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Abstract

In recent years, there have been many advances towards an understanding of the extreme value
theory of log-correlated random fields. Log-correlated random fields are conjectured to compose
a universality class for the extremal values of strongly correlated fields. In the general context of
extreme value statistics there are two natural basic questions to answer. Akin to the central limit
theorem one may ask: Is there a deterministic recentring and rescaling such that the maximum value
of the sequence converges to a non-trivial limit?

And second, if such a recentring and rescaling exists, how does the process look like when recentring
and rescaling each random variable as done for the maximum value?

Both questions were answered in the context of independent identically distributed random variables
during the first half of the past century. The theory developed in this context is commonly referred
to as classical extreme value theory. We state the main results in the general case of independent
identically distributed random variables and then turn to the case of Gaussian distributions.

To analyze the extreme value statistics of correlated models, it is natural to start with simple models
that capture the essential details, which in our case are the hierarchical ones. We start with a rather
classical model, the generalized random energy model (GREM), which can be realized as a branching
random walk with Gaussian increments, and then discuss (variable-speed) branching Brownian motion
(BBM), a model that has attracted a lot of interest in the last decade.

An important example of a log-correlated Gaussian random field is the two-dimensional discrete
Gaussian free field (2d DGFF). It is a natural object of major interest both in mathematics and physics.
Its extremal values have been investigated in the last 20 years.

We then introduce the model we studied, which is a generalization of the 2d DGFF, the so-called
scale-inhomogeneous two-dimensional discrete Gaussian free field. Similarly to variable-speed BBM
in the context of BBM, it allows for a richer class of correlation structures. It turns out that it is
possible to classify its extremal values into three possible cases, one being the two-dimensional
discrete Gaussian free field. In this thesis, we present our contributions in the study of the extremal
values of the scale-inhomogeneous 2d DGFF. In any of the three possible cases and when there are
only finitely many scales we determine the sub-leading order correction to the maximum value and
prove tightness of the centred maximum. Moreover, in the case of weak correlations we provide a
complete characterization of the extreme value theory of the scale-inhomogeneous 2d DGFF.
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CHAPTER 1

Introduction

1.1 Organization

First, let us explain the structure of the introduction. In we make a few preliminary
remarks on extreme value theory and log-correlated random fields. In we start with
historical remarks on extreme value theory and then give an overview of the relevant contents from
classical extreme value theory. At the end of this section, we highlight the particular case of iid
Gaussian random variables. In we discuss the extreme value theory of Gaussian processes
that can be indexed by trees such as the random energy model (REM), GREM as well as variable-speed
BBM. In we introduce the 2d DGFF, a non-hierarchical log-correlated Gaussian random
field. In we introduce the main model of this thesis, the scale-inhomogeneous 2d DGFF,
put it into the context of Gaussian processes on trees and present the original contributions of this
thesis. In particular, we give heuristic explanations for most of the results. Finally, we shortly discuss
open problems for the models discussed in the introduction, which can be found in[Section 1.7] and
furthermore, in we provide a glimpse of what is being done in related models.

