calculation in (5.12) is based on Assumption (J) (see (3.13)), which is usually
not the one that is assumed to hold in the literature. Hence, one has to derive (5.4)
from the assumption made, which is often Assumption (H). This is explained in
Remark 3.11.

Often one does not consider the shape of the rescaled potential, like in the
above heuristics, but directly the local principal eigenvalue instead. That is, one
derives the existence of a microbox whose principal eigenvalue is close to Yr/a(t)?,
where Y is the version of ¥ in (5.9) that is restricted from R? to Qg. Using this
ansatz, the maximisation over the potential shape ¢ is already built in, but one
has to work with precise logarithmic upper tails for the eigenvalue instead of (5.4).
These precise upper tails are usually derived via the precise logarithmic asymptotics
for the exponential moments of the eigenvalue, which we obtained in the proof

(5.12)
~ t? exp { —
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Fig. 5.1. A trajectory that travels quickly-to
the microbox B around z with radius~Ra(t)
and spends the remainder of the time until ¢
~ tlog”t in it.

of Theorem 3.13. One needs a lower bound for the upper tails; which makes an
application of some result in the vicinity of the Gartner-Ellis theorem necessary, see
Remark 3.11. &

Remark 5.4. (Technical remark on the lower bound, II.) Actually, it is a
bit nasty to use the idea of (2.22) for the box. B to justify that 1 log U(t) is lower
bounded by the principal eigenvalue of &' +¢£ in B and to proceed with a further
restriction to the microbox B. Instead, starting from the Feynman-Kac formula in
(2.2), one often uses a lower estimate by inserting the indicator on the event that
the random path moves quicklyto the box B (this is done at a negligible cost, if
the size of the macrobox B™ has'been chosen suitably) and stays afterwards all the
time until ¢ in that box, as'is depicted in Figure 5.1.

The cost for doing the latter is exp{—ta; *X*(Qg, )} to high precision, which
is seen from an applicationLof (2.22) for B = B. <&

Remark 5.5. (The characteristic variational formula x.) Of crucial impor-
tance for understanding the almost sure asymptotics of the total mass is the char-
acteristic variational formula in (5.9) and (5.11), respectively, which describes the
shape of the potential in the relevant ‘microbox’ E, more precisely; the spectral
properties of A" + ¢ in that microbox. Indeed, only potential shapes ¢: R — R
satisfying I(yp) < 1 are admitted, where we recall the infinite-volume version of
the-LDP rate function Ir(p) = fQR J(p(z))dx in (3.15) with the rate function J
introduced in (3.13). The condition I(p) < 1 guarantees that the shape ¢ is not too
improbable for a random potential to resemble. Note that, for all examples that we
presented in Section 3.4, this condition implies that lim|,|_. ¢(z) = —o0, i.e., the
operator A+ ¢ has a compact resolvent, and its infinite-volume principal eigenvalue
A°(¢) is well-defined, and its Rayleigh-Ritz formula possesses minimisers that are
unique, up to spatial shifts. Among all these shapes ¢, we optimise this eigenvalue.

Certainly, one expects that the best contribution to the total mass of the PAM
comes from those random potential shapes that are particularly close (say, in supre-
mum norm) to the maximiser in (5.9) and (5.11), respectively, but proving this needs
much care; see Remark 5.9. O
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Remark 5.6. (The upper bound in (5.8).) Like for the moment asymptotics
in Theorem 3.13, the proof of the upper bound in Theorem 5.1 is technically more
involved and more abstract, since one has to take care of all the paths in the
Feynman-Kac formula respectively all the subboxes of B™ or sizes of all orders, not
only some optimal ones. Some of the methods outlined in Section 4 are helpful also
for the proof of the upper bound in (5.8); we give some guidance here.

Indeed, Lemma 4.5 on the spectral domain decomposition works directly on the
principal eigenvalues and is precisely what one needs and gives the desired upper
bound for the macrobox eigenvalue in terms of the maximum of the microbox eigen-
values. A Borel-Cantelli argument derives the asymptotics of this maximum, based
on the upper tails of one eigenvalue, which one has gained from the asymptotics:of
the exponential moments of the eigenvalue in the course of the proof of the moment
asymptotics in Theorem 3.13. See [BisK6n01, HofK6nMor06].

Certainly, also variants of Sznitman’s method of enlargement of obstacles [Szn98]
(see [Ant94]) are suitable to yield a proof in the cases of Brownian motion among
Poisson obstacles and survival problems for the simple random walk, respectively.

Furthermore, also the discretisation technique for the Rayleigh-Ritz principle of
Lemma 4.11 can be employed for deriving the corresponding upper bound, which
has been demonstrated in the spatially continuous case (actually, being reduced to
the discrete case in the course of the proof) for a rescaled potential in [MerWiitO1la,
MerWiit02], see also Section 7.3.3.

Both Lemma 4.9 on the joint density of the local times of the random walk and
Dynkin’s isomorphism in Lemma 4.10 are~on.the first sight suitable for deriving
proofs for almost sure upper bounds for Uz (t)”However, the relatively huge error
term in the estimate of Lemma 4.9 and the complexity of the variational formula
on the right-hand side of (4.10), and, respectively, the alterations that one has to
make in order to apply Dynkin’s theorem let the benefits of each of the two methods
appear rather limited.

Note that the periodisation-method of Lemma 4.4 is not suitable, since it shovels
all the mass of the randomwalk trajectory into one single box; this type of upper
bound works only for moments. &

Remark 5.7.(Relation between the variational formulas x and x.) The
variational formulas for X in (5.9) and for x in (3.23) are in close connection to each
other. In particular, it can be shown on a case-by-case basis that their minimizers
¢ differ. from-each other just by a rescaling (as in class (B); see [BisKon01] and
Example 5:10), or by adding a constant (as in class (AB); see [HofKénMor06]), or
they are identical (as in class (DE), see [G&arMol98]). In the case (SP), they all are
trivial, as they are equal to —oo in all but one site. Recall that the minimiser(s) have
the interpretation of the optimal potential shape of the potential in the intermittent
islands: X for quenched, y for annealed. &

Remark 5.8. (Screening in one dimension.) In Remark 5.4, we say that a
lower bound is obtained by requiring in the Feynman-Kac formula that the particle
runs at high speed to the microbox B, and we say that the cost of this is negligible.
In dimensions d > 2, the negligibility is indeed always true as long as the potential
is either > —oo everywhere or with sufficiently large probability, more precisely,
with a probability larger than the critical site-percolation threshold (see [Gri99] for
a comprehensive treatment of percolation). In this case, it is known that, almost
surely, the set of potential values > —K, where K is so large that the probability
of {¢£(0) > —K} is also larger than the percolation threshold, contains an infinitely
large cluster Cx. As a consequence, there exists, with probability one, for any suf-
ficiently large ¢, a path from the origin (given that it lies in Cx) to that microbox
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along which the particle does not lose much mass. Proving this requires two main
technical points: (1) one has to make sure that the so-called chemical distance (the
number of steps that one needs to walk within Cx) is comparable with the Euclidean
distance, and (2) that the microbox can be picked within Ck. See [BisKén01] for
details in the case of a bounded potential.

However, in dimension d = 1, these arguments do not work anymore, as there is
always only precisely one trajectory from the origin to that microbox, and it may
happen that the potential assumes too small (i.e., too close to —o0) values such that
the particle loses so much mass on the way that the contribution from this sprint
is indeed not negligible. This effect is called screening effect in [BisKén01a], as the
deep valleys screen the mass away from the high peaks. This effect appears as soon
as the essential infimum of the potential is equal to —oo and its lower tails are t00
thick. See [BisKoén01a| for a precise statement. &

Remark 5.9. (Almost sure potential confinement.) Like for the moments, the
above heuristics suggests that the shape of the potential £ in the peaks, after appro-
priate shifting and rescaling, resembles the minimising shapes ¢* in.the variational
formula for X in (5.9) (for a(t) — o) or in (5.11) (if a(t) —-1), almost surely for
large ¢. Furthermore, one can also conjecture that the solutionu(t, -) resembles the
corresponding eigenfunction of the operator A + ¢* if @(t)-— oo, respectively of
A+ ¢* if @ = 1. This was indeed proved for the case {DE); the double-exponential
distribution, in [GarKénMol07], see also Section 6.2. &

Example 5.10. (Bounded potentials.) Let us'give explicit formulas for the class
(B) of bounded potentials, more precisely;.for the single-site distribution given by
esssup £(0) = 0 and log Prob(£(0) > %) ~ =Dz~ for z | 0 with parameters
D > 0 and v € [0,1); see Remark 3.19.”We follow [BisKén01]. First we note that
a = a(B(t)) = (logt)+ol 1> and B(t) = (logt) ™M as t — oo, where v =
(1-#12;—117 € [0, diz] and 3 = 25 21/ €(0, 2]. Recall from Remark 3.21 that the moment
asymptotics are governed.\by Xo = xo + p/(y — 1), with x, as in (3.52), since the
H-terms are dropped in"(3.38). Consequently, (5.8) now reads

1 9
ElogU(t) ~ X, t — o0,
almost surely, where, instead of (5.9),

Z: inf _)\c Rd, ) 513
* PEC(R): wgol,I} lp|—7/ (-1 <1 [ ( 90)] ( )

Note' that the map ¢ — [ ||/~ differs from J, which accounts for dropping
the H-terms on the right of (5.8).

Interestingly, the characteristic number ? turns out to be given as

t=wra-wm (%)

The main point behind this formula is a rescaling of the form ¢.(z) = c*¢(cz)
between the minimiser(s) ¢ in (5.13) and of the ‘dual’ formula for X,

o f /(=) _ .
Tt ([l o ame )
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5.2 Continuous space

The almost-sure asymptotics of the total mass of the solution to the PAM have
been derived also in the continuous case for some important potential distributions,
some of which we present here.

Example 5.11. (Brownian motion among Poisson obstacles.) Let us explain
the heuristics in the simpler (and historically important) situation of a Brownian
motion among Poisson obstacles, see Remark 1.15 and Section 3.5.1. For a proof
and more details, we refer to [Szn98, Theorem 4.5.1].

As in Section 3.5.1, we consider the potential V(-) = — >, W(- — z;) with-a
standard Poisson point process (z;);eny with parameter v and the cloud W = oollg,,
where K, is the centred ball of radius a > 0. Recall from Example 2.10 or fromi-the
Feynman-Kac formula in (3.55) that the total mass

U(t) =Py(Zs ¢ O for every s € [0,t])

is equal to the survival probability, i.e., the probability does the ‘Brownian motion
Z does not fall into the union O = |J, K, (z;) of a-balls around the Poisson points
by time ¢.

We describe how to get an optimal lower bound for U (). The first step is to
restrict to a large t-dependent centred box B® whoseradius is roughly equal to ¢
(with logarithmic corrections). Inside B®, we.neéd to find an obstacle-free set A,
i.e., a (preferably, large) set A C O°. For the sake of simplicity, we proceed with
the simpler requirement that w(A) = 0,.where w = >". J,, is the Poisson process.
The probability that A contains no Poisson points is equal to e ¥I4l. If we require
the Lebesgue measure |A| so large that.this is roughly equal to 1/|B®| ~ t~%, then
we may expect that, almost surely, for any large ¢, there is at least one (random
and t-dependent) shift A; of A in B®that contains no Poisson points. (The reason
is that there are about ¢* such shifts, i.e., t independent trials for obstacle-free
places; a Borel-Cantelli argument gives the statement.) Hence, we need to consider
only sets A of Lebesgue meastre of size glog t.

Now we obtain @ lower bound for U(t) by restricting to the event that the
Brownian motion travel§ to A; within some small time interval of length o(t) and
then stays in A; forthe remaining time interval of length ¢ — o(t). Similarly to the
explanations in _Remark 5.8, one shows that the contribution that comes from the
sprint to Ay is,negligible on the first-order scale. This means that the contribution
comes deminantly from the long stay in A;. Recall the large-deviation principle for
the normalized occupation measures of the Brownian motion from Section 4.2.1 (or
from the handy formula (3.56)) and recall from there that the large-time exponential
rate of non-exit probabilities from compact sets is equal to the principal eigenvalue.
Hence, the contribution from the long stay in A; is given in terms of the principal
eigenvalue A; (4;) of A in A; with zero boundary condition, i.e., we obtain the lower
bound

U(t) > et(>\1(z4t)'i'0(1))7 t — oo.

Certainly, A\1(A:) = A (A), since A; is just a shift of A. Again, the Faber-Krahn
inequality (see [Ban80]) implies that the optimal (i.e., with largest eigenvalue A1 (A))

shape of A with given volume is a ball. Since |A| = glogt, its radius is equal to
7= (7% log )1/, where wy is the volume of the unit ball. Hence,

A (K)
’T‘:Q

% ogU(t) > (140(1)  sup  M(A) = (1+ o(1))A(Kx) = (1 + o(1))
A:|Al=2 logt

—(logt)*(e(d, v) + o(1)),

(5.14)
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where ¢(d,v) = A\ (K1)(wqv/d)?/?. This formula is indeed just a special case of
(5.9). The complementary bound of (5.14) holds as well. We see from the above
that the spatial scale of the radius of the intermittent islands is (log t)l/d, and the
islands are perfect balls. Formula (5.14) with ‘=" instead of ‘>’ is analogous to (5.8)
in the case (B), when the bounded potential has been shifted such that its essential
supremum is equal to zero and hence the first term negligible. <&

Remark 5.12. (Gibbsian point fields.) Recall from Remark 3.22 (see also Ex-
ample 1.17) that in [Szn93| the point process (z;); was assumed to be a Gibbsian
point process with a number of assumptions on the pair-interaction functional in-
volved. Under these assumptions, the result for the almost sure behaviour of the
total mass is literally identical with the above result; however the proofs are more
involved. <&

Example 5.13. (Gaussian potential.) One of the most natural.choices of a
random potential in R? is a continuous Gaussian potential, see Section 3.5.2. The
almost sure asymptotics of the total mass for a Hélder-continuous centred stationary
Gaussian potential V = (V(z)) ,cra are identified in [GarKonNol00]. This potential
is treated there as one example of a correlated potential satisfying some rescaled
large-deviation principle; see Example 7.4. Furthermore;-it)is also an example of a
potential having long-reaching correlations; see Exaniple)7.5.

The main assumptions on the Gaussian potential are as in [GarKon00]. Indeed,
the covariance function B of the Gaussian. potential V' is assumed twice contin-
uously differentiable, hence V' can be assumed~Holder continuous with any pa-
rameter in (0,1) (see [AdI90] for the theory-of regularity of Gaussian fields). Let
L(h) = sup,~q(ht — H(t)) denote the Legendre transform of the logarithm of the
moment generating function H(t) = log(e!V(®) = 14262 with 02 = B(0), and
define h; as a solution to the equation L(h;) = dlogt. Then the main result of
[GarKonMol00] is

1
n log U(t) = he'="(¢+ o(1)) v/ h, t — oo, almost surely, (5.15)

where again y = (202)5/%tr(¥), and X2 is the Hessian matrix of B at zero. Note
the formal similarity t6 the moment asymptotics in (3.62). It is not difficult to prove
that
he = (2do?logt)Y/? ~ max V(x), t — oo;
z€[—t,t]?

it formally-coincides with h; in the heuristics in Section 5.1. Again, the first term
im(5.15) was earlier derived in [CarMol95]. The second term reflects the heuristics
that the main contribution to U(t) comes from a microbox in [—t,t]¢ with radius

of order h, Y 4, where the potential V' approaches the non-random parabolic shape
hip, where p(z) = 1 — 535 |Zx|?, centred at the random localisation centre. The
principal eigenvalue of A + h;p is easily calculated to be hy — x+/h¢, which is the
right-hand side in (5.15). Let us remark that (5.15) was derived under very mild
conditions on the decay of B(x) for x — oo.

Interestingly, the peaks in the Gaussian potential have a parabolic shape, the
description of which depends only on B(0) and B”(0), but not on B“(0). Indeed,
one easily calculates that, for any site zo € R?, the variables V(z¢), V'(zo) and
v="V"(z0) — B"(0)V(z¢)/0? are independent Gaussians. In particular, V (x() and
V" (z0) are highly correlated, and large values of V(zg) enforce large values of
—V"(xg). More precisely, given that V has a large local maximum V(zg) ~ h; at
7o, then V' (x9) = 0 and |v| = [V (x¢) — B"(0)V (x0)/0?| < h; and therefore, in a
neighbourhood of z,
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V(z) = V(zo) + %V"(zo)(x —x0)? ~h + = 2 (B;gO)V(xo) + v) (z — x0)*

~ h—tp(x — xo).
&

Remark 5.14. (Generalised Gaussian potential.) A Gaussian potential V'
on R? with much less regularity was considered in [Chel4]. Indeed, following a
question raised in [CarMol95], it was assumed that the covariance function B has a
behaviour of the form B(z) ~ o?|z|~ for 2 — 0 with some o2 € (0,00) and some
a € (0,min{2,d}) (still keeping that the potential V is centred and stationary):
Away from the origin, B is assumed to be continuous and bounded. Such a Gaussian
potential does not exist as a function, but has to be constructed with the help of
smooth test functions; examples are white noise and fractional white noise” The
main result of [Chel4] is that, almost surely, as t — oo,

1
n logU(t) ~ (2do* log t)ﬁ

sup T y o 1Vgllz ).
qEHl(Rd llgll2= 1 R4 JR4 |

Note that the right-hand side for & = 0 is equal ‘to'the first term in (5.15). For
a > 0, interestingly, the behaviour of the Gaussian potential close the local maxima
appears to contribute already to the first term. &

Example 5.15. (Poisson shot-noise potential.) Another natural choice of the
potential is a Poisson shot-noise potential, see Section 3.5.3. For such a potential,
the almost-sure asymptoticsof* the total mass of the solution to the PAM have
been derived in [GarKonMolQ0]. Recall from Section 3.5.3 the standard Poisson
point process (;);en om-R%with intensity v € (0,00) and the non-negative cloud
0: R? — [0,00). Likenin Example 5.13, we neglect issues about the decay of the
cloud at oo and simply assume ¢ to be compactly supported; see Section 7.5 for
questions about.the correlation length of this potential. We consider the potential
V(z) = > en@(@— ), ie., with the opposite sign as in the obstacle case of
Section 5.11% A"mild assumption on ¢ implies that V' is Holder-continuous. We
assumeé-that o is stricly maximal in 0 with a strictly positive definite Hessian matrix
2% = —p%(0). Clearly, H(t) = log(e®V () = v [(e!¥®) — 1) du.

Like in the Gaussian case of Example 5.13, we introduce the Legendre transform
L(h) = sup,so(ph — H(p)) of H and define h; via L(h;) = dlogt. Then it is
derived in [GarKonMol00] that the asymptotics in (5.15) literally hold true with
the same value y = (202)~/?tr(X), where now (0) = o2, and 2 is the Hessian
of —p at zero. The interpretation of this result is the same as in the Gaussian case;
we do not spell it out. Again, h; ~ max|_,« V, but here the numerical value is
hy ~ do?logt/loglogt. This asymptotics is too rough to replace h; in (5.15), as
the error term of the first term would spoil the precision of the second. Sufficiently
precise asymptotics for h; would have to depend on more details of the cloud in a
neighbourhood of zero. <&
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Details about intermittency

In this chapter, we discuss much stronger and more detailed assertions about inter-
mittency than we did before. They characterise the long-time behavieur, of the mass
flow through a random potential in a quite satisfactory way and‘give much addi-
tional information on the solution to the PAM. In Section 6.1-we give an account
on these assertions and a survey on the literature and on the remaining sections of
this chapter.

6.1 Survey

One of the fundamental properties of the RAM is intermittency. Here we want to
understand this phenomenon in a mest)descriptive way, i.e., in the sense that the
mass of the heat flow through the random potential is concentrated in a few small
islands, the intermittent islands;.-which are time-dependent and randomly located.
This is a strong effect of concentration or localisation. We discussed intermittency
already on various levels of deepness and from different angles, see Sections 1.4,
2.2.4 and 2.3. A rough understanding of this effect was utilized in the proof of the
lower bound for the almosti sure behaviour of the total mass (see Section 5.1), where
we used the contribution of just one such island to obtain a sharp lower bound, at
least on the exponential scale that we looked at. We also analysed the characteristic
variational formulas'y and x, in Section 3.4 and argued that they describe the
potential and.the solution in the intermittent islands.

In this chapter, we want to go much deeper and discuss much more detailed
aspects of intermittency:

Deterministic shapes: Inside these islands, the potential £ and the solution

u(t,+) approximate the shapes given by characteristic variational formulas.

Random locations: The locations of the islands form a Poisson point process in
space.

Mass concentration: The contribution from the complement of the union of
these islands is negligible.

One-city theorem: The mass concentration takes place in just one of these is-
lands.

Ageing: The time-evolution of the entire mass flow shows an ageing behaviour in
terms of the city location process.

All these assertions are presumably true in great generality for the solution to
the PAM defined in (1.1)—(1.2) and have been proved yet for various interesting
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potential distributions, as we will report on. The first four of these statements
concern only one fixed, late time, a snapshot of the mass flow, but the fifth one
considers the entire time-evolution of the mass flow.

In the annealed setting, the above aspects are not too interesting, as most of
them have been implicitly already convincingly been handled in the treatment of
the moments in Section 3.2; see also Remarks 3.8 and 3.14 for the shape property.
An exception is the mass concentration property, which has been handled for the
class (DE) only, to the best of our knowledge, see Section 7.1. However, in the
quenched setting and in the setting of convergence in probability, they are highly
interesting, as they show a rich picture, give rise to deeper study, and their proofs
require combinations of quite subtle means.

As usual, we consider the solution u(t,-) of the PAM in (1.1) with localised
initial condition u(0,-) = do(+). The main goal is to explain how to find relatively
small and few random subsets A1, ..., A,, of Z¢, the intermittent islands, such that

U(t) ~ Z > ult,z), t— oo, (6.1)

i=1 z€A;

i.e., the contribution from outside the union of these islands is negligible w.r.t. the
contribution from inside. (Note that this is a much stronger assertion than say-
ing that just one of them gives a comparable contribution.) As we discussed in
Section 2.2.3, crucial for this is the eigenvalue expansion

| B
up(t,) = Y e PugQfusl), ¢ (0,00), (6.2)
k=1

(recall (2.18) in Section 2.2.1) for“the)restriction up of the solution to some box
B C Z%, which we will have to take ¢-dependent and sufficiently large. From this, we
(rightfully) expect that the sets\A; will turn out to be the sets on which the leading
eigenfunctions vy of the Anderson operator &' + £ are concentrated. However, for a
higher precision (i.e., for obtaining (6.1) with a small n;), also their distance to the
origin has to be taken into account, as we will see.

Let us give some survey on the literature and on the remainder of this chapter.
Results of the typein (6.1) in the almost-sure sense were first derived in the cases
of Brownian metion among Poisson obstacles [Szn98] (see Remark 6.3) and for the
double-exponential distribution [GirKonMol07], both with possibly a quite large
value of my,‘that is, n; = t°(1). The latter work derived also the shapes of the poten-
tial & and of the solution (¢, -) in the peaks, which will be presented in Section 6.2.
The strongest concentration property that can be hoped for in the almost-sure sense
isswith ny = 2 for reasons that we explain in Remark 6.7. This was proved for the
first time in [KénLacMo6rSid09], and that for the heaviest-tailed distribution, the
Pareto distribution.

In the sense of convergence in probability, concentration with n; = 1 was proved
for some related potential distributions in [LacMor12, SidTwal4, FioMuil4] (even in
random environment, see [MuiPym14] and Section 7.9.2). All these cases belong to
the (vicinity of the) class (SP) (see Remark 3.16), i.e., the set A; in (6.1) is a single-
ton here. Recently, the class (DE) (see Remark 3.17) was handled in [BisK6nSan16],
which we outline in Section 6.4; here the geometry of the islands is non-trivial.

An important and serious pre-step for the proof of such strong concentration
properties is the derivation of a Poisson point process convergence for the point
process consisting of all the top eigenvalues and corresponding eigenfunctions in
large boxes. Some phenomenological relations with Anderson localisation come to
the surface here. Assertions of this type have been derived in a series of papers
by Astrauskas, see his recent survey [Ast15], but only for potential distributions
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in the class (SP), where the eigenfunctions are delta-like functions. In the much
more challenging case of the double-exponential distribution, [BisKén16] derived
such statements; this is discussed in Section 6.3.

Ageing properties were first derived for the Pareto distribution in [MérOrtSid11]
and more recently for other potentials in the class (SP) in [SidTwal4, FioMuil4]and
for the class (DE) in [BisKénSan16]; we give an account on this in Section 6.5. Let us
mention that [Mo6rll] is a rather readable survey on the concentration and ageing
properties of the PAM with heavy-tailed distributions, in particular the Pareto
distribution.