1.2 Preliminaries

Extreme events are rare events, but as they can have major effects it is important and of natural
interest to understand their behaviour. One fundamental example are floods. Due to the necessity
of sufficient water resources, human settlements need to be in reasonable vicinity. As rivers also
provide a convenient way of transportation and communication, proximity to these have always been
preferential. The unwanted side effects of extraordinarily high floods that can potentially devastate
entire cities has to be taken into consideration. It has been only at the end of the 19th century when
mathematicians started to systematically develop the so-called classical theory of extremal values.
The classical theory of extremal values deals with sequences of events that are independent and
identically distributed. Extreme value statistics allows to quantify the behaviour of unusually large
values whose occurrence is, of course, scarce. In particular, it allows to better estimate the tail area of
the distribution of extremal values. One major limitation to the classical theory is the assumption of
independence. Nevertheless, it turns out that the theory for independent and identically distributed
events also applies to correlated models, provided correlations decay sufficiently fast. It is the case
of log-correlated fields in which correlations start to affect the behaviour of the extremal values. A
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random field, {X,},y, that belongs to this class can be indexed by the elements of a metric space,
(V,] - ). The key properties of log-correlated fields is that their variances have a logarithmic singularity
and that covariances decay approximately with the negative logarithm of the distance between index
points, i.e. E[X,X,] ~ —log|v — w|, for v,w € V. Important examples that fall into this class are e.g.
branching Brownian motion (BBM), the branching random walk (BRW), the Gaussian free field in
dimension two (2d DGFF), the field of hitting times of Brownian motion on the two-dimensional
torus, the logarithm of the characteristic polynomial of random matrices or the randomized Riemann
zeta function. Note that many models belong to the universality class of log-correlated fields and
do not satisfy the previous properties for all their index points, e.g. the 2d DGFF. Log-correlated
random fields, and in particular their extremal values, have a rich structure. Due to their common
multi-scale nature their analysis is often interrelated. In the last three decades, and in particular in the
last 20 years, there has been a huge push towards the understanding of the extreme value theory for
(Gaussian) log-correlated fields. This is partly due to insightful conjectures in the physics literature
concerning the extremal values of such fields, which sparked lots of interest and which are based on a
statistical mechanics approach, see [32, 157, 158, 56].



1.3 Classical extreme value theory

1.3 Classical extreme value theory

Extreme events are part of nature and ever since of major importance to humankind. Prominent
examples arise from observing sequences of events such as floods, earthquakes, volcanic eruptions or
weather extremes. More recent applications can be found in astronomy, meteorology, oceanography,
quality control, building code, mutations in DNA, polymerization or in the financial industry. We start
with a short historical background of the mathematical theory, which is based on the one given in
Emil Gumbel’s classical standard reference [63]]. Considering its relevance in real world applications,
it is fairly recent that the statistical nature of extremal events was realized. The question of what
the distribution of the maximum value of a growing number of observables is was already posed in
Nicolas Bernoulli’s Specimina artis conjectandi, ad quaestiones juris applicatae (1709) [15]], in which
he considered the lifetime of the last survivor among n men if they are to die within k time. He reduced
this problem to finding the expected value of the maximum of n independent and uniformly distributed
variates. Extreme events are by nature rare events. The number of rare events can be described by
the Poisson distribution. L. von Bortkiewicz [84]] was the first to realize its statistical relevance for
extreme value theory in his study of the number of soldiers in the Prussian army killed by horse-kicks
over certain time periods. In 1922, L. von Bortkiewicz was also the first to study extremal values
of normal random variables [85] 86], with subsequent contributions from R. von Mises [87]], who
discovered the Gumbel distribution as limiting distribution for independent standard Gaussians, and
Tippett [83]]. In light of the central limit theorem, with the basic statistical motivation stemming from
repeated, independent measurements of the same quantity, and in which the Gaussian distribution
emerges as universal limiting distribution of the properly normalized sum of those measurements
for a large class of underlying distributions, studying the case of Gaussian distribution seemed to
be natural. E.L.. Dodd [48]] was the first to study extremal values for independent random variables,
different from Gaussian. In 1927, Fréchet [55]] started a systematic study of the maximum value of
a collection of random variables, not necessarily normally distributed, and laid the foundation for
a classification of extremal distributions. In analogy to the notion of sum-stability in the context of
the central limit theorem, he introduced the notion of max-stability of a distribution. The key idea is
the following: If one samples independent random variables according to a max-stable distribution,
then the maximum of all samples should have the same distribution as any of the samples up to an
affine transformation, which itself should depend only on the number of samples. Fréchet conjectured
max-stability to be a crucial property of a distribution function to be a candidate distribution describing
the maximum value of a sequence of iid random variables. Shortly after and based on the concept
of Fréchet’s max-stability, Fisher and Tippett [54] identified the only two other possible non-trivial
limit distributions. R. von Mises [88]] identified conditions on the initial distributions to belong to the
domain of attraction of one of the possible limit distributions. In 1943, Gnedenko [[61]] added to this by
providing necessary and sufficient conditions. Emil Gumbel’s monograph [63] is the first systematic
overview of and reference for the theory of extremal values for collections of independent identically
distributed random variables. Gumbel’s book does not only provide an overview of the mathematical
theory but also explains how to apply it in applications and discusses real world examples, making this
monograph one of the most cited references in this field. However, there are several severe limitations
of the classical theory, as Gumbel remarked:

Another limitation of the theory is the condition that the observations from which the extremes are
taken should be independent. This assumption, made in most statistical work, is hardly ever realized.

In the 1970s, 1980s and 1990s the study of extremal values of (weakly) correlated sequences started.
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Most of the theory can be found in the two monographs by Leadbetter, Lindgren and Rootzén [68]] and
by Resnick [78]]. In the book of Leadbetter, Lindgren and Rootzén [68] from 1983 the authors treat
the extreme value theory for Gaussian stationary sequences and stationary stochastic processes under
a mixing condition. In particular, it is shown that under these assumptions the theory is identitical to
the one in the independent case. In [78], Resnick studies the distributional convergence of extremes
and upper order statistics using the elegant theory of weak convergence of point processes. [[78]] also
provides a rigorous theory of extremal values for multivariate iid sequences.

The remainder of this section briefly covers the most important results in the general setting of
iid random variables. We then shift our focus to the particular, and to us most relevant case when
distributions are Gaussian. Most of what we discuss in this context and more can be found in [22, [65]].
The basic motivation for studying the theory of extremal values naturally stems from statistics, when
recording data corresponding to partial observations or a sequence of events. Let us call such a
sequence of events {X, },y, Where X,, are random variables taking values in the real numbers. Thus,
{X,},,cn 1s @ stochastic process in discrete time defined on some underlying probability space, (Q, ¥, P).
In the context of extremal values, the most natural question to ask concerns the distribution of the
maximum value up to time N, which we denote by

My = max X;. 1.1
N 1<i<N ( )
The question then reads, what is P(My < x), for N large and x € R? In the spirit of the central
limit theorem for random variables, one can ask for a deterministic centring, {6}y, and rescaling,
{an}yen» such that

P(MN—_bN < x) (1.2)
ay

has a non-trivial limit as N — oo, for fixed x € R. In other words, does u converge to a random
variable with a non-trivial distribution function? Note that studying the mzmmum value is an equally
well choice which, up to a possible deterministic shift of the mean, can be reduced to the study of the
maximum value of {—X;},.;y-

A second natural question in the context of extreme value theory is to understand the joint distribu-
tion of the reordered sequence

X, 22X, >.... (1.3)

Beyond these two basic questions, for fixed common distributions of the random variables, goes
the more fundamental question in extreme value theory: Are there universal laws that describe the
limiting processes? And if such universal laws exist, can we describe their domain of attraction
depending only on their common initial distribution? All these questions have been answered in the
affirmative in the case of independent and identically distributed random variables.
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1.3.1 Independent identically distributed random variables

Let (Q, ¥, P) be a probability space and {X;}, be a collection of independent identically distributed
random variables defined on (€2, ¥, P) and with common distribution function

F(x)=P(X; <x). (1.4)
Recall that we denote the maximum value up to N by

My = max X,. (1.5)

1<i<N

Note that {My}yey 1S a stochastic process defined on the same probability space, (2, 7, P). To get
started, let us first examine P (M, < x), for N large and arbitrary but fixed x € R. Using the fact that
the random variables X; are iid allows for the following simple computation:

P(My<x)=P(Vie{l,...,N}: X;<x)=P(X, <x) = FQ)". (1.6)
Using F(x) € [0, 1] in (1.6), we observe that

_ v [0 ifF) <1
P(My < ) = (F(x)) {1’ R 1 (1.7)

as N — oco. Regardless of the common distribution of the random variables, {X,,},cy. (I.7) implies
that, for any fixed x € R, we observe a trivial behaviour of the ordinary maximum value. Similarly
as for the central limit theorem, one should ask the following question: Do deterministic centrings,
{bn}nven scalings, {ay}yen, and a non-trivial distribution function, G, exist such that

P(MN _bN

Sx)—>G(x), asN — o0 ? (1.8)
ay

Rewriting the left-hand side of (1.8)) as in (I.6)), we see that the tails of the underlying distribution F
play a crucial role, i.e.