However, for the least heavy-tailed potential classes, (AB) and (B), all the above
five detailed assertions have not yet been formulated nor proved in the literature,
to the best of our knowledge, with some kind of exception of (B) in the spatially
continuous case, i.e., Brownian motion among Poisson obstacles, see [Szn98].”This
is a certain lack in the study of the PAM, but it is expected that the overwhelming
part of the formulation and of the proofs will be rather similar to the existing proofs
in the other cases. Hence, after 25 years of intense research on the PAM, it appears
that its standard version for i.i.d. random potentials has, phenomenologically and
mathematically, been fully understood, as only some partial questions remain open
yet, most of which can be considered of technical nature.

6.2 Geometric characterisation of intermittency

In this section we give a more precise formulation,of (6.1) in the almost-sure sense
for the class (DE) introduced in Remark 3.17. In particular, we describe the sets A;
and the typical shape of the potential’&and of the solution u(t,-) inside these sets.
We follow [GarK6nMol07], but slightly<simplify some facts.

We assume that the parameter p appearing in (3.44) is so large that, up to
spatial shifts, the variational problemrin (3.47) possesses a unique minimiser, which
has a unique maximum [GarHol99]. (Recall that p > 16 suffices.) By V. we denote
the unique centred maximizer\of (3.47), i.e., of the variational formula

Y = inf (g Z e?(2)/p _ )\(90)),

7d
pER z€Z4

where we recall. that \(y) is the principal eigenvalue of A + ¢ in Z¢, and we may
restrict_the infimum to those ¢ that satisfy lim,_ ., ¢(z) = —oco. For definiteness,
we assume-that V* attains its unique maximum at the origin and call V, optimal
potential shape. Some crucial properties of the formula (3.47) are as follows. The op-
érator /¥ + V, has a unique non-negative eigenfunction w, € ¢*(Z%) with w.(0) = 1
corrésponding to the eigenvalue \(V;). Moreover, w, € £*(Z4) is positive everywhere
on Z.

One crucial object is the maximum h; = max,c g £(2) of the potential in the
centred macrobox B®, which has radius ~ tlog? ¢, as we recall. We shall see that
the main contribution to the total mass U(t) comes from the neighbourhoods of
the local sets of best local coincidences of & — h; with spatial shifts of V.. These
neighbourhoods are widely separated from each other and hence not numerous. We
may restrict ourselves further to those neighbourhoods in which, in addition, u(, -),
properly normalized, is close to w.

Denote by Br(y) = y + Br the closed box of radius R centered at y € Z%
and write Br(A) = ,c 4 Br(y) for the R-box neighbourhood of a set A C 7%, In
particular, By(A4) = A.

For any € > 0, let r(e, p) denote the smallest » € Ny such that
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hoel 0 welw) <e. (63)

zE€Z\ B,

Given f:Z% — R and R > 0, let ||f||lg = sup,cp, |f(#)|. The main result of
[GarKonMol07] is the following.

Theorem 6.1. There exists a random time-dependent subset I'* = Ft*log2t of
Birog2 ¢ such that, almost surely,

1
(i) litnig}fm Yo uta)=1-¢g € (0,1) (6.4)
TE€By(c,p) (I'*)
(i) || <t°D  and min |y —g| >0 st — oot (6.5)
YYEr™: y#y
(iii) Jim max[ley+) —he=Va()ll, =0, R>0; (6.6)
() Jim ma |52 w*(-)HR —0, R>0. (6.7)

Theorem 6.1 states that, up to an arbitrarily small (relative error ¢, the islands
with centers in I'* and radius r(e, p) carry the whole mass of the solution w(t, -).
In terms of (6.1), n; = |I'*| = t°) and the 4, are the R-neighbourhoods of the
sites in I'*. In each set A;, the shapes of the potential and the normalized solution
resemble h; + V., and w,, respectively. The mutual distances of any two of these
island increase almost like .

One crucial input in the proof of the'shape properties (i.e., (iii) and (iv)) is a
property of the characteristic variational formula y in (3.47) that is sometimes called
stability: If some sequence of admissible functions ¢,,: Z? — R is picked such that
their values of the functional 2. e®(*)/? — \(¢) converges towards the infimum,
X, then, up to some spatial.shift, ¢,, converges towards the minimiser V*.

The main strategy\of\[GArKonMol07] is not based on the eigenvalue expan-
sion in Remark 2.2.1, since it is difficult to handle the possible negativity of the
eigenfunctions at zero. Instead, a strategy is developed that works exclusively with
principal eigenfunctions of A + £ in local neighbourhoods of high exceedances of
the potential -after’ destroying the quality of the eigenvalues in all the other islands.
One crucial,point is the proof of the exponential localisation of the corresponding
eigenfunctions using a decomposition technique for the paths in the Feynman-Kac
representation for these principal eigenfunctions (called probabilistic cluster ezpan-
ston in’|GarKonMol07]). This is based on the fact that, with high probability, the
small regions in which the potential £ is extremely high, are of bounded size and
have a huge distance to each other. Hence, if the path in the Feynman-Kac formula
visits more than one of them, then he has to travel for long time through space
with much lower potential values, and this implies that their contribution to the
expectation is negligible.

Remark 6.2. (Deriving concentration of u(t,-) from concentration of
eigenfunctions.) Let us present one crucial technical input in the proof of Theo-
rem 6.1, which was used also in later papers on this subject. It shows how to derive
the concentration property of the solution wu(¢,-) of the PAM from the exponential
localisation property of the leading eigenfunctions.

We consider the function w (depending on B = B and I'*) given by the
Feynman-Kac formula
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w(t,z) = E, {exp{/otf(Xs) ds}éo(Xt)]l{TBc > {7y, < t}}, t>0,z¢ B,

(6.8)
where we write 74 = inf{t > 0: X; € A} for the entrance time into a set A C Z<.
Note that w is the Feynman-Kac formula for the solution of the PAM in the set B
with zero boundary condition, restricted to those paths that visit the set I"*. (Those
who don’t can be handled by rougher means.) Then [G&rKénMol07, Theorem 4.1]
says that, for any ¢t > 0,

w(t,) < Y wlt.y)loyl3,(), (6.9)

yel™

where v, is the principal eigenfunction of A" 4+ & in B after removing from each
island the site with the highest potential value, with exception of that one-that
contains y, normalised by v, (y) = 1. (We mentioned these principal eigenfunctions
as crucial objects in the proof of Theorem 6.1.) In particular, for any # /> 0,and
t>0,

ZQ: B\B,(I'* ’U)(t,.l?)
€B\B,(I") < max {Ilvylli 3 Uy(x)}, (6.10)
ZzEB w(t7 {17) yerl’ z€B\B,(I'*)

which is obviously enormously helpful for proving the coneentration property of
w in the neighbourhoods of the set I'*. The proof of (6.9) consists of clever, but
elementary manipulations using the Markov propertyand related tools. &

There is no control on the differences betweenany two of the top eigenvalues,
but it is shown that the concentration centres of,these eigenfunctions have mutual
distance t'=°(") from each other. This ‘in"turn implies that there are not more
than t°) of them, and therefore thefe must be, somewhere close to the top of the
spectrum, some gap of minimal size ¢~9"). This gap played a crucial role in the
proof of the exponential localisation.

Remark 6.3. (Brownian path-concentration among Poisson obstacles.)
In the case of Brownian motion among Poisson obstacles (see Remark 1.10) an
assertion was proved (see [$z1198]) that is closely related to Theorem 6.1. In fact, this
assertion is formulated in térms of the behaviour of the motion among the obstacles
rather than in terms'of mass concentration of its occupation probabilities. The main
result here can be.roughly formulated as follows. Almost surely, as ¢ — oo, there
are n; = t°M-balls A4, ... ,Ap, C RY of radius = &; with mutual distance ¢!—°(1)
such that the ‘Brownian motion of the Feynman-Kac formula does the following
with probability tending to one under the transformed path measure Q¢ ; defined
in (2:15). The motion arrives, after some deterministic diverging time < ¢, at one
of these balls and does not leave it anymore up to time t.

These balls are characterised in terms of the property that they optimise, within
the macrobox By ,,2 4, the sum of the principal eigenvalue of A + V in that region
and a certain quantity that measures the exponential cost for a Brownian motion
to travel to that region through the random potential. The latter can be formally
written as a Lyapounov exponent, but there exists no explicit formula for it; its
existence is based on subadditivity. &

Both results in [GarKénMol07] and [Szn98] do not provide much control on the
location of the concentration centres of the leading eigenfunctions, i.e., of the sets
A; in (6.1), nor on the minimal number n; of the relevant islands that are needed to
prove (6.1) (only n; = t°) was proved). The reasons were that both did not derive
a precise order-statistics statement on the eigenvalues that includes control on the
gaps between them, and that both did not include the analysis of the distance of the
islands to the origin, nor the size of the term v (0) in (6.1) in their investigation.
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6.3 Eigenvalue order statistics

On the way to a proof of the concentration property in just one island, we have to get
sufficient control on the gaps between all the eigenvalues \;(B) in (6.2) and on their
influences via the term vy (0). More precisely, one has to get control on the largest
value of e v (0), k € N, and to show that the gap to the second-largest of them is
significantly smaller. Note that a priori the maximal k& does not have to be k =1,
i.e., the answer is not necessarily given by the largest eigenvalue. Let us first explain
the general mechanism that comes to the surface here; the underlying mathematics
is a mixture of Anderson localisation theory from mathematical physics and spatial
extreme-value theory from statistics.

6.3.1 Point process convergence

In this section, we give a heuristic explanation of a point process approach to the
top of the spectrum of A" + £, with i.i.d. random potential £, in-large boxes. We
recommend [Res87] for an extensive background on extreme-value theory, and on
point processes and their convergence. We refer to the eigenvalues A\, = A, (B) and
orthonormal basis of eigenfunctions vy of A'+¢ in a large box B with zero boundary
condition as in (6.2).

What do the terms A, and vy (0) express? We indicated the answer already in
Section 2.2.3, where we said that one crucial fact from“Anderson localisation theory
is the exponential decay of the eigenfunction-vi(away from its localisation centre
z. Hence, vy (0) should somehow measure the”distance of z; to the origin, i.e.,
it should be upper bounded against something like a negative exponential of |zj|.
Furthermore, the corresponding k-th largest eigenvalue A should indeed be seen
as the k-th largest principal eigenvalue in a small sub-box of B, and we will make
this important identification throughout these heuristics. These sub-boxes are the
local regions of very high values of the potential in the sense of an extreme-value
statement, and they are far-apart from each other and hence practically independent.
Hence, the logarithm of\the term e*** v (0)] is a difference between the ‘gain’ coming
from a large local principal eigenvalue and the ‘cost’ for the local region being far
away from the origin.

A control on all these values is achieved by means of a point process convergence
of both the eigenvalues and the distances of the localisation centres to the origin
towards a Roisson point process, after suitable rescaling and shifting. By this we
mean a statement of the form

IBLI
L—oo
D (B —an)brimyL) = PPP(R x [~1,1]% 11 @ Leb|_y 1ja), (6.11)
k=1
where By, = [~L, L]*NZ%, \,(Br) and vy, are the eigenvalues and eigenfunctions of

X' +€in By, z, € By, are the localisation centres of v, and ay, and by, are suitable
norming constants, and g is a suitable intensity measure on R for the limiting
Poisson point process. We already anticipated that the limiting locations of the
normalised localisation centres are homogeneous by putting the Lebesgue measure
on [—1,1]¢ as the spatial part of the intensity measure.

From (6.11), we obtain the information that all the eigenvalues that are of order
ar,, have gaps of order 1/by, between successive ones of them and that each of them
converges in distribution to some non-trivial explicit distribution; furthermore, their
localisation centres have distances of order L from each other. Note that, a priori,
all the other eigenvalues diverge in this limit either to 400 or to —co and disappear
in the limiting process. The choice of the scaling terms a;, and by, determine in what
part of the spectrum we derive non-trivial assertions.
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In the application for the PAM, we are exclusively interested in the top of the
spectrum, i.e., in A1 (Br), A2(BL), . ... In order to fish out these, we need to take ar,
and by, as suggested from the extreme-statistics behaviour of these random variables.
A proper choice for ay, can be roughly guessed from the requirement

Prob(M\(Br) > ap) ~ ——, L — oo, (6.12)
|BL|

where Bg is a box (a ‘microbox’) in which the corresponding eigenfunction will
have most of its mass. This requirement guarantees that we may expect approxi-
mately one microbox of radius R in By with local principal eigenvalue of size ay,
with high probability, and ay is maximal with this property. Having identified ap,
by (6.12), one needs to find the second crucial scale by, by the requirement that
Prob(A1(Bgr) < ar + s/br.)|BL| converges to some non-trivial distribution function
in s € R. Having found the right norming constants, (6.11) follows from standard
techniques from the theory of extreme-value statistics. Also the identification of the

limiting distributions of the rescaled eigenvalues, (A;(Br) — ar)br, Lzge i, follows
from standard devices; in general they have one of the three famous extreme-value
distributions, the Weibull, Gumbel or Fréchet distribution.

Actually, the above explanation can serve only as a heuristic; as all the proofs
that we know are not able to get sufficient control on wvi(0), since this is not a
quantity that can be expressed in terms of convergent.objects in the light of the
above point process convergence. Instead, one works.with probabilistic tools, using
the Feynman-Kac formula.

Strictly speaking, is is not Anderson localisation that is exploited in the above
heuristics, as this term applies by definition only in the Z?-setting, but not in large
boxes, but there is no doubt that the localisation picture should persist also to this
setting, and that for pretty many potential distributions.

In those cases in which the eigenfunctions are very strongly localised, i.e., on
single sites with a delta-like shape, “this localisation picture is not far from the
standard case of just i.i.d..random variables instead of local eigenvalues. This is
essentially the class (SP). and, will be highlighted in Section 6.3.3. In the general
case, it is not easy to separate the concentration regions oft the eigenfunctions from
each other. One important such class, the class (DE), is presented in Section 6.3.2.
Precise assertions for.other classes do not seem to exist in the literature, see some
remarks in Section-6:3.3.

6.3.2 The class (DE)

In this section, we give details about the eigenvalue order statistics for the double-
exponential distribution (the case (DE)), which is based on [BisKén16]. See Sec-
tion 6.3.3 for the other potential classes.

Let the potential distribution lie in the class (DE), i.e., Prob(£(0) > r) =
exp{—e’/*} for large r € R, see Remark 3.17, with some technical extra restric-
tions. Note that the maximum of the i.i.d. potential ¢ in the box By, = [-L, L]*NZ4
is equal to ploglog|Byr| + o(1) as L — oo, as one can easily derive from the up-
per tails (see also [GarMol98]). Recall the characteristic variational formula x and
related information from Remark 3.17. Hence, A1(BL), the largest eigenvalue of
A+ ¢ in By, is ploglog |Br| — x + o(1). Let us define ay, by the requirement that
Prob(M (Biog) > ar) = 1/|Byg|, see (6.12). (One has to pick the radius of the
microbox divergent, since the full spectral description of the intermittent islands
requires a fixed radius of arbitrarily large size to get arbitrary precision, hence we
made the choice R =log L.) Then ay, = ploglog |Br| — x + o(1), and we can expect
that, with high probability, there is one local region of radius log L in Bj whose
local eigenvalue is roughly equal to ar..
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Now we can deduce much more information about all the top eigenvalues and
eigenfunctions, \;(Br) and v, in By, with zero boundary condition.

Theorem 6.4 (Eigenvalue order-statistics in case (DE)). For each L > 1
there is a sequence Z\", Z5" ... of random sites in By, such that, for any Ry —
00, in probability,

lim S w»P =1, keN (6.13)

L—oo
z: \sz,iL) <R

Moreover, the law of the point process

Za(()‘k(BL)_aL)IOg L)vz;iL)/L) (6.14)
keN

converges weakly towards a Poisson point process on R x [—1, 14 with intensity
measure e~ d\ ® Leb(dx).

(6.13) states the concentration of the k-th eigenfunction ima Rp-box centred at
some random location Z,(C“; this is the spectral concentration part of the assertion.
(6.14) is an example of (6.11) with ar, = ploglog|Br|+~ x + o(1) and by, = log L.
In particular, the eigenfunction localisation centres converge towards a standard
Poisson process, after rescaling with L, and.any two neighbouring eigenvalues have
distance of order 1/log L to each other. More precisely, the rescaled eigenvalue
(M (Br) — ploglog L% + x) log L converges weakly towards a standard Gumbel vari-
able, and all the other rescaled eigenyalues converge towards some explicit random
variables that can be expressed in‘terms of i.i.d. copies thereof. Formulated in one
compact statement, we have

(e_%o\l(BL)—aL)lOg‘BLl, o ’e_%()\k(BL)—aL)IOg‘BL‘)

L—oco

= (El,El+E2,...,E1+"'+Ek), kGN, (615)

where F1, Es,..ware i.i.d. exponential with parameter one. Equivalently, the vector
on the left tends in’law to the first k& points of a Poisson point process on [0, co) with
intensity onexIn particular, the gaps between two subsequent eigenvalues A, (Br)
and Mgy (Bp) are in distribution equal to 1/log L times some explicit random
variables.

Let us give some heuristic explanation about some core steps of the proof of
Theorem 6.4.

Step 1. The top eigenvalues are essentially local principal eigenvalues,
and hence independent. Let us explain why the leading eigenvalues (i.e., those
Ar whose values are not far from the one of \; in Bp) are extremely close to
the principal eigenvalue in some small box. Indeed, pick some threshold A > 0
and put U = U.,cp, . ¢(:)>7, (81, )—24 Br(2) for some radius R > 0, then U is the
union of R-balls around the sites carrying highest potential values in Bp. Then,
according to [BisK6n16, Theorem 2.1], for any k such that Ay > Ay — A/2, we have
IAk(Br) — Me(U)| < 2d(1+ £5)'72E, i.e., the difference between the k-th eigenvalue
in By, and the k-th eigenvalue in the (much smaller) set U is tiny for large R. (To
see this, one shifts £(z) for z € By, \ U towards —oo and uses that the derivative of
the eigenvalue with respect to £(z2), i.e.,

afawkwm =¢u(2)?,  z€Br. (6.16)



6.3 Eigenvalue order statistics 91

is tiny.) Taking now into account that, with high probability, U decomposes into
many components of bounded size [GdrMol98, Corollary 2.10] and are far away
from each other [GarKénMol07, Lemma 5.1], and knowing that the second-largest
eigenvalue in such a component is bounded away from the principal one [BisKén16,
Proposition 2.2], we see that each eigenvalue A\, (U) with sufficiently large k& must
be the principal one in one of these components. This argument also shows that the
global top eigenvalues \i(Bj) can be well approximated with local principal ones,
and the latter are independent.

Step 2. The local principal eigenvalues satisfy an order statistics. For
having this, one needs an assertion of the form

—S

Prob(A (Biog1.,&) > ar, + s/bp) ~ ‘GB—L| for any s € R, (6.17)

as L — oo, for some scale function by, where we recall that ay, was picked: suchsthat
this holds for s = 0. If £ is given precisely as the double-exponential distribution in
(3.44), this implication is shown to be true with the value by, = %log L. The main
point here is that the behaviour of this distribution under shifts £ — ¢ + ¢ is rather
easily identified explicitly. This is the core of a proof not only-of an eigenvalue order
statistics in the domain of attraction of the Gumbel distribution, but even of the
convergence of the point process of rescaled eigenvalues, together with the rescaled
localisation centres of the corresponding eigenfunctions, towards an explicit Poisson

point process. In particular, we know now that the gaps-between any two subsequent
eigenvalues behaves like 1/log L times an explicitly’known random variable.

Step 3. Eigenvalue gap implies eigenfunction decay. This a kind of argument
that is well-known in Anderson localisation‘theory (see e.g. [Kir10]): the eigenfunc-
tion corresponding to an eigenvalue that has a notable, positive distance to all the
other eigenvalues decays exponentially fast away from some site, its localisation
centre. For proving this, in [BisK6n16], an argument is employed that shows that
the eigenfunction remains practically unchanged if the potential is shifted to —oco
outside of a neighbourhood-of’the local island of sites that give extremely high po-
tential values and carries some mass > 1/2 of the eigenfunction. For this, one first
shows that the process

- 2d
(Uk(Yn) H 2d — )\k(BL> - f(YD)nGN

=1

is a martingale, where (Y},),en is a discrete-time simple random walk starting
from the localisation centre. Since the quotient in the product lies in (1,00) and is
bounded away from 1 as long as Y runs outside the highest peaks, this property
makes it quite easy to show that the eigenfunction v, decays exponentially fast
away from the area of high exceedances of £. Using this in (6.16), we see that the
eigenvalue does not change if the potential is drastically changed there.

This ends our heuristic explanation of the proof of Theorem 6.4.

6.3.3 Other classes of potentials

In this section, we report on assertions about eigenvalue order statistics and point-
process convergence for the eigenvalues and eigenfunction localisation centres for
other classes of potential distributions.

Let us start with the most heavy-tailed ones. As we will see in Section 6.4.2,
for several distributions in the class (SP) (i.e., for the heavier-tailed distributions
of Example 1.14), the mass concentration phenomenon for the PAM in one island
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has been proved in the literature. For the heaviest-tailed distributions like Pareto,
Weibull with parameter in (0, 2) and the exponential distribution, no explicit formu-
lation of an eigenvalue order statistics is necessary, as the intermittent islands are
just singletons. The concentration in these singletons can be proved without help
from spectral properties like shapes of eigenfunctions in their neighbourhoods, in
contrast to the case (DE). However, an order statistics theorem like in (6.14) for the
i.i.d. potential values instead of the eigenvalues is an important ingredient there, but
was not in all that papers explicit. E.g., for the Pareto distribution, it turned out in
[K6nLacMorSid09] that the potential values, and hence the top eigenvalues, lie in
the max-domain of a Fréchet distribution, but no explicit point process convergence
was necessary, since only the three largest potential values needed to be looked ‘at:
The Pareto distribution is the heaviest distribution that can be used for the PAM
(recall the condition in (1.5)), and it was the first one for which the concéntration
property of the PAM was proved.

However, the eigenvalue order statistics for heavy-tailed potential 'distributions,
in the same vein as in Theorem 6.4 and without relation to the-time-dependent
problem (the PAM), have been derived in a series of papers [Ast08; Ast12, Ast13],
together with detailed asymptotics in distribution for the distance of the normalised
eigenfunctions from the delta-function in the localisation eentre and much more de-
tailed information. (See the recent extensive survey [Ast15].) They are also used as
a basis for the proof of the mass concentration property for the PAM with Weibull
distribution with parameter in [2, c0) in [FioMuil4]. For this distribution (which is
within the class (SP) closest to the class (DE)), thie shape of the eigenfunctions in
a certain neighbourhood of the concentration singletons must be taken into consid-
eration, even though the neighbouring values of the eigenfunctions vanish quickly.

For the two interesting cases (AB) andy(B), to the best of our knowledge, neither
an assertion on the eigenvalue order statistics, nor a concentration property of the
PAM has been proved yet, and we consider this as an interesting research project for
the future, at least for some prominent representatives. We conjecture that in both
these cases the principal eigenvalues lie in the max-domain of a Gumbel distribution.
However, this should hold\ in"the case (B) only for v > 0 (recall the notation in
Remark 3.19), while-the case v = 0 should lead to the Weibull distribution. One
important difficulty that one has to overcome in the case (B) is that the change
from {Ai(Biog ). ar} to {\t(Biog ) > a1, +s/br} does, in contrast to the double-
exponential distribution, not predominantly come from making each single potential
site greater.by»the amount s/br, but from making the radius of the ball larger in
which the petential gives the main contribution. For (AB), a combination of these
two effeets will be in order. However, we believe that several tools from [BisKén16]
can be used or easily adapted.

Let us also remark that, to the best of our knowledge, there is no detailed
assertion in the literature about point process convergence for the eigenvalues for
any Gaussian random field in large boxes of R?, not even under strong regularity
assumptions.

6.3.4 Relation to Anderson localisation

Let us make some remarks on similar eigenvalue expansions for the Anderson Hamil-
tonian that were achieved in the community of random Schrddinger operators. In-
deed, the joint distribution of the eigenvalues and the concentration centres of the
eigenfunctions is of great interest, as it gives important information about Anderson
localisation, see Section 2.2.3. In this community, the interest in such information
is not restricted to the top of the spectrum, but extends to all parts of the spec-
trum where Anderson localisation is known to hold. Consequently, statements like
the one in (6.11) do typically have nothing to do with extreme-value analysis, and
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the norming constants ay, and by, are picked according to other requirements than
the one in (6.12), as one mostly works inside the spectrum, i.e., away from the
boundaries. Consequently, the order 1/b;, of the gap size is then 1/|BL|, in contrast
to the much larger gaps at the spectral boundary (e.g., 1/log|By| for the double-
exponential distribution). Furthermore, the limiting Poisson process has a different
intensity measure, since it does not come from extreme values.