My —-b
L

—— < x) = P(My < by + ayx) = (F(by + ayx))" . (1.9)
N

The question becomes: Do deterministic sequences {ay}yen» 1On)ven and a non-trivial distribution
function, G, exist, such that

(F(by + ayx))" - G(x)? (1.10)
And if the answer is positive, one may further ask:
What are possible limiting distributions? What is their domain of attraction?
In 1943, Gnedenko [[61]] established a complete classification of possible limiting distributions.

Theorem 1.3.1. Let {X,}; be independent identically distributed random variables. If there exist
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Figure 1.1: Gumbel.

Figure 1.2: Fréchet.

deterministic sequences {ay}yen 1bnven and a non-degenerate distribution function, G, such that

My —b
mn%;L—ﬂsg:Gm, (1.11)
ay

then, up to an affine transformation in x, G must be one of the following three types:
1. Gumbel-distribution: G(x) = ¢ * ,Vx € R.

0, if x <0,

2. Fréchet-distribution: For some a > 0, G(x) = e
e, ifx>0.

e ifx <o,

3. Weibull-distribution: For some a > 0, G(x) = :
1, if x> 0.

Note that it is of course not true that for any sequence of iid random variables, {X,};.;;, one obtains
a non-degenerate distribution as in Think for example of random variables supported
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—a=1
—a=2
a=5

Figure 1.3: Weibull.

only on two values, 0 and 1. As (I.9) suggests, the tails of the probability distribution function F
should play an important role. The following theorem provides necessary and sufficient conditions for
the existence of a non-degenarate limit and determines the limiting distribution, depending only on
the tail of the common distribution function F.

Theorem 1.3.2. Set x := sup{x : F(x) < 1}. The following conditions are necessary and sufficient
for a distribution function, F, to belong to the domain of attraction of one of the three extremal types:

1. Fréchet: xp = oo,

1-F(tx) o

tlgg —F) =x", VYxeR,a>0. (1.12)
2. Weibull: xp < oo,
1-F —t
Wr 1) _ @ yyeR a>0. (1.13)

im—— =
10 1= F(xp—1)
3. Gumbel: A¢4(t) > 0,

1= F@+xg(0) _

, YxeR. 1.14
da  1-F(0) g (119

[Theorem 1.3.1]and[Theorem 1.3.2]settle the questions concerning the maximum value in the case
of independent identically distributed random variables. However, we are more generally interested in
extremal values, i.e. all values that are in some sense close to the maximum value. To study these,
it makes sense to centre and scale each random variable as being done for the maximum value. A
convenient way to study the joint distribution of extremal particles turns out to be by means of the
point process,

N
Exn :=Z(5(Xf—bN), (1.15)
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which is also called extremal process. A point process is a random variable taking values in the set of
point measures. The set of all point measures on an interval, A C R, we denote by M,,(A). Due to the
identical centring and scaling as applied to the maximum value, one should expect that most points
in (I.15)) vanish to —co, as N — oo, and that we retain only points close to maximal one. The basic
question is:

Does the sequence of point processes, {SX N} converge (to a point process)?

NeN’
And if the answer is to the affirmative, one should further ask:

Can we characterize the possible limit distributions?

At this stage, it makes sense to discuss the notion of convergence of point processes. As point
processes are probability distributions on the space of point measures, it is natural to think of weak
convergence of probability distributions. The choice of the vague-fopology turns the space of points
measures equipped with the Borel-sigma algebra into a complete, separable metric space, which
allows us to discuss questions of weak convergence. For further details on this we refer to [22]
Chapter 2]. The following theorem settles both questions of convergence of the extremal process and
of the characterization of its possible limit distributions in the case of iid random variables.