An early example is [Mol81], where the eigenvalues of the one-dimensional An-
derson Hamiltonian on Z are shown to have a Poisson process structure. An im-
portant progress is made in [Min96], where this kind of assertion is extended to
the d-dimensional setting in R%. The main value of [Min96] is the introduction of
a flexible estimate that establishes the existence of a gap between two subsequent
eigenvalues, an estimate that is now called the Minami estimate. The first result on
the convergence of point processes of both the eigenvalues and the concentration
centres of the eigenfunctions is [KilNak07]; see also [Nak07]. The currently strongest
available results are in [GerKlo14] and [GerKlo13], where [GerKlo14] works in the
bulk of the spectrum and [GerKlo13] close to the top; see also [GerKlol1].

The latter two works consider much more general random operators’H than just
the Anderson operator A" + ¢ on Z% or A +V on R%, and they assume that the
potential distribution has a bounded density and that Anderson-localisation holds
in the spectral interval considered. Furthermore, they make.a couple of assumptions
on the validity of Wegner and Minami estimates, which.are known to hold for large
classes of random operators H. They pick a growing number of eigenvalues in the
interval considered and corresponding eigenfunction centres and show that their
point process, after ‘unfolding’, converges towards a standard Poisson process with
intensity measure d\ ® dz, i.e., the Lebesgue measure both in spectrum and space.

More precisely, they do not look at aresealing (A, (Br)—ar )by for box-depending
quantities ay and bz, but on the unfolded eigenvalues [u(Ap(Br)) — p(Xo)]|BLl,
where p: R — [0, 1] is the integrated density of states (IDS), see Section 2.2.6, and
Ao is a certain value in the spectrum of the global operator H that satisfies some
additional properties. Since Xguis assumed to lie in the interior of the support of the
IDS, also [GerKlo13] makes assértions only for eigenvalues that are substantially
away from the boundary lof the spectrum (however, it contains also a restricted
assertion precisely.at the boundary for the one-dimensional operator H = A* + £).
All the assertions proved in [GerKlo14] and [GerKlo13] do not come from any kind
of maximisation and therefore have nothing to do with extreme-value analysis, nor
there are assertions about the shape of the potential inside the islands. A comparison
to the approach described above is not immediately clear.

6.4 Concentration in one island

Let us now come to the strongest assertion on intermittency that one can think of:
the contribution to the total mass U(t) coming from the solution u of the PAM
in (1.1)—(1.2) in the complement of just one island is negligible with respect to
the one coming from this island itself. This is the assertion in (6.1) for n, = 1.
Such a strong assertion has been proved for several distributions in the class (SP)
(i.e., with concentration in one single site) and for the class (DE) containing the
double-exponential distribution. However, such a statement is lacking yet for both
the cases (AB) and (B) and also for the spatially continuous setting. (However, note
that it has been proved for the PAM in a special random environment with Weibull
distributed potential, see Section 7.9.2.)

It was a certain change of paradigms around 2006 to look at the PAM with ran-
dom potential in a class that has no finite exponential moments, as the solution u to
the PAM then does not have any moment. Therefore, moment intermittency defined



94 6 Details about intermittency

by (1.10) cannot be considered and these potentials a priori do not fall into any of
the four potential classes introduced in Section 3.4 (but belong in spirit to the class
(SP)). However, starting with [HofM6rSid08], it became quickly clear that such po-
tentials are highly interesting and push the investigation of the PAM much further,
as they offer the possibility to study the geometric picture of intermittency in great
detail, while posing tractable, but still considerable, mathematical difficulties. They
are easier to handle, as the islands are singletons, and the spectral landscape can
be treated in some respects like an i.i.d. field. Later, additional efforts were invested
to manage also the class (DE), where the islands carry interesting structure.

We are going to outline the case of a double-exponentially distributed potential
in Section 6.4.1 and the Pareto distribution and other distributions in the class
(SP) in Section 6.4.2. We are working here with convergence in distribution, but see
Remark 6.7 for almost-sure versions. We remind on [Res87] as an excellent. source
of general information on extreme-value theory and point process conveérgence.

6.4.1 The class (DE)

We consider an i.i.d. potential £ in the class (DE) (see Remark 3.17) with parameter
p € (0,00), i.e, with upper tails like Prob(£(0) > r) ~ exp{~e'/?} for any large
r € R, and with some mild technical restrictions. We follow [BisKénSan16]. Recall
the notation from Theorem 6.4, in particular the Poisson point process on R x R?
with intensity measure e~* dA® Leb(dz), which we new want to write as (s, ;)ien;
note that we extend it here to the entire space R xR?. For § € (0, 00), we introduce
the function
|z

1/)9(77:5):7_77 ’YGRWEERCI?

and denote by (v;,xj) the pair that maximises 1g(~;, x;) over all the ¢ € N. (It is
standard to see that, for almest-all 6, this is well-defined and unique.) Then we can
formulate the asymptotic,coucentration property of u in just one single island as
follows.

Theorem 6.5 (One-island concentration in the case (DE)). There is a Z%-
valued process(Z)ie(0,00) Such that the following holds.

(i) For any 6'€ (0,1), there is R € N satisfying

1
liggf W : ;KRu(t,z) >1-90 in probability.

(@) with d; = p/dlogt and L, = dt/plogtlogloglogt,

2+ 1logU(0t) — ar, Zoy
dy "Ly

t—aqo * * *
0€(0,00)

where = denotes weak convergence on every compact time interval C (0,00)
in the Skorohod space.

(iti) In particular, for each § > 0, (4;logU(0t)—ar,)/d; converges in law to a Gum-
bel random variable with scale 1 and location dlog(20), while Zy:/L; converges
in law to a random vector in R with Lebesgue density x — (20)te~1=1/?.

Hence, the total mass essentially comes from a single island, and the larger the
island is taken, the more percentage of the total mass is captured. This is (6.1)
with n; = 1. Furthermore, the island is at distance =< t/(logt logloglogt) from the
origin, and the Poisson point process introduced in Theorem 6.4 describes both the



6.4 Concentration in one island 95

location of the island (i.e., of its centre point Z;) and the principal eigenvalue of
A +¢ in the island, via the approximations 1 log U(t) ~ A1 (Br(Z:), &) —|Zi|/r¢ and
ar, = maxp, & — M(Br(Z:),§) = ploglogt — x for t — oo, followed by R — oo;
see Remark 6.6 for more details. Assertion (iii) is standard in the theory of Poisson
point processes; it shows that the eigenvalue-order statistics lies in the Gumbel class.

Remark 6.6. (Relation with eigenvalue order statistics.) The spatial scale
L; < t/logtlogloglogt comes from an optimisation of the travel distance of the
trajectory and the local eigenvalue in the Feynman-Kac formula, using the knowl-
edge that we have from Theorem 6.4. Indeed, inserting the strategy that the path
needs s time units to reach an optimal island B at distance L from the origin
and with eigenvalue A\ and then remains ¢t — s time units in that island, gives the
approximation

Eo[elo €X)dr1{| X, | = L}I{X, € BVr € [s,1]}] ~ Po(|X,| = L)e =1
~ eleog(L/s)e(tfs))\'

(For the path probability approximation we used (3.5), as the optimal L should
be picked much larger than s.) Now we optimise over s €-0,¢], noting that A
is one of the local principal eigenvalues A, which behaves>like ar + vi/log L =~
ploglog L — x + 7/ log L, with one point v; of the limiting-Poisson process. Hence,
we choose s = L/ A\, &~ L/ay, assuming (and later justifying) that this is < ¢. After
applying some elementary approximations, we see that the function

Up (N z2) = %()\ —ap)logL — %, where-r;, = Llog Llogloglog L, (6.19)
describes the exponential rate on the seale 7, from the contribution to the Feynman-
Kac formula coming from such a path behaviour. Now we pick L; according to rz, =<
t, which gives a balance between-the eigenvalue rescaling and the spatial terms,
makes both terms running on’afinite scale, and implies that L; =< ¢/logtlog loglogt.
Recall the point process of'\eigenvalues and localisation centres of the eigenfunctions
from Theorem 6.4, then.formally combining the limit L — oo with the limit { — oo,
we see that one should have

(Zhoa (B, 20)) 25 (a3 w) ey

keN
Picking the'maximum over k yields Theorem 6.5(ii). This heuristics explains only the
concentration property within the centred box of radius of order ¢/ log ¢ log log log t.
It isrelatively easy to show that the outside of the box with radius tlog? ¢ is negli-
gible, so some technical work is to be done for showing that also the sphere between
these two is negligible. &

6.4.2 The class (SP)

Now let us turn to the class (SP) of random potentials, see Remark 3.16. We be-
gin with the heaviest tails, the case of a Pareto-distributed potential, and follow
[HofMo6rSid08, KonLacMorSid09, MorOrtSid11]; see also the survey [Mor11] on this
special aspect of the PAM.

The study of the PAM with thick-tailed potentials was initiated in [HofM6rSid08],
where almost sure and distributional limit theorems for the total mass U(t) are de-
rived for the Weibull and the Pareto case. We discuss here the Pareto distribution
Prob(£(0) > r) = r~ for r € [1,00) with some « € (d, 00) (recall that the parame-
ter  must exceed d to satisfy (1.5)). Here, it is proved that
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—d
(@) T x %log Ut) =2y, where P(Y < ) = exp{—0y*~},  (6.20)
and 6 is some explicit constant. Furthermore, explicit almost sure liminf and limsup
results for the logarithm of 1 log U (t) are derived. Note that the limiting distribution
in (6.20) is the Fréchet distribution, another one of the three famous limiting distri-
butions for the maximum of i.i.d. random variables. Hence, the assertion of (6.20)
is very much in line with the understanding that all the leading eigenfunctions in
the expansion (2.18) are delta-like functions, and %log U(t) is approximately equal
to the maximum of a large number of i.i.d. Pareto-distributed random variables.
In [K6nLacMorSid09], techniques from [GarKoénMol07] (in particular, the deviee
outlined in Remark 6.2) were added to prove the concentration property. Mote
precisely, it was proved that there is a stochastic process (Z)ic(0,00) in 7% such
that
U(t) ~ ul(t, Zy) as t — oo in probability, (6.21)

which is (6.1) with n, = 1. The fact that the difference between the largest and
the second-largest of the potential values in the box is huge, is helpful in the proof
at some places. An informal description of the site Z; is as follews. Consider the
function
u(z) = ¢() - Eog 12

then e*¥+(%) is roughly equal to the contribution to the Feynman-Kac formula in (2.2)
coming from a path that quickly runs to the siteyz and stays in z for the rest of
the time until ¢ (analogously to Remark 6.6).\Indeed, the first term is the potential
value that is attained for ~ ¢ time units, and-the second is the probability to go for
a distance |z| in & o(t) time units. (The function ¥, plays a similar role here as the
function ¥r, 4 in (6.19) for the dodbleexponential distribution.) Then Z; is defined
as the site that maximises ¥;. In particular, ¥,(Z;) = max,czs % (z) ~ +logU(t).
We discuss the entire process (Z;)se[o,00) in Section 6.5.

2 eZt> 0, (6.22)

tWy

Remark 6.7. (Almost sure concentration: a two-cities theorem.) The
asymptotics in (6.21)-cannot be true almost surely. In this case, ¢ would be a ran-
dom time and would" also sooner or later attain a value that lies in a time interval
during which the dominant potential peak wanders from one location to another
one. Such phases.of wandering of the overwhelming mass from one ‘city’ to the
next one occury-since the horizon increases as t increases, and the maximisation
of the field takes place over larger and larger areas, see Figure 6.1. However, in
[KonLacMorSid09] it is proved that the main mass is concentrated in no more than
two sites at any large time ¢, almost surely. This interpretation inspired the title of
the paper [KénLacMorSid09]. &

Remark 6.8. (Exponential distribution.) Another interesting potential distri-
bution that turns out to phenomenologically lie in the class (SP), is the ezponential
distribution, Prob(£(0) > r) = e~" for r € (0, 00). This distribution is considered in
[LacM6r12], and it is found that a concentration property in one single site takes
place as well. First, like for the Pareto distribution in [HofMo&rSid08], some dis-
tributional and almost sure liminf and limsup results for %log U(t) are given in
[LacMor12]. Furthermore, it is shown that the point process

1 t

. t 2)6 ith L, = —
U(t) zgdU( #0yne vith L= gt

converges towards dy, where Y is an R%valued random variable with i.i.d. coordi-
nates with exponential distribution with uniform random sign. <&
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Remark 6.9. (Weibull distribution.) For the Weibull distribution with tails
Prob(£(0) > r) = e~"", the assertion in (6.21) with a random process Z; of order
t(logt)'/7~1/loglogt was proved in [SidTwal4| for v € (0,2), and in [FioMuil4]
for v € [2,00). The latter case is technically more involved, as one has to take into
account the local principal eigenvalue in a certain non-trivial box (whose radius
depends on v only) around a local potential maximiser. Actually, the neighbouring
sites also have very large values, which are quantified in [FioMuil4] as {(Z; + z) =
(dlogt)(1=21=l/(v=1)+/7, o

6.5 Ageing and time-correlations

The ultimate goal in the study of the PAM is of course the description-of tlie
heat flow through the random potential as a stochastic process in time{ i-e.; the
description of the entire process (u(t,-))ie(0,00) Of solutions for one realisation of
the potential £. So far we reported exclusively on results about’snapshots of the
model at late times, but now we go into properties of the PAM that depend on
the time-evolution, i.e., on the observation of the process at several times. In gen-
eral, already formulations of such properties are rather cumbersome (not to mention
proofs). However, as we reported on in Section 6.4, we are¢ nowadays in the comfort-
able situation that we can convincingly characterise-the-main characteristics of the
solution in terms of just the location Z; of the single island in which the solution
u(t, ) is concentrated. This gives us the key for/formulating ageing properties of the
PAM both in terms of the process (Z;)c(o| infty) and in terms of the normalised
solution u(t,-)/U(¢).

Generally speaking, ageing is the phenomenon that the most prominent, drastic
changes of the system occur after longer and longer time periods or after shorter
and shorter time periods. Hence,; an observer is able to say how old the system is,
if he/she can measure the time period that elapses between two such changes, or
he/she can estimate the time until the next such change takes place, if he/she knows
at what time the system started to evolve. For the PAM, the most relevant drastic
changes are the jumps of the concentration centre, i.e., the jumps of the location
of the local region.with the best compromise between the size of the principal
eigenvalue and itg distance to the origin, or the jumps of the location of the dominant
peak in the landscape determined by the solution u(t,-). See Figure 6.1 for an
illustration ‘of ‘this phenomenon; Figure 6.2 shows the relation with the leading
eigenfunctions, as seen in the eigenfunction expansion in (6.2).

Detailed descriptions of ageing in various senses have been given for most of
the petential distributions for which one has derived the one-island concentration
property, that is, for the potential classes (DE) and (SP); see Section 6.4. We give
an account on them below. Let u be the solution to the PAM in (1.1)—(1.2) and
U(t) its total mass at time ¢.

6.5.1 The class (DE)

As in Sections 6.3.2 and 6.4.1, let £ be an i.i.d. random potential in the class (DE).
Recall all the notation from there, in particular the process (Z;)c(,00) of concen-
tration loci of the solution u. For the limiting process (25)ge(0,00), We denote by

O :=inf{0 > 0: 27,4 # 27} (6.23)

the time lag that elapses after time one until the next jump; @ is positive and finite
almost surely. We are citing from [BisKénSan16].
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Fig. 6.1: One realisation of a one-dimensional Pareto-distributed potential and
some information on the time-evolution. At the respective times, the parabola shows
the horizon that the mass flow sees, and the shaded areas indicate the dominant
sites. By time just before t;, the peak just left of the origin is dominant, afterwards
the peak in x3 takes over until time just before t,, then the peak in zo takes
over, then the one in x; until time ¢. Observe that the doeminance is transferred
continuously from one peak to the next one during some non-trivial (random) time
stretches. During some part of them, there are two dominant sites.

Theorem 6.10 (Ageing for the concentration locus and for the solution).

(i) For any s > 0,

thm PI'Ob(Zt+9t — Zt Vo € [07 S]) = thm PI'Ob(Zt+St = Zt)

(6.24)
=Prob(z] 4 =z} V0 € 0, s]) = Prob (6 > s).
(i1) For any € € (0,1),
1. . u(t+s,2)  u(t,2) t—oo
tlnf{s>0. gzjd‘ Ut s) U0 ‘ >€} O. (6.25)

That.is, the trajectory of the concentration locus ¢t — Z; makes jumps after time
lags of order of the time that has already elapsed at the time of the observation:
the later the observation is, the longer these time lags are. The normalised solution
t)— wu(t,-)/U(t) makes notable jumps also after these time lags; the proof shows
that their ¢!-distance is close to 0 for long time (more precisely, for Ot time units,
when the observation starts at time ¢) and then makes a jump of size ~ 1 within
o(t) time units.

6.5.2 The class (SP)

A detailed description of ageing properties for the case of the Pareto distribution
has been carried out in [MorOrtSid11], i.e., in the most heavy-tailed distribution of
the class (SP). This was the first result of that kind for the PAM in the literature;
see also the survey [Mor11]. In [MorOrtSid11], the description of the entire process
(Zt)te(0,00) Of localisation sites Z; at time ¢ is identified as follows. It is proved that
there is a (time-inhomogeneous) Markov process (Y;'",Y*);c(0,00) in R? x R such
that
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tAr +loglvg(z)] 7,

Fig. 6.2: Same realisation of a ¢
as in Figure 6.1. The logarithms of
the three leading eigenfunctions are
added, which decay linearly away
from the localisation centres x1, o
and z3. In the three figures on the
right, the three functions x — tA\; +
logvg(x), k = 1,2,3, are depicted at
times t1, to and t3. Their values at
x = 0 are decisive for the question
which one dominates, as one sees in
the eigenvalue expansion in (6.2).

N+ log [oe ()<,
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t t 0€(0,00) >9e(o7oo)'

Here Y,;” and Y, .after rescaling, are the maximizer and next-to maximiser of ¥,

defined in (6.22). We also see that (lngt) &= 7, converges in distribution to Y = Y,
hence, the distance to the origin has the order > (@)ﬁ, which is much larger
than in the\case of potentials with finite exponential moments.

Even though not made explicit in [KénLacMorSid09], the point process consist-
ing of the rescaled potential values and their locations in a large box converges to-
wards an explicit Poisson point process, and [MoérOrtSid11] contains also an explicit
description of (Y;", Y,*)pe(0,00) in terms of this process and illustrates this in terms
of figures. This is analogous to Theorem 6.5; see also [M6r11]. For an animation of
this process, see the homepage http://people.bath.ac.uk/maspm/animation_ageing.pdf.

Furthermore, it is shown there that ¢t — Z; ages in the same way as in the
case (DE), which we formulated in Theorem 6.10. More precisely, [Mo6rOrtSid11,

Theorem 1.1] says that, for any 6 € (0,00) and every sufficiently small £ > 0,

u(t,z)  u(s,z2) ‘ - 5)

lim Prob( sup  sup
t—o0 SE[t,t+t0] z€Zd U(t) U(s)

u(t,z) u(t+1t0,z) ’ (6.26)

Uty Ut +1t0)

s) = 1(0),

= lim Prob( sup
t—o0 €74

where I(#) is a number in (0, 1] with boundary behaviours given by 8(1—1(0)) ~ C;
for 0 | 0 and I(f) ~ 0=9Cy as 6§ T oo for some Cy,Cy € (0,00). Recall from (6.21)
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that w(t,-)/U(t) is essentially a delta-function at Z;, and the rescaling of Z; is a
jump process.

Also for other potential distributions in the class (SP), versions of Theorem 6.10
have been proved; see Theorem 1.3 in [SidTwal4] for the Weibull distribution with
parameter € (0,2) and Theorem 1.3(c) and Corollary 1.4 in [FioMuil4] for the
Weibull distribution with parameter € [2, 00); see Remark 6.9.

Remark 6.11. (Almost-sure asymptotics for the ageing time lags.) Consider
the waiting time R(t) = sup{s € [0,00): Z; = Z;4s}, at time ¢, until the next
jump of the process Z, then (6.26) says that the limiting distribution of R(t)/t
has distribution function 1 — I. In addition, [M6rOrtSid11, Theorem 1.3] says that,
almost surely, for any non-decreasing function h: (0,00) — (0, 00),

R(t) )0 if f1oo th%tt)d < 00,
im —=+ = e ooy (6.27)
t—oo th(t) O lf fl W = .
&

Remark 6.12. (Correlation ageing.) One of the most popular definitions of age-
ing is in terms of correlations. A process Y = (Y})¢c(0,00) I8 said to satisfy correlation
ageing if, for some scale functions s;(t) and so(t), tending to infinity as t — oo,

lim

t—o0 \/Var(Y(t))Var(Y(t 1 5i(t))

cov (Y(t),Y(t+sit)) (~ J0 ifi=1,
1 ifi=2

It appears unclear in which way this-definition makes any intuitive sense for Y equal
to the process of total masses, (U (t))+c(0,00) €-8-, even though a proof of correlation
ageing seems to be within reach for a number of interesting potentials. However, it
does make a lot of sense to study-time correlations of the solution to the PAM for
many choices of two time instants, and this line of research has been initiated in
[G&rSch11]. &
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Refined questions

Let us survey a number of questions around the PAM that go beyond the basic
questions that we have treated so far. In Section 7.1 we show what refined tech-
niques can say about deeper analysis of the moment asymptotics of the total mass.
Correlated potentials are considered in Section 7.2. In Section 7.3, we multiply the
potential with a small t-dependent prefactor and examine how"the concentrated
behaviour is turned into some homogenised one. In Sections 7.4 and 7.5 we discuss
connections between the research on the PAM and on the upper tails of the random
walk in random scenery and of general self-attractive functionals of the local times,
respectively. In Section 7.6 we make a few remarks 'on general self-attractive path
measures, in Section 7.7 we show how to interpolate between the moment asymp-
totics and the almost-sure asymptotics of tlie total mass, in Section 7.8 we report
on research on the PAM with other random paths than the simple random walk.
Results for the PAM in random environment (i.e., when the simple random walk is
replaced by some random walk in randont environment) are described in Section 7.9.
In Section 7.10 we briefly characterize the relationship of the PAM with another
model of high interest, the directed polymers in random environment, and in Sec-
tion 7.11 we discuss some'recent research on branching random walks in random
environment that was inspired by the research on the PAM.

7.1 Beyond-logarithmic asymptotics, and confinement
properties

The asymptotics of the moments of the total mass of the solution of the PAM in
Theorem 3.13 describes just the two leading terms. Here we discuss what can be
said about the next terms. This is intimately connected with a closer analysis of the
behaviours of those realisations of the path and of the potential that give the main
contribution to the moments, i.e., with extensions of the confinement properties
that we briefly mentioned in Remarks 3.8 and 3.14. There, we pointed out that the
relevant path respectively potential is (after some rescaling) attracted to the set of
all shifts of the minimiser of the characteristic variational formula. Here, we even
characterise the shift to which it is attracted.

To approach the problem and the way of thinking, we first describe it in the
simplest situation: for the real line instead of function spaces.

Remark 7.1. (The Laplace method.) First we recall, on a heuristic level, the
well-known (refined) Laplace method in a simple example. The large-t asymptotics

of the integral fol e!f(®) dg for some continuous function f: [0,1] — R can be de-
scribed just as et(maXo.11 f+o(1)  This is sometimes called the (weak version of the)
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Laplace principle. But one can also give much more precise asymptotics of the inte-
gral, and one can closer describe the set of z that give the biggest contribution to
the integral, under more restrictive assumptions on f concerning its shape close to
the maximiser(s). Let us assume that f possesses precisely one minimiser z* € (0, 1)
and that f is twice continuously differentiable in a neighbourhood of z*. Then a
Taylor expansion shows, for x — z*, that

Fla) = F@) + (2 - a)f (a) + 2 (@ — "2 )L+ o)
= maxf - Eo 14 o),

where 02 = —1/f"(z*) € (0,00). Using this for = in a O(1/v/t)-neighbourhoed of
x* gives for the integral the more precise asymptotics

1 T AR/NVE a2
/ etf(:v) do ~ et max(g,1) f/ eitT dx
0 T

*—R/VE
R
— et max[g,1] f / 6*2‘12722 % (71)
R Vi
~ et max(g, 1] f 2mo?
t

where R is a large auxiliary parameter that is sent.to oo at the end of the proof.
Indeed, the asymptotics in (7.1) are precise-up-toequivalence, i.e., up to a factor of
14 0(1) in the limit ¢ — co. The abstract idea.of the above is that, after extracting
the leading term ¢ f(z*) in the exponent; the density ¢ f(z) — ¢t f(z*) is absorbed in
the change of the variable z into t(z+"x*)?, which is of finite order for those x that
really contribute.

The asymptotics in (7.1) are known as the (strong version of the) Laplace prin-
ciple. Besides that this method, brings the second term of the asymptotics to the
surface, it also specifies the.region that gives the main contribution to the integral
of e!/, namely an interval of radius R/v/t around the maximiser x*, and it gets
the more precise the-larger R is picked. The decisive inputs in the method are the
uniqueness of the minimizer of the characteristic variational problem (here x* for
max f) and a smooth behaviour and non-trivial curvature of the functional (here
f) in a neighbourhood of the maximiser. There are a number of abstract and high-
dimensional, versions of this methods in combination with large-deviation theory,
e.g., [Bol86]- &

We now apply this idea to the study of the moments of the total mass of the
PAM, to derive more precise asymptotics and to gain more insight in the critical
behaviour of the path in the Feynman-Kac formula (2.2) or in the behaviour of
the potential. More precisely, as we already mentioned in Remarks 3.8 and 3.14,
one conceives the moments of U(t) as an exponential moment of some functional
whose minimiser and behaviour close to the minimiser is smooth, and derives a
high-dimensional variant of the above idea. Since the moments of U(t) can be seen
as exponential moments in a two-fold way (for the path, see Section 3.3, and for
the potential, see Section 3.2), there are also basically two ways to apply this idea.
We concentrate here on the first one, the path-wise approach, as the potential-wise
approach has been sufficiently commented on already in Remark 3.14 (annealed
case in class (AB)) and Section 6.2 (quenched case in class (DE)); there are no
more such results in the literature, to the best of our knowledge.

The path-wise version is usually carried out by a Girsanov transformation. It
is based on the characteristic variational formula in (3.32). There are two analytic
prerequisities that have to be ensured:
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(i) the formula in (3.32) has (up to spatial shifts) precisely one minimiser, and
(ii) it is stable.

We reported in Section 3.4 on the validity of Property (i) in the respective cases.

In (ii), Stability is meant in the sense that any sequence of admissible functions
such that their functional values converge towards the minimum has a subsequence
that converges towards the minimiser, up to spatial shifts. To be useful, this conver-
gence must be valid in the topology of the LDP for the rescaled local times. Proving
such a statement is by far not trivial and must be done on a case-by-case basis. Sta-
bility is known to hold for the problem (3.53) with v = 0, which arises for Brownian
motion among Poisson obstacles, i.e., for the difference of the Lebesgue measure of
a set and its Dirichlet eigenvalue, see [Oss79] for d = 2 and [Hal92] for d > 3. For
the variational problem that arises from the double-exponential distribution, (3:45);
stability was proved in [GarHol99].

A deeper analysis of the PAM in the spirit of the Laplace method hasbeen car-
ried out in the discrete-space setting for range problem (see Example 1.10)-in d < 2
[Bol94] and for the double-exponential distribution in any dimension [GarHol99],
and in the continuous-space setting for the Brownian motion among Poisson obsta-
cles in d = 2 [Szn91] and in d > 3 in [Pov99]. For both [Bol94] and [Szn91], the
stability in d > 3 proved in [Hal92] came too late, but [Pov99] made up for this
in d > 3, at least partly. The main results in [Szn91| and {Pov99] are sometimes
called the Brownian confinement property, see Remark 3.14. See also [Fuk08|] for an
extension of the confinement property to a mixture~of ‘hard’ and ‘soft’ obstacles
in d > 2 and a large-deviation principle for the(rescaled Brownian endpoint with
explicit identification of the rate function.

7.1.1 Precise asymptotics in case (DE): spatial correlations and
effective shift

Let us describe how to implement the strong version of the Laplace method in
the analysis of the total mass of the solution to the PAM and what we can learn
from this. We do this only\in-the discrete-space setting with the potential £ doubly-
exponentially distributed with parameter p; we follow [GarHol99]. Here, the PAM
with constant initial  condition = 1 is considered, in which case we write v for the
solution and havelthe”Feynman-Kac formula v(t,z) = E, [exp{fg &(X(s))ds}] for
x € Z%and t > 0:

The main goal of [GérHol99] is to analyse more terms of the expansion for the
moments of \w(t, z) such that the first term that depends on the space variable z is
identified. The main result there is that, as t — oo, for any z,y € Z¢,

(w(t, 2)o(t,y)) ~ HOXHEO N gz 4 2)g(y + 2), (7.2)

z€Z4

where (as always) H () is the logarithmic moment generating function of £(0) and
X the characteristic variational formula in (3.45), and Cy(¢) is a function of order
o(t), which does not depend on z nor on y. (Its identification was beyond the scope
of the paper [GarHol99], but it is presumably much smaller than just o(t).) Here,
g: 7% — (0,00) is equal to the minimiser of the formula in (3.45). We are under
the assumption that, up to spatial shifts, there is precisely one minimiser, which is
proved to be true as soon as p > 15.7. See Remark 3.17 for some properties of g.
The information that we draw from (7.2) is that the only asymptotic sensitivity
of (v(t, z)v(t,y)) sits in a term of size O(1), and that this can explicitly be written
in terms of the solution of the characteristic formula. In particular, the correlations
(v(t,z)v(t,y))/{v(t,z)?) converge towards some non-trivial term that is sensitive to
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x — y. Using that v is a superposition of shifted versions of u, one can heuristically
derive (7.2) from the eigenvalue expansion in (6.2).

As we will see, the implementation of the Laplace method will lead also to other
deep results, like the characterisation of the random shift of g2 to which the center
of mass of the local times is attracted, the effective shift. We will record this in
Theorem 7.2 below.

We give a glimpse of the proof of (7.2), by showing how to make the third term
in the asymptotics (v(t,z)) = e (=xt+o(t) explicit. Certainly, by shift-invariance
of the distribution of the potential, (v(¢,x)) does not depend on x at all, but the
same procedure is suitable for proving (7.2), as we also will make clear. For this, we
turn to the implementation of the step analogous to (7.1). Fix z € Z¢. Analogously
to (2.14), we have

(o(t,z)) = By [exp{ 3 H(Et(z))H, t> 0.

z€Z4

We know from Remark 3.14 that %Et is close to some shift of g2 under the mea-
sure with density exp{} ., H(¢:(2))}, recall the tube property-in (3.40). For the
double-exponential distribution (certainly, with «(t) = 1) this will be implicitly
proved by the following; this gives the proof that we announced in Remark 3.14.
We want to keep control on the shift, hence, we use the neighbourhood

U= UOulg®);

weZa

where U(y) is some neighbourhood of a.probability measure y on Z%, and 6, is the
shift-operator by w. Think of U(p) as being so small that the sets U(6,,(g*)) with
w € Z% are mutually disjoint. Hence, we see that

(w(t,2)) ~ > ]Ez[exp{ 3 H(Kt(z))}ll{%ft c U(6w92)}]

weZd 2€74 (73)

B [exp { 3 B 130 € U]

weZd 2€74

Now we come to'the Girsanov transformation that we announced. The important
point is that.the operator

Cof@) = S LE(f2) - flx)), weZifel@Y),  (14)

2€Z%: z~x

generates a random walk (X;)¢e(o,00) on Z? that is reversible with invariant measure

equal to g2, the minimiser in (3.45). The operator is symmetric on the space ¢2(Z%),

equipped with the probability weight g2. Since g decays quickly to zero far out, the

transformed random walk has strong recurrence properties, and therefore we can

expect that the normalised local times, %Zt, are close to g2 for large t. We can give a

formula for the density of the transformed Markov chain with respect to the simple

random walk: For ¢+ > 0 and any event A of paths [0,¢] — Z9, we have, for any
x,z € 72,

Py ((XS)SE[O,t] €A X = Z)
t 7.5
= eX'E, [exp { /0 plogg2(Xs) ds}ﬂ{(Xs)se[o,t] € AY{X, = z}} zg; (7.5)

This actually follows from some knowledge about the variational formula (3.45).

Indeed, the exponential density term is in general given as exp{ fg *ﬁdg(Xs) ds}.
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—Alg

= X + plogg?,
which implies that (7.5) holds. Hence, a rewrite of the Feynman-Kac formula in
terms of the transformed Markov chain derives from (7.3)

However, we recall from (3.46) the Euler-Lagrange equation

(t.a) =" O Y gla—w) B [ € UG s (r)

weZd

where

Fy(p) = Y (H(tn(=) = () H(E) = tu(2)plog g*(2)),  we Ma(Z?),

z€74

We have now driven the approximation of the Feynman-Kac formula one step further
than we did previously in Section 3.3. Thanks to Assumption (H) with 7(¢).=% and
H(y) = pylogy in (3.26), we know that Fy(1£,) = o(t) as t — oo, since Ay g2
under P,

The big task is now to show that the dependence of the last expectation in (7.6)
on x — w vanishes in the limit t — oo, i.e.

g F let 2 1 C d
B |e G )ﬂ{%ftEU(g )}m} ~ 1), r ez,

where C(t) = o(t) does not depend on x. This is-very plausible, as the random
walk has strong recurrence properties and therefore'the distribution of X; quickly
converges towards the invariant distribution“g?(and therefore quickly loses its mem-
ory. This makes it also plausible that the limit #,— oo may be interchanged with the
sum on w in (7.6). The technical obstacle is.t0 separate the influence of the starting

site x — w from the term eFf(%Zt)Il{%Kt c'U(g*)} and this from the term 1/g(X;).
This is done via a separation of ‘time intervals [0,7] and [r,t — 7] and [t — r,t] for
some large r that does not depend on 't.

We terminate here our brief description of the procedure carried out in [GarHol99].
We only would like to mention that a variant of the periodisation technique that we
outlined in Section 4.3 has to be incorporated into the proof as well, which makes
it quite cumbersome:

From the above, we also obtain an explicit convergence of both %Et and X; under
the annealed path measure ); with density m exp{)_.cza H(l:(2))} (see (2.16)):

Theorenmi-7.2 (Limiting distribution of the effective shift). Let W be a Z?-
valued random vector with density g/||g|l1. Then the distribution of the normalised
local-times, %Et, under Q; converges towards dg,, 42), and the one of X; converges
towards the W -shift of g2, i.e.,

oim QX =) = 3 L2+ 2,

= g
2= [lall

In other words, the typical path in the Feynman-Kac formula for the total mass
U (t) picks with probability g(w)/||g|l1 a site w and then builds up local times with
the shape g?(w + ). This assertion has never been explicitly stated nor proved in
the literature, to the best of our knowledge, but it follows from the above outline
with the technical work done in [GarHol99).

The changes for deriving (7.2) from the above are the following. We write
v(t,z)v(t,y) in terms of an expectation with respect to two independent random
walks, starting at z and at y, and we write the exponential term in terms of a
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functional of the sum of the two normalized local times of the walks. Then an ob-
vious extension of the transition density in (7.5) to the pair of walks and a proper
change of the definition of F} is used to derive a formula analogous to (7.6). The
technicalities to be resolved are the same.

7.2 Correlated potentials

In the entire book so far, we considered only random potentials ¢ on Z¢ with inde-
pendent and identically distributed values in the sites. This makes the mathematical
analysis and the determination of the potential distribution easier; our classifica-
tion of asymptotic behaviours in Section 3.4 is entirely based on the asymptatics of
the upper tails of the single-site distribution. However, the assumption of indepen-
dence of the potential variables appears as a mathematical idealisation, and many
interesting random potentials indeed have long-reaching correlations, in-particular
in the spatially continuous case, as we have seen in many examples. (In this view,
one should perhaps conceive the i.i.d. case in Z? as a subcase“of the R%case with
positive finite correlation length.) But also in the spatially discrete case, it appears
highly interesting to study the PAM with potentials that have strong long-range
correlations, as there might arise some new effects that change or even suppress
the effect of intermittency and replace it by some homogeneous behaviour, as the
highest peaks might be washed out severely. In this'section, we report on what has
been done in this respect.

We consider stationary potentials (i.eq, potentials whose distribution is not
changed under spatial shifts) and want(to\work with a non-rigorous notion of a
correlation length; we want to understand this just as a spatial scale that roughly
indicates the smallest distance of independent potential values. A white-noise poten-
tial on R? has correlation length zero, Poisson potentials of the form Y, (- — ;)
with (2;);en a Poisson point process in R?, and Gaussian fields have correlation
length equal to the diameter of the support of the cloud ¢, respectively of the co-
variance function of the.Gaussian field. In the case of an infinite correlation length,
the main interest is in the dependence of the long-time behaviour of the solution on
the decay behaviour of the correlation, i.e., of the could ¢ in the Poisson case and
of the covariance furnction in the Gaussian case, to name two examples.

In Examples-7.3 and 7.4 we first report on what is known for correlated fields un-
der some abstract conditions, and in Example 7.5 we show how large the correlation
length of'the Poisson field, respectively of the Gaussian field, can be chosen without
changing the behaviour of the solution. However, in Example 7.6 we go beyond this
threshold and encounter a new effect. Throughout this section, u is, in the spatially
discrete case, the solution to the PAM in (1.1)—(1.2), and U(t) is its total mass; in
the spatially continuous case, u is the solution to (1.7) and w(0,-) = do(-) with total
mass U (t).

Example 7.3. (Correlated shift-invariant potentials on Z%.) To the best of
our knowledge, [GdrMol00] is the only paper that studies the PAM on Z? with
correlated potentials. The field & = (£(2)),cze is assumed stationary (i.e., shift-
invariant in distribution), and the existence of the limit

M) = Jim  log (o 2<ij2>/;(2)€(2)}> (7.7

for any probability measure p on Z¢ with compact support is assumed. This is
obviously in the spirit of the class (DE) of Remark 3.17; indeed, in the special case
of an i.i.d. potential satisfying Assumption (H) (see (3.26)) with n(¢) = ¢, the limit
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in (7.7) exists with H(u) = > . pa H(pu(2)). Under the assumption in (7.7), the
first two terms of the logarithmic asymptotics of the moments of the total mass are
derived in [G&rMol00] in terms of a characteristic variational formula. A heuristic
derivation along the lines of the heuristics in Section 3.3 is as follows:

(Ut)) = ]E0<exp {t Z E(z)%ﬂt(z)}> ~ eH R, [em(%et)}

~ e’ ® exp { —t inf  (I(p) — H(w) } e®),
peM® (z4)

(7.8)

where M|”(Z?) denotes the set of probability measures on Z? with compact support,
and we recall that H(t) = log(e®(?)) is the logarithm of the moment generating
function of £(0), and I(u) = 3=, eza. oy (V1(2) — v/pu(y))? is the (infinite-space
version of) the large-deviation rate function for the normalized local times.of the
simple random walk, see Lemma 4.1. The above heuristics can be turned’into a
proof, since the characteristic variational formula possesses minimisers, and the
diameter of the annealed intermittent island does not diverge as t"— 0, like in the
case (DE).

It would be of quite some interest to work out the details“of the analogous
situation in which also a spatial rescaling is involved, like in‘Assumption (H) for n(t)
that is not asymptotic to ¢. This class of correlated potentials could be designed to
contain also some interesting Gaussian potentials ‘with\long-range correlations and
more examples. <&

Example 7.4. (General correlated shift-invariant potentials on R%.) To the
best of our knowledge, the only work-on the PAM on R¢ with general correlated po-
tentials is [GArKon00]; it is the R%-variant of the work [GéarMol00], see Example 7.3.
Indeed, the main assumption o the potential £ in [GarKon00] is the existence and
non-triviality of the limit

H(u) = (i as log (POWED), e M (RY), (7.9)

where ((t) = ta(t)=%, and «(t) is some spatial scale in (0, c0), which may vanish or
explode or stay .constant as ¢t — oco. The rescaled version &; of £ is defined as

6(x) = alt)? (glanz) - 1)

with H(t) = log(e'¢(?)) as usual; compare to (3.19). Via the exponential Chebyshev
inequality and a Legendre transformation, the assumption in (7.9) is essentially
equivalent to the large-deviation principle of (3.14); the required sense of (7.9) is
uniform on the set of all measures p that are supported in a given compact subset of
R?. Applications of Jensen’s and Hélder’s inequalities show that H is non-positive
and convex.

The main result of [GarKon00] is, under some mild technical assumption on the
asymptotics of H(t), the expansion

(U(t)) = ef® eXp{ —Bt) it (S() fH(u))}e"('B(t)), t — o0, (7.10)
VISIED)

where S(u) is the rate function of the LDP in Lemma 4.3 without normalisation,
more precisely, we put S(u) = || Vg||3 if g% is the density of z and g € H'(R?), and
equal to oo if not. A heuristic derivation of (7.10) is analogous to (7.8), along the
procedures outlined in Sections 3.2 and 3.3; we do not give it here. The variational
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formula in (7.10) is strictly positive and nontrivial if H is nontrivial (i.e., not equal
to zero everywhere). It can be evaluated quite explicitly in the important special
case that H(u) depends on the covariance of p only. <

Example 7.5. (Gaussian fields and Poisson shot-noise fields.) In Exam-
ples 5.13 and 5.15 we summarised results from [GarKonMol00] about the almost
sure asymptotics of the total mass of the solution to the PAM in the two interesting
cases of a Holder-continuous Gaussian potential and a Poisson shot-noise potential
(i.e., with high peaks, unlike in the obstacle case) on R¢. Here, we would like to
point out that both results were derived under quite weak assumptions on the cox-
relation lengths of the potential. Indeed, for the Gaussian potential, the first two
terms in the almost sure asymptotics were shown not to depend on the details of
the covariance function B, as long as it satisfies

/ ¢*(z) dz = o((log R)_2/3), R — o0,
([=R,R]%)e

where B can be presented as B(x) = [z, g(x —y)g(y) dy, and g is the Fourier trans-
form of the square root of the spectral density of the Gaussian field. This condition
is a somewhat abstract assumption on the correlation:length of the Gaussian field.
One of the first technical steps in the proof of the almast sure asymptotics is to cut
down the correlation length of the potential to finite size, for a later application of
the Borel-Cantelli lemma.

The same paper also studied the Poisson potential of the form >, (- — ),
with (z;);en a standard Poisson point precess in R? and ¢ a non-negative sufficiently
regular cloud, taking its strict maximum at zero with a local parabolic shape. The
first two terms of the asymptotics of the total mass were shown not to depend on
the details of ¢, as long as it-decays fast enough, in the sense that it satisfies

max =o((logR)™1), R — o0,
([*RvR]d)CSD (( sR) )

as long as the integrability condition [, max,c(_y 17 p(z — y) dy < oo is satisfied.
This shows that the second-order asymptotics are very stable against long-term
correlations in these two cases. <

In the following example, however, a very large choice of the correlation length
was proved to have a quite different effect on both terms of the asymptotics.

Example 7.6. (Brownian motion among Poisson obstacles with long
range.) In the spatially continuous case, one considers the potential V(-) =
>, W( — x;) with (2;);en a standard Poisson point process with parameter
v € (0,00) in RY and W a non-negative potential, i.e., the trap case. Let us as-
sume that the cloud decays like W(x) ~ |z|~9 as |x| — oo, for some ¢ > 0. It
was already shown in [DonVar75| that the first two terms in the asymptotics of
the moments of the total mass are independent on ¢ (and indeed the same as for
¢ = —1p,, see Section 3.5.1), as long as ¢ > d + 2, i.e., the decay is strong enough.

However, in the interesting case d < ¢ < d + 2, the moment asymptotics are
different, and they indicate a dissolution of the concentration property by some
homogenised behaviour. Indeed, [Fukll] shows that they are given, for any p €
[0,00), as

WP) = exp { — a1+ (@ +o)E) ), t—oo, (1Y)

where
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—d
a1 = l/wdF(L> and as = (
q

/wqadF(qu d+2>)1/2

5 ; (7.12)

and wq and o4, respectively, are the volume and the surface of the unit ball in R?, and
we have replaced A by kA with some diffusion constant x € (0,00). The first term
in (7.11) was derived in [Pas77]. It is asymptotically equivalent to (e?V(9)) = eH(*)]
like in all the other cases that we encountered before. Let us also mention that the
critical case ¢ = d + 2 was studied by [Oku81].

The second term in (7.11) was studied and interpreted in [Fuk11]. The number

as admits a representation in terms of the variational formula
as = inf (/@||V¢||2 + “5/ |z|2(x)? dx)
27 sem@): o= > kd Jpa '
The main joint strategy of the motion and the potential to contribute optimallyto
the Feynman-Kac formula is informally described as follows. Unlike in the standard
case ¢ < d+ 2, there is no sharp interface between the area that is free of obstacles
and is therefore covered by the Brownian motion local times. Instead, the obstacle
density gets only gradually thinner away from the origin, and the influence of the
long tails of the cloud stretches practically over all the space; but gets sufficiently
weak only in a very small neighbourhood of the origin. The petential assumes its
minimum at the origin with |V(0)] ~ algt_(q_d)/q and assumes a parabolic shape

V(z) = V(0) ~ Z—%t*(q*d+2)/q\x|2 for |x| = o(t'/%), The Brownian motion does
not leave the centred ball with radius o(t!/9). This directly explains both terms of
the asymptotics in (7.11), on base of the Donsker-Varadhan-Gértner LDP for the
occupation times measures of the Brownian motion.

In [Fuk11], consequences for the second-order asymptotics of the Lifshitz tails
and of the almost sure asymptotics of U(t) are drawn as well, but we do not formu-
late them here; this follows the usual patterns, given (7.11). &

In view of the current fruitful developments in the analysis of extreme-value
properties of the Gaussian\free field and other log-correlated random fields, it ap-
pears interesting to study the PAM with such a potential, in the hope to find also
here some transition from a concentrated to a homogeneous behaviour of the solu-
tion.

7.3 Weak disorder and accelerated motion

We saw already in our first considerations in Section 1.2 that the potential £ makes
the solution w(t,-) to the PAM in (1.1) irregular, and the Laplace operator makes
it smooth. However, as we saw when discussing intermittency at various places, the
smoothening effect is not so strong that it would entirely resolve the irregularity; a
strong localisation effect is still dominant, even though the local areas of the high
peaks show some smooth structures. This is rather different from what we see in
other models of random motions through random media, for example the much-
studied model of a random walk in random environment or the random walk with
random conductances, which has a strong tendency to homogenisation. That is,
this kind of random walk, under quite general conditions on the distribution of the
random environment, satisfies a central limit theorem, and therefore spreads out
on the space scale /¢, and does not clump together on small islands. Roughly, the
random walk in random potential shows a localised behaviour, and the random walk
in random environment shows a homogenous one.

In this section we study the transition in the PAM from localised to homogenised
behaviour by modifying the Anderson Hamiltonian in (1.1) by either weakening the
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potential or speeding-up the diffusivity by way of multiplication with a strong factor,
depending on time. Highly interesting new phenomena arise here.
To this end, we look at the operators

A ithe, |0,  and  efMAHO with k, — o0 (7.13)

Certainly, the consideration of these two operators is mathematically equivalent via
the relation €4, = 1/k;. The small factor ¢; tames down the influence of the poten-
tial and makes the disorder weak, and the large prefactor k; induces an acceleration
of the random motion and makes the diffusion fast. Generally, it is expected (and
has been proved in a number of cases) that scale functions &; respectively k; that
are not too fast will not change the general picture in the asymptotics that we(have
for the standard case e, = 1 = k¢, but only the scales. On the other hand, extremely
fast choices will make the random potential so marginal that its influence vanishes
or is summarized by some single diffusion constant in terms of central-limit type
behaviour.

Naturally, the question arises whether there are further interesting regimes, in
particular critical ones, between these two. There are a number of aspects under
which this is interesting;:

e What is a critical scale on which the random walker is_so fast that he/she cannot
spend much time in the highest peaks of the potential? What does he/she do
instead?

e What is the critical scale on which the“extremely high potential peaks do not
attract the main flow of the mass? What happens instead?

e What is a critical scale of ¢, respectivéely of k¢, such that the two terms describing
the logarithmic asymptotics of the moements are merged, and how does this work?

Having found the critical scale, ‘ene naturally asks also for the size and the
structure of the relevant regions and for the mechanism that is behind the main
contribution to the total’mass’/of the PAM (moderate deviations? central limit
theorem? what else?).