Theorem 1.3.3. (cp. [165] Theorem 2.2]) Let { X}, be a family of independent identically distributed
random variables and let {ay} oy, by} vy satisfy (ILT1) in for some non-degenerate
distribution function G. Then, E y converges weakly, as N — oo, with respect to the vague topology
on the space of o—finite measures to a Poisson point process (PPP) whose intensity measure is
determined by its extremal type distribution, G. In particular, if (I.T1) holds with G

1. the Gumbel-distribution, then Ey \ converges weakly to a PPP (e_xdx) in M, ((=co, oo]).
2. the Fréchet-distribution, then SX’N converges weakly to a PPP (x_”]l x>0dx) inM » ((0, o0]).

3. the Weibull-distribution, then &y \ converges weakly to a PPP ((—x)_aﬂ xgodx) inM » ((—00,0]).

To conclude this subsection, in all three cases the extremal process is a Poisson point process with
a certain intensity which is determinded by the tails of the common distribution function, F.

1.3.2 Independent identically distributed Gaussian random variables

As all models we consider in the following sections are Gaussian, we state as a reference the
results in the case of independent and identically distributed Gaussian random variables, directly
in the framework that is also relevant in the context of our study of the scale-inhomogeneous two-
dimensional discrete Gaussian free field. Take X;N) ~ N(,logN),fori=1,...,N 2 In the context
of the (scale-inhomogeneous) two-dimensional discrete Gaussian free field one should think of index
set being the lattice box of side length N, V,, = [0, N)* N Z*. We want to find the correct centring
and scaling, the limiting distribution of the maximum value and the corresponding limiting extremal

process. As in (1.6),

2

NP(X" > ayx + by)

Yz . (1.16)

P( max XEN) <ayx+ bN) = (IP’ (XEN) <ayx+ b,\,))N2 =|1-

1<i<N?
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For the right hand side to converge to a determinstic non-trivial function in x, N°P (X EN )>a NX+ b N)
has to converge to a non-degenerate function, x — ¢g(x), as N — co. Thus, we need good bounds for
the last probability in (I.16). Let

X 2
O(x) = —exp [——} dy (L.17)

be the cumulative distribution function of a standard Gaussian random variable. Then, by Mills’ ratio
bound [62, Eq. (10)]

(N
—_—
(N

X X X
—— ¢ 2 <1-0(x) < e 7. (1.18)
(x2 +1)V2n xV2m

Using this crucial estimate in (I.16)) and applying one can show the following theorem
(cp. e.g. [22, Section 4.2.2.]).

Theorem 1.3.4. Let {X;};cy be independent centred Gaussians with variance log N. Let
1 1
by =2logN - 1 loglog N — 1 log(2r) and ay =1. (1.19)

Then,

1. The rescaled maximum converges to a Gumbel distribution,

lim P( max X; — by < x) = e_e_zx, xeR. (1.20)

N—eoo  \1<i<N?