Like in the standard“ecase ¢; = 1 = k;, the asymptotics of the operators in
(7.13) is closely connectéd with the upper-tail behaviour of the principal eigenvalue
of the Anderson“operator &' + ££ with small prefactor e € (0,00) in front of the
disorder in large e-dependent boxes, which is an interesting object to study on its
own. One ean“expect (and this is one of the fundamental questions here) that, for
sufficiently 'small boxes, the corresponding (random) principal eigenfunction shows
a homogeneous behaviour, i.e., stretches its mass homogeneously over the entire
box, while for very large boxes, it shows a localized behaviour, i.e., concentrates its
mass in some small islands, in the way that we know from the description of the
almost sure behaviour of the PAM in Section 5. In the first case, the influence of the
random potential £ should come only in terms of its expected value and variance
in terms of a central limit theorem; this has been carried out in [BisFukKo6n16] for
boxes with diameter of order £~2. In the second case, it should come via an extreme-
value analysis of the principal eigenvalue in small boxes. However, it is not clear
what should happen for boxes of intermediate sizes: is the mass stretched thinner
and thinner homogeneously, or does it develop a number of bumps?

Let us describe some explicit examples that have been handled in the literature.

7.3.1 Acceleration of motion.

In [Sch10], various interesting choices of the velocity function (k:);>o for various
choices of potential classes (introduced in Section 3.3) are considered, see also the
summary [KonSch12]. In each of the cases considered, the moment asymptotics
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for the total mass are identified in terms of a characteristic variational formula
analogous to (3.32). An interesting competition between the growth of x; and the
upper tails of £ arises: the faster k; grows, the stronger the flattening effect of the
diffusion term is. As usual, it is supposed that Assumption (H) holds (see (3.26)),
i.e., regularity of the logarithmic moment generating function H at infinity.

[Sch10] identifies two critical scales for . A lower critical scale (different from
the one that we discussed above) is identified that marks the threshold between
unboundedly growing intermittent islands and concentration in just one site. This
scale depends on the upper tails of £ and is equal to n(t)/t in (3.26). Precisely at the
critical scale k¢ =< 7)(t)/t, we have a discrete picture, i.e., the relevant islands have a
non-trivial, discrete shape, like in the class (DE) in the standard case. Interestingly,
for upper tails of £ in the class (B), on this critical scale, the characteristic variational
formula is equal to the discrete version of the formula for y in the case (B);\i.e.,
with R? replaced by Z2.

Now, assuming that x; > 7(t)/t, we now come to the second critical/scale for
K¢, the one that is asked for at the beginning of this section, i.e.;~the one that
marks the threshold between extreme values of the local principal eigenvalues and
moderately large ones. This transition is also reflected by the.fact that for slower
functions k the asymptotics are described in terms of just the upper tails of £(0)
like in the standard case, and for faster ones, the entire distribution of £(0) enters
the description. This critical scale is characterised by the fact that the local times
per site stays bounded, the path covers a region of radius =< /¢ (i.e., of volume
= t), the term fot &(X,)ds is essentially a sum over ‘O(t) ii.d. random variables.
Hence, a kind of moderate-deviation mechanism“for the sum of about ¢ potential
values is combined with a large-deviation principle for the rescaled local times on a
box of radius = ¢'/¢, and both run on-the exponential scale .

Let us formulate the main result for«; being on the critical scale, see [KénSch12,
Theorem 3.2]. We assume that (£(0)) =0 and write U*¢ for the total mass of the
PAM with additional prefactor ‘s;in-front of the Laplace operator. Fix 6 € (0, c0)
such that r,t=2/4 — % then

(Uhin) =ep { — 2 (cu(®) +o(1)}, (7.14)

where
0) = inf V 2—9/H 2), 7.15
xu(0) geHl(ugl: lalla=1 (H qllz °g ) ( )

where we-wrote [ H o g* for short for [, H(g*(x)) dz. An elementary substitution
of gwith g(3-)3%? shows that £y (0) is equal to =%/ 442y 4)(1), a remark that
helps.understanding the result in (7.14) when following the heuristics in Section 3.3
(which we are not doing here) and helps also comparing to the main result (7.17)
of Section 7.3.3. Note that all the variational formulas called x, in Section 3.4 are
versions of x () with special choices of H and 6.

This critical phase has not been deeper analysed, nor the (conjecturally, ho-
mogenised) phase where x; > n(t)/t. Analogously to the example in Section 7.3.3,
some interesting phase transition(s) are to be expected in the behaviour of the min-
imisers of yg(f) in the parameter . More precisely, it is conjectured that, for 6
sufficiently small, the infimum in (7.15) is only asymptotically attained at flatter
and flatter functions g that approach the zero function, but for all larger 6, the
minimum should be attained. Neither an analysis of the almost-sure behaviour of
U (t) has yet been carried out.
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7.3.2 Scaled Gaussian potential

Using a combination of some results on stretched exponential moments of (renor-
malised) self-intersection local times of random walks on Z?, which are also inter-
esting on their own, one finds another explicit example that lives on the critical
scale in the terminology of Section 7.3.1. Let d = 2 and & = (£(z)),eze be a collec-
tion of i.i.d. Gaussian random variables with mean zero and variance o2 € (0, 00).
Then the logarithmic moment generating function is H(t) = 0*t?/2, hence we take
the scale function 7(t) of (3.26) equal to t2. We consider the ‘accelerated’ Laplace
operator kA with r; = t2/¢ = ¢ and keep the notation U® for the total mass of
the solution. This means that we do not have k; > n(t)/t, i.e., the classification
outlined in Section 7.3.1 does not apply; actually the two critical scales coincide
for this distribution. Nevertheless, we are able in this special situation to+find the
large-t asymptotics of the expected total mass, and we see an interestingnon-trivial
phase transition.
Indeed, a simple rescaling and (2.14) show that

U“(t) = <Eo [e7 fgzg(x-*)ds]> =E, [e%"2“25t2}, (7.16)

where S, = 3, ;4 0s(2)* = [, dr [ dFI{X, = X5} denotes the self-intersection
local time of the simple random walk (X¢);e[0,00); Se€ also Example 7.9.

Luckily, the asymptotics of the last term in*(7.16) can be found in the literature
both for small and for large o, at least in discrete time instead of continuous time.
Indeed, combining Theorem 2.5 and Lemma 1,4 of [BrySla95| implies that, for o2
small enough, the last term is upper.bounded against Ct27°/™ for all large t. (An
inspection of the proof shows that ‘one could show even asymptotic equivalence
with this term, where the constant*C is equal to the 02?/2-th exponential moment
of the renormalised self-intersection local time of the Brownian motion; see also
[Chel0, Sections 5.4 and 8.2]() Furthermore, the proof of [BrySla95, Theorem 2.5]
also suggests that the underlying random walk (i.e., the one that gives the main
contribution to the last.term in (7.16)) is diffusive, i.e., runs on the scale v/Z, as
our heuristics in Section 7.3.1 explain. These assertions are proved there only for
discrete-time random walks, but we have no doubt that some similar statement
should be true alse for continuous-time walks.

In contrast, for sufficiently large o2, [BolSch97] (see Example 7.11) shows that
the right-hand side of (7.16) does not run on a polynomial, but the exponential
scale, and.they derive its logarithmic asymptotics in terms of a variational formula
in the spirit of the LDP in Lemma 4.1. Furthermore, they go much deeper into the
rigorous description of the underlying random walk that gives the main contribution.
In-particular, a discrete picture arises, i.e., there is no spatial rescaling, and the
random walk runs on a finite (in ¢) scale, it is self-attractive. See also [Bol02] for an
extensive survey of [BolSch97]. It is unknown whether or not there is a gap between
the two regimes and what happens in between them.

This result constitutes actually a special case of (7.14), including the suggested
triviality of the variational formula (7.15) for small § and the non-triviality for large
0. The determination of the threshold between the two is still open, even though
[BasCheRos06] derived a good bound in terms of the Gagliardo-Nirenberg formula.

7.3.3 Brownian motion in a scaled Poisson potential.

In a series of papers [MerWiitOla, MerWiit01b, MerWiit02], Merkl and Wiithrich
considered Brownian motion among soft Poisson obstacles (see Remark 1.15 and
Section 3.5) with the potential V(x) = —8e; >,y W(x — ), where (2;)ien is a
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standard Poisson point process in RY W: R? — [0,00) is a bounded measurable
and compactly supported cloud, and 8 € (0,00) is a parameter that gives rise to
interesting phase transitions. We consider the moments of

U (t) = By [exp{ — Bey /Ot Z W(Zs — x;) ds}}y
€N

using a slight abuse of notation. Note that we are in the case (B) with v = 0 in
the terminology of Section 3.4. The scale function (g¢):e(0,00) is chosen in critical
way, i.e., in such a way that a new phenomenon arises. Recall from Section 3.5
that, in the standard case £; = 1, the main contribution to the moments of U™ (¢)
comes from Brownian paths running on the scale t'/(¢+2) and the potential entexs
the leading asymptotic term, which is on the exponential scale t%(4+2) only. via
the density parameter of the Poisson process (which we put equal to one here). In
order to achieve a significant influence from the cloud W, one has to multiply it
with e, = t~2/(4+2) which makes the term in the exponential running-on the scale
te, = t%/(4+2) which is the scale on which the Brownian probability ‘of not leaving
a ball of radius ¢*/(4+2) runs. This choice of &, is also consistent with the choice
ke = t2/4 in Section 7.3.1 and the above mentioned relation Etr, = 1/K¢-
With this choice of e;, [MerWiit0la, Theorem 0.2(b)] says that

(U (1)) = exp { _ td/(d+2)ﬂ’2/(d+2)(xH(ﬁ) 4 0(1))}7 t — oo, (7.17)

where xz(3) is as in (7.15) with H(t) = e7% —1 = log(e!V(?)), the logarithmic
moment generating function of the Poisson-proeess.

Interestingly, for dimensions d > 2, there’is a phase transition from small 3 to
large (8 as to the structure of minimisers.of x i (3); indeed, in [MerWiit01la, Theorem
0.3] it turns out that x g (8) = G-for all sufficiently small positive 3, but x g (8) > 3
for all other (3. This can be interpreted by saying that the homogeneous phase (which
is encountered in [MerWiit0la, Theorem 0.2(a)] when taking e; < ¢t~ /(4+2)) ariges
also on the critical scaleey = ¢72/(4+2) if the prefactor 3 is small enough. However,
a deeper analysis of this homogenised phase on path level or on potential level is
still lacking. Let us. also remark that for e, > t~'/(¢+2) ie. if the damping of the
potential is not too'strong, [MerWiitOla, Theorem 0.2(c)] proves asymptotics that
are practically the 'same as in the standard case €; = 1, with a suitable adaptation
of the scales.

In the follow-up papers [MerWiit01b, MerWiit02], the almost sure asymptotics
of U®(t) and large-deviation properties of the principal eigenvalue of %A + eV
in large, e-dependent boxes are deduced from the result in (7.17) in a way that
is analogous to the one that we described in Section 5.11. The correct choice for
obtaining interesting new effects is ¢; = (log t)~2/¢; similarly to the annealed setting,
the arising variational formulas are proved to show ‘homogenised’ behaviour for
d < 3 for small positive § and ‘localised’ behaviour for large §, but only ‘localised’
behaviour for d > 4. Note that the critical dimension is two for the annealed setting
and four for the quenched one.

Remark 7.7. (Shrinking traps.) Another way to weaken the interaction of the
Brownian motion with the Poisson traps is to take the intensity of the Poisson
process as a t-dependent, vanishing term, v, | 0, but keeping the cloud fixed, i.e.,
taking W = 1 for some compact set K. The critical scale (i.e., the scale at which
new effects arise, like above) is the choice vy = c¢t~2/¢ with some ¢ > 0 in d > 3
and 1, = +log”t in d = 2. For this choice, in [BerBolHol05] the annealed large-t
logarithmic asymptotics of the total mass of the solution to the PAM are derived on
the scale t'~@ in terms of explicit variational formulas that are related to the formula
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appearing in (7.17), i.e., as xg(8) in (7.15) with H(t) = e¢~* — 1. Furthermore, the
asymptotics as ¢ | 0 and as ¢ — oo are analysed, and three phases are identified.
Another novelty of [BerBolHol05] is the choice of the shape K of the traps as
random with a certain distribution. The methods are based on the large-deviation
principle that the team developed in [BerBolHol01] for the analysis of the moderate
deviations of the Wiener sausage, see Example 7.10. O

Remark 7.8. (Scaled Gibbsian point field.) In another follow-up paper [Mer03],
a scaled Gibbsian point field is considered as in Example 1.17; see also Remarks 3.22
and 5.12. The prefactor of the Gibbsian field is picked in the same way as in the
above case of a Poisson point field, and the results are of the same richness. However,
the arising variational formulas crucially depend on the thermodynamic pressure of
the system and are therefore analytically quite different from the formulas'in the
above case, more precisely, they are generalisations of them. Physical properties
like the existence of phase transitions for the underlying Gibbs process enter the
picture. &

7.3.4 Scaled renormalised Poisson potential

Recall the renormalized Poisson trap potential V(z) =— fRd (w(dy) — dy)
that we discussed in Remark 2.6, where w = Z 5 z; 1S a P01sson pomt process
with intensity v € (0,00), and W(x) = C|z| % for some ¢ € (d/2,d). Recall that
[CheKul12] proved that the solution to the.continuous PAM in (1.7) exists and
admits the Feynman-Kac formula, and the first moment of the solution is finite.

Now we add a factor of €; in4ront,of the potential, i.e., we replace V by &,V
and we write U? for the total mass of the solution. We want to understand the
large-t behaviour of the first thoment of the total mass at time ¢. Recall the formula
(2.6), which we record here once more:

(U (1)) = <E0[exp {5t /Ot V(Zy) ds}}> = Eo[exp{y/Rd F(etw(t,l‘))dl‘}},

where F(z) = W@~ 14+ W(z) and w(t, z) fo W(Zs — x)ds.
In [CheKull1], it turned out that the critical scale for &; is equal to t~1~9/(d+2)
rather than $72/(4+2) More precisely, we have

(te))¥ 1w [ F(6|2|7P) da if e, < t—179/(d+2)
log<U(st)(t)> ~ _td/(d+2)X'F,Ca if £p ~ Tt_l_q/(d+2)7 (718)
_6?/(’1"‘2_ZQ)t(d+472q)/(d+272q)XC’ if £, > t—1-a/(d+2)

where

2
g inf Vg—/FC/g(y)dd7 7.19
Xnc yGHl(Rldr)l: llgll2=1 (H gllz v Rd ( i e |y — x| y) :v) (7.19)

and ¢ is the same as x1 ¢ with F replaced by the function z — x2/2. Applications
of these asymptotics to the Lifshitz tails of the underlying random Schrédinger oper-
ator are provided in [CheKul11] as well, along the relation outlined in Section 2.2.6.

Note that xc formally gives the main term in the small-r asymptotics of x, ¢,
as F(r) ~r2/2 for r — 0. The result in the last regime needs the assumption that
q < (d+2)/2, which is also the assumption under which w(¢, x) is square-integrable,
and this makes possible the application of a large-deviation result for Brownian
motion in a Brownian sheet. It is instructive to compare to the asymptotics in
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the usual Poisson obstacle potential; see Section 3.5.1 and in particular (3.58) and
(3.59), jointly with (3.53).

See [CheXiol5] for an extension to the case where the Poisson process w is
replaced by the time-dependent potential (ws)scjo,00) that consists of a family of
independent Brownian motions such that w, is a Poisson point process in R¢ for
any s (however, with &, replaced by one). Here again a number of different regimes
and effects appear that are of similar nature.

7.4 Upper deviations of random walk in random scenery

As we mentioned in Remark 2.8, the term fg ¢(Xs)ds in the exponent of the
Feynman-Kac formula in (2.2) is sometimes called the random walk in random
scenery (RWRSc). In the study of the PAM, we are most interested in-the be-
haviour of its exponential moments. However, recently a number of researchers got
interested in the question about the wupper deviations of the RWRSc on various
scales, i.e., in results of the type

t
log Prob ® IP(/ £(X,)ds > )\at) ~—bI()),  t— o0, for A€ (0,00), (7.20)
0

where a; and b; are scale functions that tend to oo as_t= oo. The motivation
stems from a general interest in the behaviour of random motions in a random
potential and the pull that the richness of phenomena‘obtained in the study of these
questions exerts, furthermore from the mathematical challenges that the proofs
put. In Remark 3.11, we explained that such ‘a.result is essentially equivalent to
asymptotics for the exponential moments,.of\the form

by

log <]E[exp {6(17 Otg(Xs)dg}D ~ by Aes(lélio) (A8 —I(N)], t — oo, for 3 > 0,
(7.21)

i.e., to moment asymptoties_of.the total mass of the PAM with scaled potential,
as we discussed in Section.7.3. Hence, (7.20) may a priori prove very useful for
understanding the solution to the PAM at time ¢ with potential Z—ttﬁ . However, it
may happen that-the supremum on the right-hand side of (7.21) is trivial (i.e.,
constantly equal tozero or to infinity), and hence it must be checked on a case-by-
case basis whether“(7.20) is useful for the study of the PAM or not.

Nevertheless, the way of thinking about and the proof techniques for deriving
results like'\in, (7.20) are very close to the methods that we encountered, notably in
Chapter 4, and both topics benefitted from each other over the past two decades.
At 'this place, we do not want to go into details, but only mention that [AssCas07]
provides a survey on results of the type (7.20). They are sometimes also called
moderate-deviations results, depending on the choices of a; and b;.

Note that, for most of the potential distributions that we considered and for
most of the prefactors in front of the potential &, the moment asymptotics of the
total mass show two quite different terms, not just one like in (7.21). Hence, the
above duality can be helpful in this form only in cases described in Section 7.3, or
they have to be modified accordingly. This is the reason that most of the results of
the form (7.20) are not helpful for the understanding of the PAM.

7.5 Upper deviations of self-attractive functionals of local
times

Carrying out the expectation over the random potential £, we saw in Section 2.1.4
that the expectation of the total mass of the PAM is equal to the exponential
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moment of ) . H(¢;(z)), where H is the logarithm of the moment generating
function of £(0). Analogously to the RWRSc in Section 7.4, moderate-deviation
results for the upper tails of this functional are interesting on their own and have
been intensively studied in the last two decades. Analogously to the relation between
(7.20) and (7.21), such results may also prove helpful for the study of the moments
of the PAM, with possibly rescaled versions of H, i.e., with ¢-depending prefactors in
front of the functional. For such an application, one has to check, on a case-by-case
basis, whether the rescaling of H comes from the PAM at time ¢ with a potential
€& for some scale function &;.

However, also without reference to the PAM, upper deviations of the functional
> .cze H(l:(2)) are interesting, and we now briefly mention some works on_this
aspect.

Example 7.9. (Self-intersections.) One of the most-studied example is.the self-
intersection local time (SILT) of the random walk, where we take p € Nand H(l) =
IP. Then }__  ya H({(2)) = [|[€:]|5 is the p-th power of the p-norm of the vector of
local times. This is equal to the p-fold SILT (or just SILT for p = 2), i.e., to the
total mass of time vectors at which the path has the same location, as we have

el = > ti(2)P = Z/O dtl.../o dt, [ Mx(t:) =z}
=1

z€7Z4 z€7Z4
t t
:/ dtl.../ Aty T{X (1) = e = X (t,)}.
0 0

Certainly, one generalizes the study of [[¢;||5 to any p € [0,00), with the under-
standing that the case p = 0 is the range.case since y__/;(2)? =Y 1{t:(z) > 0} =
|X([0,¢])], and p = 1 is trivial sinee [}¢;]ly = t. Note that p > 1 is the self-attractive
case (here H is convex) and p € (0y1) is the self-repellent case (H is concave), if
upper deviations are considered.The logarithmic moment generating function of the
Gaussian, and more generally, of the Weibull distribution with power parameter p,
is asymptotically equal te_tPfor large ¢, hence upper tails, respectively exponential
moments, of the SILT, are)interesting for the PAM. (This is particularly explicit
in Section 7.3.2, where we consider a rescaling of an i.i.d. Gaussian potential &
in d = 2.) Furthermore, upper tails of the SILT (also for discrete-time random
walks and, struggling with some delicate issues of renormalisation, also for Brown-
ian motion) ‘are of high interest for some applications in physics and because of the
mathematical challenges that their study offers. Like for RWRSc (see Section 7.4),
the-study of the upper tails of the SILT and of the PAM mutually benefitted from
each other in the last decades. The main reference is [Chel0], but see also the short
survey [Kon10] on some heuristics and some proof methods. &

Example 7.10. (Volume of Wiener sausage.) Let us shed a light on an im-
portant special case of Example 7.9, having some connections to the PAM with
scaled Poisson field that we described in Section 7.3.3. This is the Brownian version
of the range case, i.e., the class where H(t) = —1 (g )(t). For a Brownian motion
(Z5)se[0,00), One looks at the volume of the ‘sausage’ (sometimes called the Wiener
sausage), which is the random variable So(t) = [U,e(o, Ka(Zs)|, where Kq(2) is
the ball of radius a > 0 centred at € R%. We saw in Section 3.5.1 that the expec-
tation of the total mass of the solution to the PAM with a Poisson field of obstacles
is equal to the negative exponential rate of S, (t). (We recall that this is the contin-
uous analogue of the PAM on Z? with Bernoulli-distributed potential £.) Hence, it
appears interesting to look at the lower deviations for S, (t) on various scales b, > 0,
i.e., at the logarithmic asymptotics of P(S,(t) < b;). Indeed, there are a number of
works on that question, see e.g., [BolHol94].
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Here we would like to point at the work [BerBolHol01], as it works precisely on
the interesting scale that is also considered in the study of the corresponding PAM
case, i.e., for critically rescaled Poisson obstacle field, see Section 7.3.3.

Indeed, in [BerBolHol01] a moderate-deviations principle for S,(t) was derived
featuring a variational formula that displays the same objects as in (7.15) with
H(t) = e™t —1. Analogously to (7.20) and (7.21), it stands in a Legendre-transform
relation to that formula, which is the one that appeared in the result (7.17). Inter-
esting phase transitions appear that partially relate to each other. [BerBolHol01]
stresses the description of the path behaviour and the large deviations for the occu-
pation measures of the motions, while [MerWiitO1la] mostly talk about the rescaled
random potential. The self-attraction is so weak that the Wiener sausage leaves
many holes and nowhere clumps together with high intensity; this is the path-
picture analogous to the potential-picture described in [MerWiitOla|. This is in.one
sense a boundary case of the situation in the rescaled LDP in Lemma 4.3 (translated
to the Brownian setting).

Let us remark that the approach used and further developed in [BerBolHolO1]
is different from the one of most of the papers that we cite in this book, which all
use, in one or another way, the Donsker-Varadhan-Gértner LDP  of Section 4.2.1.
Rather, the path under consideration is decomposed into time lags, and the inter-
action is conceived as a sum of a functional of all the time lags, after applying a
sophisticated estimate that is able to handle the interaction between any two distant
ones. Finally, an LDP for the empirical pair measures of ‘the sequence of subpaths
is employed. The authors stress that this method.also can produce a proof for the
LDPs of Section 4.2.1. The — even more interesting — case of the intersection of
two independent Wiener sausages was handled'by the same team in [BerBolHol04],
using the same approach. One more application of that approach — again by the
same team - - was carried out in [BerBolHol05] for a weak-interacting version of the
Brownian motion among Poisson traps, where the intensity of the Poisson process
depends on ¢ and shrinks to zero-on a critical scale; see Remark 7.7. &

7.6 Self-attractive path measures

We mentioned in ‘Section 2.1.5 that the transformed path measure Q; with den-
SItY oy EXPELseze H(Ce(2))} (with £y(2) = [ 8x(s)(2) ds the local times of the
random walker) is self-attractive by convexity of H, the logarithm of the moment
generating-function of £(0); see the argument in (4.5). The study of such measures
attracted a number of researchers over the last two decades, also with H not coming
from~some random variable and without reference to the PAM, and also for H a
concave function, where Q; is self-repellent. We restrict ourselves to mentioning just

two works in the self-attractive case.

Example 7.11. (Self-attractive measures with mean-field interaction.) In
[BolSch97], transformed path measures with density

{7 3 4GumViy-2)

2,yEL?

(properly normalised) were analysed in depth with techniques that are based on
large-deviation theory, but go much beyond. Here V: Z? — [0, c0) is a non-negative
function with finite support. The interaction in this density is a self-attractive mean-
field interaction and is in the spirit of the mean-field variant of the polaron model,
see [DonVar83]. The main example is V' = 4y, such that the term in the expo-

nential is equal to % times the self-intersection local time of the random walk, see
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Section 7.3.2. For any such V, the path measure is self-attractive. The main assump-

tion in [BolSch97] is that the self-attraction is sufficiently strong in some sense, i.e.,

that 3 is large enough, but sharpness of this condition is not analysed. Recall our

discussion of a particular case (critically rescaled Gaussian field in d = 2) from

Section 7.3.2, where we pointed out what happens for small § in the case V = (3dy.)
Then the main results of [BolSch97] are

e a variational formula for the large-t exponential rate of the partition function
(the expectation of exp{} > o yeza L(2)(y)V (y — 2)}) on the scale ¢,

e the convergence of the distribution of the normalized local times %ét under the
transformed path measure towards the minimiser of that variational formula,
and

e the convergence of the endpoint of the path towards some closely related quan-
tity.

On the technical side, this work is similar to the work done in [GarHol99] on the
PAM in the case (DE), which we outlined in Section 7.1.1. See alse [Bol02] for an
extensive survey of [BolSch97].

Let us remark that a deeper analysis of the spatially continuous version, the
mean-field polaron measure for the three-dimensional Brownian motion (Z)se(0,00)

with interaction
1 T 1
— dsdt ————,
T /O /0 |Zs ~ Zt'

recently received new swing [K6nMuk15, BolKénMuk15] by the introduction of the
compactification method in [MukVarl5], see_Section 4.11. &

Example 7.12. (Self-attractive discrete-time random walks.) [IofVel12a] and
[lofVel12b] consider a discrete-time random walk (X,,)nen, in Z? with drift under
the path measure with density,exp{} . ;4 H(¢n(2))} (properly normalised), if n
denotes the number of steps and ¢, (z) = >_;_, I{ Xy = '} is the local time. The
interaction function H\is taken self-attractive in the sense that —H is subadditive
(H(n+m) > H(n)+H(m)for every n,m € N) and sublinear (lim,,_... H(n)/n = 0).
The main attention is '‘payed to the dependence of the limiting behaviour of the
endpoint on the scale n as a function of the strength of the drift. More precisely,
[IofVel12a] and\[IofVel12b] derive LDPs and laws of large numbers and central limit
theorems for X, /n under the transformed path measure in the case that its expec-
tation issbounded away from zero, i.e., that one has a ballistic behaviour. This issue
is the object of Section 7.10 below, which is a quite big research topic that goes
beyond the scope of the present text. &

7.7 Transition between quenched and annealed behaviour

Via the spatial ergodic theorem, the expectation of the total mass U(t) of the
solution to the PAM can be seen as an almost sure ergodic limit of mixtures of shifts
of the solution. This is formulated as follows. Let v: [0,00) x Z% be the solution of
(1.1) with the localised initial condition dy replaced by the homogeneous condition
v(0,2) = 1 for every z, see Remark 1.5. The corresponding Feynman-Kac formula
reads v(t, z) = E,[e/o §X:)45] a5 we remarked in Section 2.1.2. In particular, U(t) =
v(t,0). Now the spatial ergodic theorem gives, for fixed ¢ > 0,

1
(U(1) = (v(t,0)) = Jim_ Bl 3;3 v(t,z),  almost surely, (7.22)
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where the limit is along centred boxes. This has quite some relevance for the experi-
mental identification of (U (%)), since it would be rather cumbersome to realise many
independent copies of the random potential £; this task is replaced by evaluating
the Feynman-Kac formula at many values of the starting site of the random walk
with the same realisation of the potential.

One would like to use (7.22) also for the experimental evaluation of the large-t
asymptotics of (U(t)), and for this one must pick some ¢-dependent boxes instead of
B. However, one must be careful with the choice of the size: too small box sizes do
not suffice, as they do not give enough space to the system to equilibrate sufficiently
fast, and the result would be as if one does not take the average of the box, i.e., the
quenched behaviour described in Section 5. On the other hand, too large boxes do
describe the annealed behaviour described in Section 3, but are too costly in terms
of computing time. Hence, an interesting question is to determine what phenomena
we will see for what scales of the box size.

This has been studied in [BenMolRam05] for the special case of Bernoulli traps
(see Example 1.10), in [CraMol07] for the time-dependent Gaussian white-noise po-
tential on Z? (which we will discuss briefly in Section 8.3 below), in{{BenMolRam07]
for quite general random potentials as well as in [GarSch15] for potentials in the
classes (DE) and (SP), see Section 3.4. In [BenMolRam05]~and-[BenMolRam07],
weak laws of large numbers and central limit theorems are found, but in [GarSch15],
convergence towards a stable limit law is derived. The main assertions are the follow-
ing. In [BenMolRam05] and [BenMolRam07], under certain regularity assumptions
similar to Assumption (H) in Section 3, for the-scale function J(t) = log(U(t)),
two critical points 0 < 11 < 72 < oo are_found”such that, using the notation
B, = [-r,r]*NZ4,

1 'U(t,x) t—o00 1 if Y > V1, . a1e

i —o P ’ in probability, (7.23)
|B'yJ(t)| IGBX: (v(t,0)) {0 if v <1,
vJ(t)
and

1 t,x) — (v(t . if ,
Z U( 7x) <U( 70)> t:0>0 N 1 V> 2 (724)

|B’Y<](t)| TE€B./7 (1) <U(t70)2> 0 if ¥ <72,

where A denotes a standard Gaussian random variable. In contrast, in [GarSch15|,
under some regularity assumption that guarantees that ¢ lies in class (DE) or (SP),
for any a € (0,2), two scale function L, (t) and B, (t) are determined in dependence
on the tails of £(0), such that

Ly W o (7.25)

B t
1BLol e85 )

where F, is a stable distribution with parameter «, and A,(¢) =0
and A,(t) = (v(t,0)) for a € (1,2) and A;(t) = (v(¢,0)1{v(¢,0)
a=1.

Let us also remark that in [BenBogMol05] the diffusive part is dropped, i.e.,
random variables of the form Zf\il e!Xi with i.i.d. variables X; and various choices
of the scale function ¢ — N; are considered. This can be seen as a preliminary study
of the above, but has also its own interest as an extension of the random energy
model (where one takes the X; as standard normal variables), which is itself a toy
model for spin systems. Indeed, the main idea of the proofs in [G&rSch15] is a regular
decomposition of the large box into smaller boxes B;, in which the contribution to
v(t,x) is approximated by e**¢ with ); the local principal eigenvalue of A& + ¢ in By;
these eigenvalues are essentially i.i.d. Then one is in the situation of [BenBogMol05].

for a € (0,1),
< Bi(t)}) for
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7.8 Other diffusivities

So far, we considered the PAM with the diffusivity given only by the (discrete
or continuous, respectively) Laplace operator, i.e., with a driving random motion
that lies in the domain of attraction of the Brownian motion. In the characteristic
variational formula describing the large-t asymptotics of (U(t)) (see, e.g., (3.32)),
this type of diffusivity is seen in terms of an energy term ||Vg||3 coming from the
Laplace operator (after possibly rescaling time and space in the spirit of Donsker’s
invariance principle).

However, instead of a motion taken from the Brownian universality class, it is
certainly also highly interesting to study the case of random walks in the domain
of attraction of Lévy processes, i.e., a random walk that can make very large steps.
So far, the first rigorous, and currently only, work in that direction seems to be
[MolZhal2], where the Laplace operator A is replaced by the generator £f(z) =
> weza a(x)[f (x4 2) — f(2)], where the weights a(x) are supposed to satisfy a(z) ~
|z|=277 as |z| — oo for some B € (0,2). The potential ¢ is supposed i.i.d. with
Weibull tails, i.e., Prob(¢£(0) > r) = exp{—2r®L(r)} with some a-€ (1,00), where
L is a slowly varying function. One of the main results [MolZhal2, Theorem 2.1] is
that, in the case that L(x) = 1, for any p € N, as t — oo,

’
(03

—a’ p 1 1
t=* log(U(t)") = ?(1 +0(1)), where - + == 1.

Furthermore, [MolZhal2, Theorem 2.5| states that, almost surely,

d o Ja
d+a — 1) '

(7.26)
The lower bound in (7.26) cormes from the strategy of the random walk in the
Feynman-Kac formula to,wait at the origin for < 1 time units and then to jump
immediately to the site where the potential £ attains its maximum within a centred
box with diameter of order t* . Further results specify the asymptotics for various
choices of L; they differ from the above by some lower-order terms.

Hence, qualitatively, the asymptotics and their logistics follow the pattern that
we outlined in Sections 3 and 5 in the case (SP), but the proof is much simpler, as
the path from the origin to the optimal island just makes one single jump. The gap
between,_ thevalmost sure lower and upper bound will give rise to future work; the
authors conjecture that this is not only technical.

limsupt~® logU(t) <

1 , 1
—  and— Aliminft* logU(t) > —,(
t—o0 (0% t—o0 «

7.9 PAM in a random environment

Another interesting direction is the study of the PAM with the driving Laplace
operator replaced by a random version of it, or, equivalently, with the underlying
random walk replaced by a random walk in random environment (RWRE). This
makes the PAM as a model for random motions through random potential much
more realistic, as the diffusion is now itself taken random, which represents impu-
rities in the diffusive medium, hampering or accelerating locally the conductivity.
There are numerous potential applications of such a additional randomness.

7.9.1 PAM with random conductances

One very natural way to introduce randomness in the diffusion is to replace A* by
the randomised Laplace operator,
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Af@) = Y weyfl) - fl@), f:Z'>Rael, (7.27)

yeZL: y~zx

where w = (Wz,y) g yezd s~y is a random i.i.d. field of positive weights on the nearest-
neighbour bonds of ZZ. In order to obtain a symmetric operator 4, one usually
assumes that w, , = w, , for any edge {z, y}, i.e., one attaches the weights to the
undirected edges. One often also speaks of the random conductance model, since w, ,
is interpreted as the conductance of the edge {z, y}. The operator 4 generates the
continuous-time random walk (X);c[0,00) in 74, the random walk among random
conductances (RWRC). When located at y, it waits an exponential random time
with parameter m(y) = >__cza. .., Wy,» (L., With expectation 1/7(y)) and then
jumps to a neighbouring site 2’ with probability w, .-/7(y). The is studied a lot
in the last decade like many other types of RWREs, with strong emphasis on the
search for laws of large numbers or (functional) central limit theorems;-se¢ the
survey [Bis11]. Here we are interested in the behaviour of the RWRC in boxes,that
execute some pressure on the path.

The PAM with RWRC as the underlying random motion has net ‘yet been stud-
ied (however, note the work [ErhHolMail5b] on the case of a time-dependent poten-
tial with a RWRC with uniformly elliptic random conductances, see Remark 8.7),
but important prerequisities have been derived: annealed large-deviation principles
(LDPs) for the normalised local times of the RWRC in fixed boxes [KonSalWol12]
and in time-depending, growing boxes [KénWol15]; seealso the thesis [Wol13]. These
LDPs are particularly interesting because of the assumption on the conductances
that they are not uniformly elliptic (i.e., not beunded away from zero and from
infinity), but can attain arbitrarily small values>This is precisely what creates an
interesting interaction between the randem:walk and the random conductances,
since small conductances help the random, walk to lose much time within the box,
i.e., to increase the probability of not leaving it. Putting assumptions on the lower
tails of the conductances of the(form

log R(wg < g) ~ —De™ ", el 0, (7.28)

with parameters D,n € (0,00), makes it possible to derive an explicit LDP rate
function for the normalized local times, which is in the spirit of the famous
Donsker-Varadhan-Gértner LDP [DonVar75, Gér77], see Lemma 4.1. The following
is [K6nSalWol12, Theorem 1.1]. We write P§ for the probability w.r.t. the random
walk with<{conductances w, starting from 0, and we write E and P for expectation
and prebability w.rt. the conductances.

Theorem 7.13 (Annealed LDP, finite region). Let B C Z¢ be a finite set
containing the origin. Then, under the annealed measures E[P§ (- |supp () C B)],
the normalised local times %Et satisfy a large deviation principle on the space My (B)

of probability measures on Z% with support in B with scale t7+1 and rate function
J§0 = JO —infrq, () JO, where
2n

TG =Kyp » Y lglz+e)—g(z)|™7,  ¢* € My(B). (7.29)

eeEN zezd

Here, K, p = (1 + 1/77) (D)4 and N is the set of positive neighbours of the
origin.

Interesting is a comparison with the case of a non-random environment, corre-
sponding to n = oco. Indeed, in Theorem 7.13, we see an extrapolation of the rate
function (the square of the /?>-norm of the gradient) to the p-th power of the p-
norm of the gradient for an arbitrary p € [1, 2); but note, however that the notation



122 7 Refined questions

Vg5 would be misleading, since it refers to the spatial function Z¢ 3 y — g(y),
but not to the coordinate function N’ 3 e — g(y +e) (here one takes the 2-norm by
default).

In the case of a time-dependent growing box, interestingly there arise two cases,
one of which, the case n > d/2, is just the continuous version of the fixed-box
version, where one obtains a full LDP for the properly rescaled version of the local
times. Here the local times spread out over the entire large box in a more or less
homogeneous way. However, in the case n < d/2, it turns out in [K6nWoll5] that
the LDP asymptotics follow the formulas of the fixed-box version, which seems to
suggest that the random walk fills only a small part of the growing box.

Consider a spatial scaling function a; € (1,00) with 1 < o; < t*/? and replace
B by a time-dependent, growing set B; = a;G N Z%, where we fix G C R? as an
open, connected and bounded set containing the origin and having a sufficiently
regular boundary. In order to properly incorporate the t-dependence of‘the set By,
like in Section 4.2, we consider the normalised and rescaled version L¢ of 4, given

by Li(z) = %?Et(mtxj). Recall that L, is an L'-normalised random step function

on R?, having support in G on the event {supp (¥;) C a;G}. A’eontinuous analogue
to the rate function in Theorem 7.13 is given by J§” = J© — inf o, (o) J©), where

27
FO(2) {Kn,D S fo |0:f W) dy = Koo SO N. if £ € HY(O),
0, otherwise,
(7.30)
where p = 1%7 [1,2), and K, p is as in Theorem 7.13. The following is [KénWoll5,
Theorem 1.4]; we dropped some technical assumptions here.

Theorem 7.14 (Annealed LDP, time-dependent region). Assume that n >
d/2. Pick a scale function (ou)iso such that 1 < a2 < t(logt)~(+M/1. Then

the distributions of Ly under(thé conditional annealed measures E[P( - |supp (¢;) C
d—2n
Q)| satisfies a large-deviation principle on My (G) with speed v, = t ™7, and

good rate function J°.

It is also shown in [K6nWol15] that the minimum of J§* is attained for > d/2,
but not for n <\d/2, in which case, in contrast, the discrete version, J{”, has a
well-defined minimum. This shows that, for n > d/2, the random walk, given that
it does not leave oG by time t, spreads out homogeneously over this area, and it
seems to_indicate (the proof is open yet) that for n < d/2, it collapses on a much
smaller.area inside a; G, possibly on some discrete subset that does not depend on t.
Further studies will be necessary to understand this effect and to use the results of
[KonSalWol12, KénWoll5] for the study of the almost-sure setting and later for the
study of the PAM with RWRC. However, here are some precise heuristics concerning
the asymptotics of the annealed total mass of the solution, see [Woll3, Section 3.5].
They are based on a combination of the heuristics that we gave in Section 3.3, using
Theorems 7.13 and 7.14.

Indeed, under Assumption (H) (see (3.26)) on the regularity of the upper tails of
the potential single-site distribution (recall that H(t) and 7(¢) are regularly varying
with parameter -, see Proposition 3.15), we distinguish the cases that n(t) is much
larger than #"/(*7) (implying that v > 1/(1 + 7)), or much smaller (implying that
v < n/(14n)) or just on the scale t?/(*+") Writing U* for the total mass with
conductances w and F for the expectation with respect to w, we should then have
in the first case, n(t) > t7/ (17 just log E[(U“(t))] ~ H(t), and in the second case,
n(t) < tn/(tm)
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t)otb inf P 2y +J© 2 ’ fn>d 2,
log E[(U“(t))] ~ ) FEHI(RY): ||f]|2=1 (1—7 S (f )) n>df
T inf  J@(g?), £ < dfa,
g2EM 1 (Z9) <
(7.31)

where a = a(n,v) = 1/[d(1 +n)(1 —~)] and b = b(n,7) = [dn(1 —7)]/ldn(1 —~) +
21 — dv]. However, in the last case, n(t) ~ t?/(47) one conjectures that

w 5 . P ~ d
log B[{U(1)] ~ ~" __inf (1_72 9P+ I, (732)

i.e., the discrete-space version of the first line of (7.31). Note that there are now
three random influences that might contribute on the leading scale in terms of ‘a
large-deviation behaviour. For instance, in case that the intermittent island-has’a
t-dependent, unbounded size (i.e., if the underlying «; diverges), a spatially contin-
uous variational formula arises, and the influences of the potential and the conduc-
tances dominate that of the random walk.

It should be possible to prove the above conjectures along the line of some proofs
of Theorem 3.13 available in the literature. The analysis of the variational formulas
appearing seem to offer new interesting enterprises, and the investigation of the
quenched settings is widely open and interesting. Note that'\there are three different
quenched settings, depending on which randomness is kept fixed and averaged,
respectively.

7.9.2 Localisation in the Bouchaud-Anderson model.

Recently [MuiPym14], the PAM wasstudied in another class of random environ-
ment, more precisely, the underlying random walk was replaced by the Bouchaud
random walk, better known under the name Bouchaud trap model, where the ran-
domness of the holding times does not sit in the bonds, but in the sites, and is
chosen very heavy-tailed. More explicitly, the generator is given by

S (fw) - £(2)), (7.33)

where 0 = (0(2)),cz4, the trapping landscape, is a random 1i.i.d. field of positive
numbers. The Bouchaud random walker, when standing in z, waits a random time
that is exponentially distributed with expectation 2do(z) and then jumps with equal
probability to any of the 2d neighbours. If log o is Pareto-distributed (i.e., P(o(0) >
r).= (logr)~* for all » > 1 for some « € (0,00)), then, almost surely with respect
to/the landscape o, the Bouchaud random walk exhibits some peculiar behaviour
that”is caused by the existence of lattice sites with extra-ordinarily long holding
time parameters; the random walk is trapped. This effect is most pronounced if
the Pareto parameter « is smaller than one, and leads then to ageing phenomena.
E.g., the trapping takes place after longer and longer time lags and in further
and further remote sites, and both the time lags and the trapping sites show nice
asymptotic scaling behaviours. See [Benéer06] for a summary of these properties of
the Bouchaud random walk.

Combining the PAM with the Bouchaud random walk and considering concen-
tration and ageing phenomena is tempting, as each of them shows these phenomena,
the PAM at least for sufficiently heavy-tailed potential distributions, as we out-
lined in Section 6.4.2. Indeed, in [MuiPym14]|, the potential distribution is taken as
Weibull-distributed, in which case these phenomena for the PAM are known from
[FioMuil4]| and [SidTwal4]. However, the assumptions on the Bouchaud random
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walk made in [MuiPym14] are less restrictive, but do contain the Pareto case with
parameter in (0, 1).

The main result of [MuiPym14] is the complete localisation of the solution u(t, -)
in one random, t-dependent site Z; € Z? in the sense that u(t, Z;)/U(t) converges
to one in probability. Furthermore, depending on the details of the distribution of
potential, the potential values in the neighbouring sites of the concentration site Z;
are characterised; they indeed show an interesting limiting behaviour, and it can be
seen in some sense that the one-site island slowly starts to emerge an interesting
shape as the potential distribution gets less heavy-distributed.

7.10 Drifted PAM and polymers

New interesting questions arise if a drift is added to the diffusion, i.e., if the generator
A of the simple random walk is replaced by the one of a random walk with drift.
This changes the behaviour of the model and also its mathematical-properties.
One of the crucial issues is the loss of symmetry of the generator; a great deal
of the mathematical tools presented in Section 2 does not apply. The Feynman-
Kac formula does apply, but its large-deviations analysis is now quite different and
has nothing to do with the Donsker-Varadhan-Gartnery LDP that we presented in
Section 4.2.1. The underlying random walk has now_a-~tendency to travel further
and further and to see always new terrain, instead ‘of returning to relatively few
places many times and to build up high local times. It is not necessarily the highest
potential values that play the leading role, but,a compromise between quite high
potential values and a multitude of regions-that are successively relevant, as more
and more time elapses.

Because of these substantial differenees, we decided not to give an account on
this subject, but to restrict to some fundamental remarks. The main conjecture
about drifted PAM (or, equivalently, drifted random walk in random potential) is
the existence of a critical.drift,) a ‘critical threshold for the strength of the drift:
for subcritical drifts, the behaviour of the total mass of the PAM is similar to the
drift-free case, at least|as it concerns the main terms in the asymptotics, and the
intermittent islands should be essentially the same. In contrast, for supercritical
drifts, the trajectory in the Feynman-Kac formula diverges at least with positive
speed in the direction of the induced drift and develops a non-zero ‘effective drift’.
This threshold between the two behaviours should be non-zero at least in the case of
a bounded random potential, but not necessarily for unbounded ones, as extremely
high peaks may suggest the path to spend much time in them, slowing down the
speed.

Such critical drifts have been indeed established for a number of cases, more pre-
cisely, different behaviours have been found for sufficiently large and for sufficiently
small drifts. In the former case for bounded potentials, large deviation principles
for the end point of the random walk with linear scaling have been established, and
criteria and bounds were given for the critical drift, both in the annealed and in the
quenched setting.

However, most of the works on this subject offer no formula for the rate function
nor for the critical drift, and all information derived about the behaviour of the
motion and of the potential and about the critical drift is not quantitative; the
validity of the LDP for the endpoint and the non-triviality of this transition is for
many cases the main information that has been derived yet. The following questions
are, to the best of my knowledge, widely open yet:

(i) Is there an additional intermediate regime between the two above mentioned
ones (behaviour on the scale of the zero-drift case and non-trivial linear asymp-
totics)?
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(ii) Can one characterise the critical drift(s) intrinsically and analytically?
(iii) On what scale does one see the influence of the induced drift in the zero-effective
drift phase?

Closely connected with the drifted PAM is the question for the Lyapounov expo-
nent of the motion in random potential. To define this, one replaces the deterministic
time ¢ in the Feynman-Kac formula (for non-drifted motion!) by the first time at
which a certain hyperplane in a given direction v € R? with norm one with a certain
distance r to the origin is reached. Then the Lyapounov exponent is defined as the
large-r logarithmic asymptotics of this modified formula. It is interesting both in
the annealed and in the quenched setting. Employing sub-additivity arguments of
Kingman-type is not straight-forward, but require only technical work and can be
considered standard by now. Results on the existence of Lyapounov exponents can
easily be reformulated in terms of LDPs for the corresponding PAM with drifted
motion. Deriving criteria for their non-triviality and for the validity of the above-
mentioned transition needs some additional work.

For Brownian motion among Poisson obstacles, many deep results are presented
in [Szn98], and there are versions for random walks in random ‘potential under
various assumptions on the distribution of the potential in the literature. We refer to
[Flu07, Flu08] for some results in this direction and some guidance to the literature.
One of the main questions is the coincidence of the annealed and the quenched
Lyapounov exponents and their behaviours for vanishing diffusivity (i.e., for s | 0,
if the Hamiltonian <A + £ is considered).

There seems to be a beginning of a story“that derives and explores explicit
formulas for drifted motions in random potential, see [Ruel4], which might lead to
a much deeper understanding and the investigation of various detailed questions in
future.

The extreme case of drifts, the case.where each step leads the trajectory by a
fixed amount further in one direction, is called directed polymer in random envi-
ronment, a name that reflects.that this trajectory never hits a site more than once.
(The term ‘polymer’ is often.used in the mathematical literature for random paths
that never, or at least rarely, produce self-intersections, like the self-avoiding walk.)
Usually, one considers the time-discrete setting and picks the direction of the drift
parallel to the first axis, such that the path that one considers is indeed of the form
(n, Sp)nen, With (Sp)nen, & d-dimensional simple random walk (or other types of
random walks).”This’is a (1 4 d)-dimensional polymer, which is indeed the graph of
a d-dimensional walk.

Directed polymers in random environment are a subject of high importance,
since_they,are believed to show behaviours that lie in the universality class of a
number of prominent models, one of the most well-known of which is the directed
last-passage percolation and the largest eigenvalue of a random matrix drawn from
the Gaussian unitary ensemble and the KPZ equation; in all these models one ob-
serves fluctuations on the scale ¢!/ rather than t'/2, a universal phenomenon of
high importance that currently lacks a deeper understanding. We refer to the sur-
vey [ComShiYos04] from 2004 on directed polymers and the surveys [Corl2] and
[Qual2] on the KPZ equation.

7.11 Branching random walks in random environment

In Section 2.1.1 we introduced the model of a branching random walk in a random
environment of branching rates (BRWRE). The expected number of particles at
time ¢ in the site z is a solution to the PAM, where the expectation is taken over
the branching/killing mechanism and the migration, but not over the branching
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rates, and the potential ¢ is calculated from the branching and the killing rates.
This fundamental relation suggests to exploit the knowledge on the PAM that has
been gained over the last 20 years for the study of the BRWRE, but actually and a
bit surprisingly, this has been done to a little extent yet. In this section, we report
on these works.

The information on the branching process that one gains from the Feynman-
Kac formula in (2.2) is indeed not very direct. The path X = (X).ejo4 indeed
stands for all the trajectories of branching particles that follow that path, and all
branching and killing events are decoded in terms of the integral f(f &(Xs)ds over
all ¢-values along the path in the exponent, but not in explicit branching/killing
events. This makes it difficult to derive particlewise information about branching
and killing. Nevertheless, the weight that the path X receives by the exponential
integral should reflect the mass of particles that flow along that path.

From the understanding of the behaviour of the PAM, one can now"guess-that
the behaviour of the BRWRE should have quite some features in commnion with
the PAM. In particular, the arising picture should have nothingto do with a ho-
mogenised behaviour, and Brownian approximations in the sprit-of Donsker’s in-
variance principle should drastically fail. Instead, the branching particles should
also enjoy an intermittency effect, i.e., they should be strongly concentrated in the
same intermittent islands as the solution of the PAM is.\Of high interest is then the
description of of the trajectories between these islands’and the identification of the
time scales and much more.

7.11.1 One-dimensional models

Some early work in that direction was carried out in a series of papers [GreHol92]
for one-dimensional BRWRE in discrete time and space, with special attention to
the influence of a drift to the expected number of particles, comparing and con-
trasting the annealed and quenched settings. No connection with the PAM (whose
mathematical treatment. was in its infancy at that time) was made, and the meth-
ods used there (Ray-Knight-type descriptions of the local time as a process in the
space parameter) are strictly limited to one dimension. Hence, we are not going to
present any details.

7.11.2 Moment asymptotics for the population size

Motivated,and influenced by [G&arMol98], the d-dimensional continuous-time version
of the BRWRE was studied in [AlbBogMolYar00] for Weibull-distributed branching
rates with parameter a € (1,00), such that the corresponding PAM lies in the class
of double-exponentially distributed potentials with p = co, which is called the class
(SP) of single-peak potentials in Section 3.4. The main focus was on deriving a
Feynman-Kac-like formula for the expectation of the n-th power of the number of
particles at time ¢ at site z, n(t, z), and the total particle number at time ¢, n(t).
This formula is presented there in a recursive fashion, which made it difficult to
analyse its asymptotics as t — oo. The result identified the first term only, and it
turned out that, for p,n € N,

(E[n(t)"]P) = el (mpt)(Ato(1) t — 00.

That is, the asymptotics for the p-th moment (over the branching rates) of the n-th
moment (over the branching/killing and migration, denoted by E) at time ¢ are the
same as the one of the first moment of the first moment at time tnp, at least as it
concerns the first term. We know that this phenomenon can be easily interpreted
for n =1 (see Remark 3.2), but this is not so easy for arbitrary n € N.



7.11 Branching random walks in random environment 127

This effect was later studied in greater detail and precision [GiinKonSek13],
where a direct version of that Feynman-Kac-like formula was derived, which admits
deeper studies. The main tool there is the many-to-few lemma, an extension of
the well-known many-to-one lemma from the theory of branching processes. For
the branching rates doubly-exponentially distributed with any value of p € (0, 00),
also the second term in the asymptotics of (E[n(¢)"]?) was derived, and the above
phenomenon is shown to hold true also for the second term (which is by the way,
again given by the characteristic variational formula in (3.45)).

A closer inspection of the proof shows that this phenomenon should come from
the issue that the potential £ can attain positive values, and these values determine
the asymptotics. However, for strictly negative potentials, the asymptotics of the
p-th moment of the n-th moment should behave as the first moments at time ¢p, i.e:
as if n would be one. The reason for this can be explained as follows. The above-
mentioned Feynman-Kac-like formula for (E[n(¢)"]P) involves an expectation overra
branching process that splits precisely n —1 times up to time ¢, and in the exponent
there is a sum over all the integrals of the &-values over all the branches. The
earlier all the n — 1 branching times are, the longer the total time of-the intervals
that appear. If £ can attain positive values, then this term is maximal if all the
branching times are as early as possible, and if £ attains only\negative values, then
they need to be as late as possible to produce a maximal value; Recalling that large-
t asymptotics of exponential integrals over [0, t] always.come from a maximisation,
this makes this effect plausible.

7.11.3 Intermittency for the particle flow

Motivated by the comprehensive understanding of the time-evolution of the PAM
with Pareto-distributed potential, which we outlined in Section 6.5, [OrtRob14],
[OrtRob16a] and [OrtRob16b] derived a similarly comprehensive picture of the time-
evolution of the underlying continuous-time BRWRE on Z¢ with Pareto-distributed
branching rates. In particular, a.precise and rigorous understanding of intermittency
for the system is achieved.

Indeed, in [OrtRob14] it)is shown that the branching particles are concentrated
on the intermittentislands of the PAM (which are single sites now, see Section 6.4.2),
but are traversed in ‘a possibly different order than the main bulk of the mass of
u(t, -) traverses it. This assertion is even strengthened in [OrtRob16b] by proving a
one-point concentration property for the particles of the BRWRE. This proves an
appealing ageing picture of the BRWRE in great detail. The main assertions are
formulated in [OrtRob16a] in terms of a rescaled limit of the entire BRWRE model
towards the lilypad model, a last-passage percolation process in continuous space
with, random, time-depending weights on the bonds between the points.

The main difference between the time-evolution of the main mass of the PAM
and the main particle concentration of the BRWRE is the following. If the time
t exceeds the threshold beyond which new, more preferable intermittent islands
appear at the horizon, then the sample trajectory in the Feynman-Kac formula
is completely rearranged from scratch and immediately walks from the origin to
the new optimal potential site, without paying attention to the location of the
last intermittent peak. The PAM searches for new islands only from the origin. In
contrast, the main bulk of the branching particles is already located at the last
intermittent island, and the particles have to travel from that location to a new
one, which is now optimal as seen from that current location and does not have to
be the one that the PAM-trajectory would choose.
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Time-dependent potentials

Of fundamental importance is the parabolic Anderson model in (1.1) also if the
random potential is allowed to be time-dependent. Here we considersthe Cauchy
problem

%u(t,z) = kA'u(t, 2) + £(¢, 2)ult, 2), for (t,2) € (0,00) x Z%,  (8.1)

(0, 2) = up(2), for 2 & 724, (8.2)

where £: [0, 00) x Z¢ — R is a space-time random-field that drives the equation, and
ug is the initial datum, which we want_to assume as a nonnegative and bounded
function. This case is called the dynamic\case, and the potential £ is often called
a dynamic random environment or a dynamic potential, in contrast with a static
potential & = (£(z)),ecza, which we considered in all the preceding chapters. Ob-
serve that the dynamic case is.not the situation of a ¢-dependent scaling of a static
potential, which we discussed.in Section 7.3. The directed polymer in random envi-
ronment, which we briefly| mentioned in Section 7.10, belongs also to the dynamic
setting, but the time dimension is interpreted as an additional space dimension
there.

Usual general lassumptions are that £(0,0) is integrable and that the field &
is time-space ergodic, which means in particular that the distribution of £(-,-) is
invariant under shifts both in time and space (and could therefore be extended also
to negative times). The Feynman-Kac formula now reads

wu(ty z) :Ez[exp{/Oté(t—s,Xs)ds}uo(Xt)}, zeZite (0,00), (8.3)

where (X;)se[0,00) i8 the continuous-time random walk on Z? with generator xA'.
Recall that the Feynman-Kac formula in the static case, (2.2), relies on a time-
reversal, which made us consider paths moving from the initial site to z rather
than from z to the initial site, but in (8.3) this would require a time-reversal of
&(t,-). Actually, the finiteness of the right-hand side of (8.3) is already sufficient
for the PAM in (8.1) to have a unique positive solution w. This is the extension of
Theorem 1.2 to the dynamic case; see [CarMol94]. For the almost-sure existence of
a solution, one has to find a criterion that ensures the finiteness of the right-hand
side of (8.3) for almost all &; see e.g. Remark 8.11.

Like in the static case, which we considered in the preceding chapters, the main
goal is the analysis of the solution u(t,-) of (8.1) in the large-t limit. For general
time-dependent potentials, it is much more difficult to obtain qualitative information
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about the behaviour of the solution, and the results derived in the literature are
much less explicit than in the static case. On the analytic side, the operator A' 4
&(t, ) on the right-hand side of (8.1) depends on time, and therefore it is a priori not
possible to make use of spectral theory here. In particular, an eigenvalue expansion
is not possible here.

Also in (8.3), one sees that the picture is quite different from the static case.
Again the large-t asymptotics should come from a behaviour of the path that spends
as much time as possible in sites where the potential is extremely large. However,
when the potential varies in time, this is much more difficult for the path, as the
locations of the optimal regions may move. If the potential is mixing in time in any
sense (or even i.i.d. in time, like for the directed polymers in random environment;
which we briefly looked at in Section 7.10), then the fraction of time that the'path
spends in the extremal regions is very small, and the large-t behaviour of the'solution
is not likely to come from an extreme maximisation. Then the main contribution of
the path to the Feynman-Kac formula will not come from many returns to & certain
place, and hence the Donsker-Varadhan-Géartner LDP theory will mot be helpful.

Nevertheless, the concept of intermittency is as important 'as in-the static case,
but even more difficult to conceive (and to prove). In the spirit of the definition of
moment intermittencyin (1.10), we call the solution strongly p-intermittent (some-
times just p-intermittent) for p € N if either Ap(k) = co.or A, (k) > Ap—1(k), where
the annealed Lyapounov exponent is defined as

Ap() = Jim log{(u(E 0))"7], (8.4)

provided these limits exist. We stress the dependence on the diffusion parameter
k; see the discussion in Remark 8 1. Like in the static case, a simple application of
Jensen’s inequality shows that \,(k) is non-decreasing in p, but proving the strict
inequality needs some efforts. Unlike in the static case, it is generally unknown
whether the strict inequality X, (5) > Ap—1(k) for some p implies it for every p,
hence the notion a priori needs to depend on p. This notion may appear meaning-
less if all the A, (k) are\equal to oo, which may happen for unbounded potentials,
see Example 8.3. Certainly, this phenomenon is expected to have something to do
with a concentration property of the solution in small, far apart regions, but such a
property is ratherdifficult to coin explicitly, even more difficult to prove, and pos-
sibly not true, even if the Lyapounov exponents were strictly increasing in p; this
is largely unexplored. Negative results have been derived for such a concentration
property ‘for potentials that are mixing in time, see Remark 8.11. In this respect,
the research still is close to the beginning, and much insight in the geometry of the
solution u(t, -) is still lacking.
Also the role of the quenched Lyapounov exponent,

1
)\0 (K’) = tli{go g logu(t7 0)7 (85)

for the geometric properties of the main mass flow is not yet understood, but there
are some results for its existence and dependence on the diffusion constant s, see
the discussion in Remark 8.1 and some results in Remark 8.11 and in Section 8.3.

We are now giving a survey on results on the large-time behaviour of the solution
for a number of interesting random potentials. We concentrate on the annealed
Lyapounov exponents in Section 8.1 and on the quenched one in Section 8.2; While
in Section 8.1 we consider mainly examples from population dynamics, we briefly
turn to white-noise potentials in Section 8.3, but keep it short, as we encounter
the boundaries of this book’s scope there, just when we are about to enter another
exciting research area.
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8.1 Potentials built out of particles

One type of random potentials £(¢,-) that received much interest in recent years as
the driving potential for the PAM is built out of a given family of random processes
in Z?. More precisely, £(¢,z) is (up to a constant) equal to the number of these
random walkers at time ¢ at the site z. This has a convincing interpretation as a
family of catalysts for the reactants, whose expected number is registered in the
solution to the PAM in (8.1). We remind on the discussion in Remark 2.1, the
only difference being that the catalyst particles are here evolving in time. If &, (¢, z)
denotes their number at time ¢ in the site z, and if each reactant splits into two
with rate v € (0,00) per catalyst and dies with rate 6 € [0, 00), then their expected
number at time ¢ at site z is equal to u(¢, z) (the solution to (8.1)) with £ = &, —d.
See also Sections 2.1.1 and 7.11 for the static case.

In a series of papers by Gértner, den Hollander and Maillard, the following types
of catalyst particles are considered:

(0) One single random walk with generator pA*, starting from the origin,

(i) Independent random walks (ISRW) with generator pA, starting from a Poisson
random field (that is, in every lattice point the number of catalysts at the
beginning is independently Poisson distributed, say with parameter v > 0).

(ii) Symmetric exclusion process (SEP): At each time, every-site is either occupied
by one particle or empty. Particles jump from a site z to a neighbouring site y
at rate p(z,y) = p(y,z) € (0,1), if y is empty.

(iii) Symmetric voter model (SVM): At each time,.every site is either occupied by
one particle or empty. Site x imposes its'state on a neighbouring particle at y

at rate p(z,y) = p(y,z) € (0,1).

While in model (0), the catalyst isdocalised and & therefore not shift-invariant
in distribution, in models (i) — (iii), the catalysts form a large family that covers
large parts of the space. The initial\distribution of catalyst particles is such that the
corresponding process is in equilibrium, i.e., the numbers of particles in the sites
forms a stationary process'in time. In models (i) and (ii), it is even reversible, which
makes an analysis via spectral theory and large-deviations analysis possible, but the
arising variational formulas” are rather involved and difficult to analyse further.

We summarize results on the model (0) in Example 8.2. The annealed results
found by that team for the models (i) — (iii) in a series of papers are summarized
in Examples 8:3 8.6, see also the survey article [GarHolMai09b].

Remark 8.1. (What we can learn from the annealed Lyapounov expo-
nents.) The annealed and the quenched Lyapounov exponents in (8.4) and (8.5)
are\the quantities that give the first non-trivial information about the large-t be-
havieur of the PAM. The information that one can draw from them is, on the one
hand, much more descriptive than the first asymptotic term in the static case (which
just gives the asymptotics of (e?¢(?))), but, on the other hand, much less descriptive
and detailed than the second term in the static case. In general, the Lyapounov
exponents cannot be identified in terms of interpretable variational formulas that
admit a detailed further analysis. However, they do give some information about the
question whether or not the reactant (if necessary, jointly with the catalysts) follows
a particular strategy to optimise its contribution to the Feynman-Kac formula or
not. Here we mean a strategy that costs probabilistically on the exponential scale
and is made up for by a larger gain of the interaction between them, i.e.; the term
in the exponent of the Feynman-Kac formula.

For a catalyst-potential like the above four models, a large value of A\, (x) comes
from a clumping behaviour of the catalysts, in combination with a close nestling
of the reactant to the catalysts. (In contrast, if v would be taken negative, then
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a good joint strategy would be that the catalysts and the reactant try to avoid
each other as much as possible; see Remark 8.8.) If both the catalyst and the
reactant would not follow such a cooperative joint strategy and would behave just
‘as usual’, then the Lyapounov exponent would be just equal to the value that one
would obtain if the potential £ is replaced by its expected value everywhere. In
the case where the expected value does not depend on time nor on space (e.g., if
¢ is assumed stationary in time and space), then a simple application of Jensen’s
inequality shows that A,(x) > (£(0,0)). The interesting question is whether this
inequality is strict, since it would say that the cooperative strategy of catalysts and
the reactant is noticeable on the exponential scale. This question could be settled
in great generality, see below.

One of the main interests lies in the behaviour of the annealed Lyapounov expo-
nent \,(x) as a function of x, again in a comparison to the expected value 6f.¢.) One
interesting question is whether or not A\, (k) is decreasing in « and what“its limiting
value as k — oo is: the expected value or larger? The monotonicity inyk,>at least
for the four above types of potentials, should come from the fact that they are built
out of random walks on Z?, like the reactant in the Feynman-Kae formula. This is
the more difficult (i.e., probabilistically costly), the larger the diffusion constant s
of the reactant is. The interesting question then is whether or not anything of this
joint strategy stays over in A,(co) or not. o

Let us report on some results for the model (0):

Example 8.2. (Finitely many catalysts.) Let Y = (Y}):c[0,00) be a random
walk on Z¢ with generator pA starting from the origin, and put & =+, — &, where
§(t, z) = lgy,—.3, i.e., the potential is equal to one in the current location of the
catalyst and zero anywhere else. The initial condition is localised, i.e., u(0,-) = do(-).
Hence, catalyst and reactant both start from the origin. The growth of the expected
mass of the reactants will be’ produced precisely in the site where the catalyst is.
The asymptotics now depend.heavily of the question how costly it is that the two
particles (catalyst and reactant) travel most of the time together in the same site.
This has been addressed-in [GarHey06] and [SchWol12].

Key to analysing the exponential growth of the first moment is a spectral analysis
of the operator s + rdy. This suggests itself, as the analytic description of the
above strategy(in terms of the local time profile of the reactant (more precisely, of
the process X.in the Feynman-Kac formula) amounts to a delta-like shape, and the
peak can bé thought of as being at the origin. It comes therefore as no surprise that
in [GérHey06] the Lyapounov exponent A,(x) turns out to be equal to p times the
upper boundary of the spectrum of kA" +rdy with the choice r = py/p. Therefore, in
analytical terms, exponential first moment growth corresponds to a positive spectral
radius of that operator, which is in turn equivalent with the fact that rdy is a
compact perturbation of kA, which is itself equivalent to the existence of a positive
eigenfunction. This is known to be true in d = 1 and d = 2 for any value of r > 0,
but in d > 3 only for r sufficiently large. Correspondingly, we observe in d > 3
an interesting dependence of the question of intermittency on the parameter v/p,
while in d < 2 intermittency occurs for any p. The interpretation is that in higher
dimensions, it is more difficult to follow the catalyst than in low dimensions, and
he needs a stronger incentive for doing that.

[SchWol12] makes much more precise assertions about the behaviour of the so-
lution u(t, ) close to the catalyst. Indeed, they describe the solution from the view
point of the particle by looking at wu(t,Y; + -) and derive asymptotics for its an-
nealed moments even up to equivalence. For higher moments, they first derived the
spectral analysis of a suitable modification of the operator kA + rdg.
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In the case of multiple catalysts (but finitely many) and/or higher moments,
the perturbing term that appears in the analytical description of the annealed Lya-
punov exponent is not compact any more, which adds an additional degree of com-
plexity to the problem. Annealed asymptotics for multiple catalysts are treated in
[CasGiinMail2]. &

In the following examples, we report on annealed results on the choices (i) — (iii)
of models.

Example 8.3. (Independent simple symmetric random walks.) Let us de-
scribe some annealed results for model (i) from [GarHol06]. They put the killing
rate 6 = 0 and look at & = v&, with £.(¢, z) equal to the number of catalysts at
time ¢ in the site z. Here, the random potential £ is unbounded to co, as many of
the simple random walks can be present at a given site, even for long time lags:=In
particular, the probabilistic costs for the ISRW to have of order ef, say,~particles
close to the origin for most of the time interval [0, ¢] might be made up for by the
gain of the reactant from staying in that area for long time and enjoying a large
production rate. Then the Feynman-Kac formula would be then even of order e
This scenario is similar to the static case with potentials from the class (DE) or
(SP), but on a much larger scale.

It is shown in [GarHol06| that the limit in (8.4) exists for any x € [0, 00) and
that the map x — A,(k) is finite, continuous, non-increasing and convex on [0, 0o)
if A, (0) is finite. Furthermore, introducing the Green’s function G4 = [, p:(0,0) d¢
(with p(x,y) the transition probability of one of the ISRWs), A, (k) is finite for all &
if and only if p < 1/G47. Since G1 = G2 = o0y the solution w is, in dimensions d = 1
and d = 2, therefore p-intermittent for any“p and, in d > 3, for all sufficiently large
p. This means in particular that the.€xpected number of reactants per site goes to
oo super-exponentially fast in d = 1 and d = 2. Such a behaviour is called strongly
catalytic in [GarHol06]. See Remark 8.4 for similar results derived independently
relying on path estimates.

However, for d > 3, the iyapounov exponent is finite only for sufficiently small p,
depending on ~y. For p >1/G 47, it it shown that the divergence of + log[(u(t, 0)?)!/?]
is even exponential in ¢, i.e., the expectation of the solution runs on an double-
exponential scale, ‘ag we indicated above. For p < 1/Gg7v, [GarHol06] identifies the
values of A\, (0) and the asymptotics of kA, (k) for k — oo, and they show that X, (k)
is now even strictly decreasing in «. It turns out that X,(0) is strictly larger than
times the mean number of ISRWs everywhere (the expectation of £) and that A\, (k)
decreases.to that value as k — oo.

However, the question whether or not the model is p-intermittent (i.e., whether
Ap(K) > Ap—1(k)) is left open there; they conjecture that this is true for any
in‘dy="3, but only for sufficiently small x in d > 4. Interestingly, in d = 3, the
asymptotics of KA, (x) show a remarkable connection with the polaron model, whose
mean-field version we briefly mentioned in Example 7.11; there is a heuristics for
deeper reasons behind it. This three-dimensional effect makes a difference in the
second-order term of the convergence of \,(x), which gives rise to the conjecture.
<&

Remark 8.4. (Survival and extinction of branching random walks with
catalysts.) The interpretation of interacting reactants and catalysts in the model
(i) above has also been studied in [KesSid03] with the additional assumption that
reactant particles die at a certain deterministic rate § € (0,00). Independently of
[GérHol06], the authors make the intriguing observation that, in dimensions 1 and
2, the expected number of reactants at a site grows to infinity in time regardless of
the choice of the other model parameters, including the killing rate . Additionally,
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the corresponding growth rate is always faster than exponential. These are annealed
results, which also follow from the results of [GarHol06] that we summarize above.

Furthermore, conditioning on the behaviour of the catalysts (i.e., looking at the
quenched situation), the reactants die out in all dimensions if § is chosen large
enough. This interesting behaviour indicates that there are immensely high peaks
in the concentration of reactants along the space of different reealisations of the
catalyst behaviour. However, the reactants locally survive if ¢ is small enough,
which shows an interesting phase transition. <&

Example 8.5. (Symmetric exclusion process.) Let us describe the results-of
[GarHolMai07] and [GarHolMai09a] for the model (ii). The symmetric exclusion
process is a family of independent, identically distributed random walks in Z¢ whose
transition kernel is symmetric and irreducible, subject to the exclusion rule: no site
can ever be occupied by more than one particle, i.e., all jump decisions towards
an occupied site are suppressed. Recall that & = &, where (¢, 2) €40, 1} is the
number of catalysts at the site z at time ¢.

It turns out that the annealed Lyapounov exponent A, (x) defined in (8.4) exists,
is finite, non-increasing and convex in k, for all values of the parameters. There is
an interesting dychotomy in the recurrent behaviour of the catalysts. Indeed, if the
underlying random walk that drives the exclusion process is recurrent, then A, (x)
is equal to the value that one would have if £, would be replaced by one everywhere
(i-e., its maximal value), while in the transient.case, it is strictly below, but still
strictly larger than the expected value of the potential £. However, as k — oo, it
approaches the latter value, and similar asymptotics for the difference are derived as
for the case described in Example 8.3; including the interesting connection with the
polaron term and the conjectures.about intermittency. The latter question could be
answered in the affirmative only forsx = 0 for any p.

The interpretation is that, in the recurrent case, the main asymptotics comes
from a clumping of the catalysts in a large ball for a long time, i.e., the catalysts
fill practically every sitein that ball, while in the recurrent case, such a ball is only
filled gradually with/a‘higher rate than the mean value. This effect vanishes as the
diffusion strength of thereactant is driven to co. <&

Example 8.6.\(Symmetric voter model.) Here ¢, is given as a system of ‘opin-
ions” 0_or Latseach site in Z¢, and the person at x imposes his/her opinion to the
person at, y with rate p(z,y) € [0,1] (if they are different), where p is the transition
kernel of an irreducible symmetric random walk on Z?. Two different initial states
are_considered, the Bernoulli process or the equilibrium measure, each with den-
sity ) (expected opinion in a site) p € (0,1). Again, we take £ = v¢, as the random
potential.

In [GarHolMail()], the existence and finiteness of the Lyapounov exponent A, (k)
in (8.4) is proved and its continuity in k. For the following, assume that the steps
under the kernel p(0,-) have a finite variance. Then the following dychotomy is
identified: for d < 4, the value of \,(k) is the same as if all opinions would be equal
to one, while for d > 4, it is strictly between that value and the expected value of the
potential, i.e., the one that one would get if all opinions would be replaced by their
mean value, p. Furthermore, in d > 4, the solution is shown to be p-intermittent for
any p for k = 0. It is only a conjecture that, in these dimensions, the Lyapounov
exponent approaches the expected value of the potential, and that it does this in
a very particular manner that again involves an interesting variational problem in
d = 5, like the polaron problem in d = 3. Hence, the knowledge is less developed
than in Examples 8.3 and 8.5 above, which is partially due to the fact that the
ISRW and the SEP are reversible and admit some spectral-theoretic methods, but
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the SVM is not. O

Remark 8.7. (Random conductances.) In [ErhHolMail5b]|, the simple ran-
dom walk is replaced by the random walk among random conductances (RWRC),
i.e., the operator kA" is replaced by the randomised Laplace operator 4 f(z) =
Y oms Waz(f(x) — f(2)), see Section 7.9.1 for the static case. That is, the random
conductance model is considered. The random conductances are assumed to be uni-
formly elliptic (bounded and bounded away from zero) and symmetric, i.e., attached
to the undirected edges. They do not have to be i.i.d. over the edges, but only need
to satisfy a certain clustering property. The random time-dependent potential £ is
assumed to be either an i.i.d. field of Gaussian white noises (see Section 8.3), or a
field of (finitely or infinitely many) independent random walks, or a spin-flip systemt:
Then the Lyapounov exponent, almost surely with respect to the conductanees; is
shown to exist and to coincide with the supremum of the Lyapounov expenents
with conductances = k, taken over all x in the support of the conductances. &

Let us have a brief look at the situation with negative potential;

Remark 8.8. (Randomly moving traps.) We obtain a model for reactant move-
ment among randomly moving traps if we choose v < 0. In“this case, the solution
u(t, z) under the initial condition «(0,-) = &y describes‘the survival probability of
a randomly moving particle that is killed at rate:—#. times the number of traps
present at the same site.

The case of a single randomly moving trap Y = (Y (t)):e[0,00), i-€-, §(t,2) =
Yoy, (z) with v € [—00,0], is not accessible by the spectral theory of the operator
kA + rdy with negative r (see Example 8.2), as the spectrum of the Laplacian is
concentrated on the negative half-axis and’a perturbation by rdy does not create
an isolated positive eigenvalue. Preciseylarge time asymptotics for the expected
total mass of the solution have (been treated in [SchWoll2] for the localised initial
condition u(0,-) = dp(+). Indeed, the asymptotics are not on any exponential scale,
but on the scale of the Green’s function of the random walk. That is, the expectation
of 3, czau(t, z) runs like & constant times ¢~'/2 in d = 1, a constant times 1/logt
in d = 2, and it even convérges in d > 3. Also the initial condition «(0,-) = 1 is
considered in [SchWel12]. Here the expected total mass converges in any dimension,
but only in d = 1 towards some non-trivial term, otherwise just to one.

In [DreGarRamSun12|, the ISRW as in model (i) at the beginning of this section
(see Example 8.3) are considered, however, with negative v. More precisely, instead
of the Feynman-Kac formula in (8.3), [DreGarRamSun12] considers

U(t) = ]Eo[exp {7 /Ot &8, Xs) dsH7 ze 7%t e (0,00), (8.6)

with &, as in Example 8.3, and v € [—00,0). The main result of [DreGérRamSun12]
is the following annealed asymptotics:

—vy /32, ifd=1,
log(U (t)) ~ fuwp@, if d=2,
—)q(li)t, if d > 3,

where Aj(k) is a number that is not characterised further, but it is shown that it
satisfies A1(k) > A1(0). Further work on the behaviour of the path X in (8.6) is
done in [AthDreSunl6] for d = 1; in particular it is shown that it is subdiffusive,
i.e., X; runs like o(v/?). See also [DreGérRamSun12] for some more biographical
information about models of trapping paths by other particles. O
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8.2 The quenched Lyapounov exponent

We turn now to the quenched Lyapounov exponent Ag(x) defined in (8.5). Results on
this have been derived for general space-time ergodic random potentials &: [0, 00) X
Z¢ under various additional assumptions, and they have been specialised to the
four examples of Section 8.1. Our report on these results will not be exhaustive, but
the work [GarHolMail2] (see Remark 8.9 below) makes contributions to quenched
results and summarizes much of the literature about the small-x behaviour of the
quenched Lyapounov exponent Ag(k).

Also the quenched Lyapounov exponent gives rise to some interesting effects:
First, if the potential £ is unbounded from above, the finiteness of A\g(x) is not at‘all
clear, as in principle it is possible that the reactant can make substantial use of the
high peaks of £, spend much time in them without paying too much probabilistically
and producing a large, possibly super-exponentially large, value of thé\Feynman-
Kac formula. However, if the potential is sufficiently mixing in time“and space, it
can be shown that this is not the case, see Remark 8.11 below.

The question about the qualitative behaviour of the map k> Ao(k) is also
highly interesting, as it says something about how well the.reactant can make use
of the high peaks of the potential in dependence of the strength of the diffusivity,
in particular, when just ‘switching on’ its movement, i.e.; for small k. It is expected
that this map starts from the expected value of ¢ at7x) = 0, increases for a while
and then decays back to the expected value, but_this'has not been settled yet in a
satisfactory way.

Remark 8.9. (Quenched results for ISRW,;SEP and SVM.) In [GirHolMail2],
the authors analyse the quenched asymptotics (i.e., conditioned on the evolution of
catalyst particles), more preciselysthe-quenched Lyapounov exponent Ag(x) defined
in (8.5). They do this for the localised solution (i.e., u(0,-) = do(-)) and first under
the assumption of stationarity and ergodicity of ¢ with respect to translations in Z%
and that, for all value of the‘parameters, (logu(t,0)) < ct for all ¢, where the con-
stant ¢ may depend on the parameters. In a second step, they specialise the results
to the three examples'ISRW, SEP and SVM that we outlined in Examples 8.3, 8.5
and 8.6. The bound (logu(t,0)) < ct is clearly satisfied for bounded potentials like
SEP and SVM; but, also for ISRW, as [KesSid03] shows.

The start is that \o(x) exists almost surely and in L'-sense and is finite. Then
they show that it is globally Lipschitz-continuous outside any neighbourhood of
0 and that it-is strictly larger than the expected value of £, vp. Under some weak
technical condition (which is satisfied for the three examples), Ag(k) is shown not to
be Lipschitz-continuous at 0. For some other types of potentials, this is substantiated
by 'some explicit upper bound for A\g(k) — vp in the limit £ | 0, which is of order
loglog %/ log % For the three examples, it is shown that Ag(x) tends to yp as kK — oo,
and for SEP and SVM, there is a lower bound for A\g(k) — vp in the limit x | 0 of
order 1/log L. &

Remark 8.10. (More general quenched results.) In [DreGirRamSun12], the
existence and finiteness of a certain modification of the quenched Lyapounov ex-
ponent is established (both in almost-sure sense and in L) for space-time ergodic
bounded potentials £ that are reversible in time or symmetric in space, the modifica-
tion being that the time-reversal of £ in the Feynman-Kac formula (8.3) is dropped
and (8.6) is considered instead. The novelty in comparison to [GarHolMail2] (see
Remark 8.9) is that this limit is shown not to depend on the (non-negative and
bounded) initial condition ug, even if ug has an unbounded support.

In [ErhHolMail4], a very general general potential £: [0,00) x Z¢ — R (taking
possibly positive and negative values and being possibly unbounded) is considered,
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and some basic properties of the quenched Laypounov exponent are derived, which
extend those of [GarHolMail2]. Indeed, & is assumed to be space-time ergodic such
that (0, 0) is integrable, and that, for any 7' > 0, the field £ (-) = sup,¢o,71£(t, ")
is percolating from below. The latter means by definition that each of its level sets
{z € Z¢: ¢™(2) < a} with a > 0 contains an infinite connected set. Under these
assumptions, it is proved in [ErhHolMail4] that the Feynman-Kac formula in (8.3) is
finite for any bounded nonnegative initial condition u and therefore the solution to
(8.1) is unique. Furthermore, if a certain space-time mixing property of £ is assumed
(called Gdrtner-mizing in [ErhHolMail4]), then the existence and finiteness of the
quenched Lyapounov exponent Ao(x) is established, its independence on the initial
datum wug, and its continuity in x € [0,00) and Lipschitz continuity away from the
origin. Recall from Remark 8.1 that the finiteness of \g(k) is a non-trivial issue if'\¢
is unbounded. <

Here is an interesting negative result on ‘quenched’ intermittency in-a)general
setting. We remarked earlier that p-intermittency (defined in terms of the moments)
should have quite something to do with the relevance of high peaks inthe random
potential for the solution, but is rather difficult to nail down. Even worse, for some
interesting cases in which this notion of intermittency is satisfied, the almost-sure
behaviour of the solution does not reflect the characteristics of a relevance of high
peaks, or at least only in a very mild form, as we want-to report on now.

Remark 8.11. (Moment-intermittency versusalmost-sure intermittency.)
The results of [ErhHolMail4] (see Remark 8.10);\interesting as they are on their
own, are only the preparation for a much deeper result that is derived in the follow-
up paper [ErhHolMail5a]. Here a strongermixing property (called Gértner-hyper-
mizing) is imposed, under which it ig"shown ‘that (at least for the localised initial
condition ug = dp) lim,; 00 Ao(k) = (£(0,0)). This is even more interesting as there
are examples of Gartner-hyper-mixing potentials for which the annealed Lyapounov
exponent \; (k) is infinite for anyx € [0, 00), i.e., 1-intermittency holds. Hence, even
though this indicates that high peaks in the potential landscape are relevant for the
large-t behaviour of the moments, their influence on the almost-sure behaviour even
vanishes if the diffusivity is sent to oo. &

8.3 White noise potential

Another very natural choice of a time-dependent random potential is a Gaussian
whitespoisé potential on Z?, which can be formally written as {(t,z) = ZW,
where (W®)_ <74 is a collection of independent standard Brownian motions. An-
other formal definition is that (£(#,2)).cz¢ tc(0,00) 18 @ centred Gaussian field with
covariance function (£(¢, 2)&(s, z)) = do(s—1t)0g(z — ). This potential is not a func-
tion, but a distribution, but nevertheless it is possible to give a good sense to the
solution [CarMol94].

[CarMol94] commenced a thorough study of the PAM with this potential, and the
high degree of independence and the Gaussian nature made it possible to establish
the existence and finiteness of all the Lyapounov exponents, both the annealed and
the quenched ones. Furthermore, it was possible to initiate a study of the dependence
of these exponents on x, where the limit as x | 0 is most interesting. For technical
reasons, [CarMol94] only work for an initial datum ug that is nonnegative and has
a compact support. Indeed, in [CarMol94] and [GreHol07], the authors establish
the following picture: p-intermittency is present in the recurrent cases d = 1,2 for
any £ > 0 and any p € N, whereas in d > 3, it occurs only if x is small enough,
depending on p and d.
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More precisely, all annealed Lyapounov exponents exist and are finite, and they
are continuous and non-increasing in x and converge towards the expected potential
value 0 as kK — o0. In d = 1 and d = 2, all the curves k — X (k) are strictly
decreasing in x and do never reach zero and they are always strictly ordered in p.
Hence, p-intermittency holds for any p. In d > 3, for any p, the function k — A, (k)
starts from some strictly positive value, decays strictly until it reaches 0 at some
value x;, > 0 and then stays at zero. The critical values s, are strictly increasing in p.
Furthermore, for € [0, kp,), we have A, (k) > Ap—1(k) and therefore p-intermittency.
Let us remark that, in [BorCorl2], an explicit formula for the moments for the
solution to the PAM at fixed time was derived, even for any drifted nearest-neighbour
Laplacian in terms of contour integrals in the complex plane, which results into'an
explicit formula for all the p-th Lyapounov exponents.

The asymptotic behaviour of the quenched Lyapunov exponent Ag(x) as x — 0
has been analysed in [CarMol94] for the case where the initial datum ug ltas compact
support. We refer to [GarHolMail2] for further references and literature remarks
about questions like the extension to more general initial data, the asymptotics of
Xo(k) as k | 0, and whether or not k1 < ko or about the behaviour of A\,(x) for
plO.

The spatially continuous analogue is also highly natural-and technically very
demanding and poses a number of further questions for'the future, not only with
respect to large-t asymptotics and intermittency. Here, the random potential £ =
(£(t,7))ic(0,00),0cre 18 a Gaussian space-time white.noise, i.e., a centred Gaussian
field with covariance (£(t,z)&(s,y)) = do(t-—8)0o(x — y). Certainly, this is only a
formal expression, and ¢ is indeed a distribution with low regularity. Similarly to
the brief argument in Example 1.21, one sees that the construction of a solution has
a chance only in dimension one. Even more, in all the other dimensions, one has no
hope to construct a solution even with)the use of the recently established methods
that we mentioned there. Hence, we have to restrict to d = 1.

In this case, the PAM is often called the stochastic heat equation and is written

Owu = Au + &u on [0,00) x R,

with a space-time white/noise . Formally, there is an interesting representation as
the Cole-Hopf-transformation u(t,z) = el(t:2) of the solution to the KPZ equation

Oth = (0,h)* + 02h + €,

whieh_is ‘of great interest because it appears in many models in a universal way
and is believed to exhibit a highly interesting asymptotic behaviour as it concerns
the.order of the fluctuations. Actually, the KPZ equation and related models are
currently one of the hottest research subjects in probability and related fields, but
clearly outside the scope of this text. This topic recently received a particular push
when the theory of regularity structures was developed so far that a solution to the
KPZ equation could be constructed [Hail3]; see also [HaiLab15b].

The diversity of the literature about the PAM and the KPZ equation has started
to explode, as a lot of interesting questions are addressed, like mollified modifica-
tions of the white noise, discrete-space approximations, Lévy white noise, large-x
properties of the solution for fixed ¢, discrete approximations with rescaled equa-
tions, and much more, see e.g., [Chel5a, Chel5b, CraGauMoul0, CraMou06]. We
refer the reader to [Corl2] and to [Qual2] for detailed surveys on the KPZ equation
and adjacent topics.



Appendix: Open problems

In this appendix, we give a little guidance to some interesting open research projects
and research directions in the vicinity of the PAM. These items have been mentioned
already in this text, but they are scattered, and we felt it would be.useful to collect
them at one place. The list is certainly influenced by our personal taste. We do
not repeat here areas that are too far away from the main body of this text, like
random walk in random scenery (Section 7.4), self-attractive path measures (Sec-
tion 7.5), drift and directed polymers (Section 7.10), and time-dependent potentials
(Chapter 8). Certainly, if the PAM is put into a much broader connection, a lot of
new exciting research areas open up, like the consideration of more general types of
PDEs with random coefficients, or the addition of terms that introduce new phys-
ical effects, or other classes of time-depending potentials. However, recall that the
scope of this book is defined by the characteristics that

The solution admits an explicit solution,
the analysis of its long-time (behaviour can be based on large-deviation analysis
and extreme-value statisties,

e the arising variational formulas are explicit and admit interpretations and deeper
investigation,
the solution shows a clear geometric picture,
there is a clear connection with the spectrum of the Anderson operator.

For many intéresting PDEs with random coefficients, already the solution theory
is challenging; and it cannot be hoped for deriving a clear picture in near future;
the research onthem is entirely different from the study of the PAM as we reported
on in this text. Let us give a list of open problems that we find interesting.

Other potential distributions. The PAM has not yet been analysed for some
interesting potential distributions that are popular in the study of the spectrum of
the Anderson Hamiltonian, like alloy-type potentials (see Example 1.19). Further-
more, random potentials with long correlations (see Section 7.2), in particular the
Gaussian free field both on Z? and on R¢ and, more generally, log-correlated random
fields, are currently much studied with respect to their local and global maxima.
They show some interesting new structures like certain relations to branching pro-
cesses and Poisson process descriptions with random intensity measures. Hence, it
appears rather interesting to initiate a study of the PAM with such fields as the
random input and to investigate how the correlation lengths may result into a new
intermittency picture featuring new classes of intermittent islands (larger asymp-
totics of their radii, new variational formulas) or even a transition to a homogenised
behaviour, possibly after inserting some extra changes, like some time-dependent
pre-factors. See the last remark in Section 7.3 for a general ansatz for the study of
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the PAM with correlated fields, which seems to be particularly suitable for many
Gaussian fields on Z9.

The PAM with a Gaussian white-noise potential in the spatially continuous set-
ting, see Example 1.21, is currently very much in fashion. One reason is that the
PAM presents one of the few important and prominent types of stochastic partial
differential equations to which the florishing theory of regularity structures, rough
paths and other related methods on the edge between analysis and probability the-
ory is applied. The interest stems from the facts that (1) the continuous-space PAM
with Gaussian white noise should arise as the rescaling limit of the discrete-space
PAM in the spirit of Donsker’s invariance principle, (2) the construction of a solution
is not possible in all the dimensions and requires a subtle smoothing and rescaling;
and (3) for future investigations with respect to long-time features like ageing and
intermittency, the construction has to fulfill high requirements. Currently, the latest
achievements are constructions of solutions to the PAM in selected dimensions in
the full space, but only locally in time, and the mathematical foundation of the
spectral theory of the Anderson Hamiltonian is in its infancy. The big enterprise
will be to see how far the new techniques can be extended. Furthermore, the study
of the local maxima of the Gaussian white noise will certainly lead to other results
than the study of maxima of the local eigenvalues of the Anderson Hamiltonian
(unlike in the case of a smooth Gaussian potential).

Eigenvalue order statistics, one-island .concentration and time evolu-
tion. The most comprehensive and detailed description of the mass flow modeled
by the PAM can be given in terms of a concentration property of the solution in just
one of the intermittent islands (see Section-6.4) and an description of its location
as a function of time (see Section 6.5).”This in turn requires a full control on the
behaviour of all the top eigenvalues and. eigenfunctions of the Anderson Hamilto-
nian as given in terms of a Poisson. process approximation; see Section 6.3. This
programme has been carried-out for practically all heavier-tailed potentials (in the
sense of Example 1.14) and for_the double-exponential distribution of Example 1.12.
However, it is still open~for such important distributions like the Bernoulli traps
or, more generally, bounded potentials, also in the spatially continuous setting, i.e.,
Poisson traps, neither for any kind of Gaussian field. At the end of Section 6.3.3 we
briefly pointed outthat we expect that much of the techniques derived in [BisK6n16]
and [BisK6nSan16} will be useful. But a substantial new input will be necessary to
overcome problems related to the characteristic feature that small changes in the
eigenvalue-will not come from larger values of the potential, but larger sizes of the
intermittent island. For general Gaussian potentials in the continuous setting, work-
ing out,each of these points seems to be widely open and promising, even in the
classical case where a high degree of regularity is assumed, like in [GarKénMol00].
For deriving such detailed information as an order statistics, a very precise and
explicit control on the distribution of the potential seems necessary.

Anderson localisation via local maximisation. A further, quite ambitious,
question is about the geometric interpretation of Anderson localisation deeper in
the spectrum of the Anderson operator A + £. With the help of spatial versions of
extreme-value statistics, one was able to characterise local areas of concentration of
the leading eigenfunctions in large boxes and to derive a kind of Anderson localisa-
tion picture from that, as we explained in Section 6.3.4. However, one knows from
much less explicit methods developed in the community of Anderson localisation
that much more eigenfunctions are localised, not only the leading ones. We think it
should be highly interesting to derive a geometric characterisation also of high local
peaks in areas away from the highest potential peaks, which give rise to localisation
of eigenfunctions away from the leading ones. The goal would be to use methods
from extreme-value theory to describe such structures of local potential maxima
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and their influence on the spectrum of A + £. Since these methods would depend
on an analysis in large boxes, one cannot strictly speak of Anderson localisation,
hence, the next step must be to relate the findings in the large-box setting to the
spectral properties in Z.

Transition between concentration and homogenisation. As we reported
on in Section 7.3, interesting critical regimes and phase transitions and variational
formulas arose in the study of the PAM with an accelerated motion or, equivalently,
a weakly interacting potential. A deep study was carried out for Brownian motion
in a scaled Poisson trap field only (see Section 7.3.3), but in the general case on Z<,
a variational formula (see (7.15)) was derived that might contain a phase transition
in great generality if the parameter 6 ranges from small to large values: the formula
should have no solutions for small § and should be compact for large ones. This has
not yet been explored, and it should be done both on the level of the variational
analysis and the behaviour of the PAM. Different behaviours in the respective di-
mensions should arise, and it will be interesting to find criteria on H (i.e-; on the
random potential) for them to hold. Intimately connected is the study)of the (top
of the) spectrum of A' 4+ &£ in large, e-depending boxes of various_ choices of the
radii > £72 in the limit ¢ | 0.

PAM in random environment. As we discussed in-Section 7.9.1, another
interesting enterprise is the PAM in random environment, i.e., when the simple
random walk is replaced by a random walk in random environment. One natural
choice is the random walk among random counductances (RWRC). Here, already
some precise heuristics have been formulated {see Section 7.9.1), but yet only for
the behaviour of the moments. Deeper insight ‘and possibly the introduction of new
methods will be necessary if one wants, to_study any of the almost sure settings,
where one takes the average over the potential only, the environment only, or none of
them. The RWRC is the easiest and most’comfortable random environment to study,
since it admits still the exploitation of a well-functioning £2-theory and an explicit
variational analysis, because there‘is a symmetric generator. The study becomes
much more challenging if instead a general random walk in random environment is
considered. As a (already highly intriguing) pre-study, its long-time behaviour in
boxes, possibly with slowly”diverging radius, is interesting, i.e., an extension of the
work reported on in“Section 7.9.1 to non-symmetric random walks.

PAM with"stable diffusivity. Replacing the driving motion (simple random
walk and Brownian motion) by some random motion in the domain of attraction
of stable-processes, or replacing the Laplace operator by some fractional version of
it, gives rise to new, interesting formulas and effects, both on the probabilistic and
the\analytic side. As we reported in Section 7.8, we are aware only of one work in
that\direction, and it is clear that the non-continuity of the paths, respectively the
non-locality of the operator, give rise to additional effects that wait for exploration.

PAM with drift. In spite of a substantial interest in drifted random motions in
random potential, most of the relevant works rely on subadditivity and do therefore
not offer any explicit formulas, see Section 7.10. A notable exception is [Ruel4] for
the spatially continuous setting, i.e., Brownian motion in a quite general random
potential. Here the logarithmic long-distance and the large-time asymptotics are
expressed in terms of a variational formula involving the well-known energy term
IV¢||3 and another one that describes the influence of the potential. The interpre-
tation of these terms for the motion is not direct and requires some manipulations,
but nevertheless it is there and presumably will give rise to some interesting discov-
eries, as soon as one undertakes efforts to make this relation more explicit. Also the
understanding of the quenched setting will greatly benefit from a deeper analysis
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of the relation between the variational formula and suitable objects encoded in the
Feynman-Kac formula.

More realistic biological population models. One of the main interpreta-
tions and applications of the PAM is in terms of spatial stochastic particle systems
with branching and killing, as we remarked at some places, notably in Remark 2.1.1.
However, in those cases of a static random potential that can produce large branch-
ing rates, the growth of the population is ridiculously large in the long-time limit,
and the contrast between single sites with such a gigantic offspring production
and the ample regions around with almost no growth is far beyond all reasonably
observed real population histories. One obvious drawback of this model for the ex-
planation of population histories is the absence of any kind of birth control, even at
places where the local population is enormous. There is a lack of reasonable,pop-
ulation models in random environments that include such effects, but can, still be
handled mathematically. One possibility is to combine spatial versions_in random
environment of the Moran model, which is well-known in biological stochastic mod-
eling, where the number of individuals is kept fixed over the entire duration of the
process, or of the Lenski experiment, where the population is randomly thinned out
after certain time lags. However, it seems as if no substitute for the Feynman-Kac
formula is in sight for such models.

Asymptotics for the (non-parabolic, time-dependent) Anderson Schro-
dinger equation. The Anderson Schrédinger equation in (1.4), i.e., the non-
parabolic version, has been shown in [Wagl3] to'be amenable to a probabilistic
analysis, see Remark 2.2. Indeed, the papers by Wagner seem to have opened the
door to a comprehensive analysis of the Schrédinger equation with the help of the
theory of spatial marked branching-processes. This makes possible the application
of a powerful probabilistic toolbox:ILodking at the representation of the solution in
(2.1), the biggest mathematical obstacle seems to be to find a useful Feynman-Kac
formula (possibly on an enlarged state space, e.g., Z¢ x {—1,1} x {+, —}) and to
master the technical problems-coming from the difference of the particle numbers,
causing a lot of extinction:
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