2. The limiting extremal process is a Poisson point process (PPP) with intensity e dx,

NZ
lim > 6y, =PPP(e™dx). (1.21)
i=1

N—oo

1.4 Gaussian processes indexed by trees

The extremal values of log-correlated (Gaussian) fields that exhibit a hierarchical structure, such as
the branching random walk or branching Brownian motion, can be considered as well understood.
One major reason for this is that their correlations are encoded in a hierarchical structure which
simplifies their analysis. In particular, these processes can be realized on a Galton-Watson tree. Two
important properties to name here are the splitting and self-similarity. If we pick two leaves of the
tree and trace back their branches to the root, their paths will meet at some point. By splitting, we
mean that remaining increments after two particles’ branches have split on the tree, are independent.
Self-similarity simply means that all increments have identical distributions. Log-correlated fields
satisfy these properties in an approximate manner. Thus, it is reasonable to first study the extreme
values for log-correlated models with an explicit hierarchical order. In fact, one common idea in the
analysis of the extremes of log-correlated Gaussian fields is to use Gaussian comparison in order to
compare the actual model to a model that exhibits an explicit hierarchical structure and prove that in
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the limit, their extremes have identical distributions. As we will see in this is also the
basic underlying idea for our analysis of the scale-inhomogeneous two-dimensional discrete Gaussian
free field. Suitable hierarchical models for comparison are models that can be indexed by the leaves
of a tree and in which the correlations are given as functions of the tree distance between leaves.
In the following, we shortly present three examples that are the most relevant to us in the sense of
comparison. We start with the probably simplest Gaussian process that can be indexed by the leaves
of a tree, the random energy model (REM). This also allows us to hint at the motivation for our results
coming from spin glass theory.

1.4.1 The Random Energy Model

The random energy model (REM) was introduced in [40] by Derrida in 1980 as a toy model to study
more complicated spin glass models such as the Sherrington-Kirckpatrick model. Spin glasses are spin
systems with competing random interactions. The key objects of mathematical interest are random
functions of the spin configurations, called Hamiltonians. In REM, different spin configurations
are distributed according to the Gibbs distribution, namely, their probabilities are proportional to
an exponential function of their negative energies. Of great interest in studying such models is to
understand the ground states which, in the interesting case when the Gibbs measure feels the geometry
of the random Hamiltonians, corresponds to understanding the extremes of the Hamiltonians, i.e. its
minima/maxima. For easier comparison in the following, we consider REM on a 4-ary tree of depth
n, denoted by 7,,, with leaves v € T,,. It is a stochastic process, {XZ’ }oer » indexed by the leaves of
the 4-ary tree, 7, of depth n € N. To each leave, v € T,,, we attach an incnlependent random variable,

X' ~ N(0,log N). Setting N = 2", this allows to apply [Theorem 1.3.4| with centring and scaling for
the maximum value,

I I
by =2logN - JloglogN - 2log2m) and  a,"" =1, (1.22)

to obtain the following:

Corollary 1. In the random energy model on the 4-ary tree and rescaling as in (1.22), we have, as
n— oo,

1. the rescaled maximum converges to a Gumbel distribution,

X" _ pREM "
P(rUIéE}X UaT;; < x) —e¢ , xeR. (1.23)
" n

2. the limiting extremal process is a Poisson point process (PPP) with intensity e 2y, ie.

nooxyn _ pREM

Z B (#) — PPP(e *dx) (1.24)
REM . :

i=1 n

Even though REM seems trivial as a statistical mechanics model, its structure is sufficiently rich
such that its associated Gibbs measure exhibits a phase transition [41]]. Being possibly the simplest
Gaussian process on a tree, its main advantage lies in the fact that it poses a workable example that
can be studied in full details while its features are not entirely trivial.

10
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1.4.2 The Generalized Random Energy Model

We turn to Gaussian models indexed by trees in which the random variables are hierarchically ordered,
instead of being independent. The generalized random energy model (GREM) was introduced in [42]
by Derrida in 1985 as a generalization of the REM. We restrict our considerations to GREM on a tree.
In GREM, correlations between spin configurations are given as functions of the tree distance of pairs
of leaves on the tree. In this sense, and when recalling that the spin configurations in REM are indexed
by the leaves of the tree, GREM extends REM. As we consider GREM on a tree, correlations can be
easily incorporated into the model by extending the process from the leaves of the tree to the entire
tree. This requires the notion of a distance of leaves on the tree. As in REM, we consider GREM on
the 4-ary tree 7, of depth n € N. Let 7, be the set of leaves of 7, and note that there are 4" leaves at
generation n. We denote by

d,(v,w) = the generation/time of the most recent common ancestor of leaves v and w, (1.25)

for any two leaves v,w € T, at generation n. A natural distance between two leaves, v and w, on
the tree is then be given by n — d, (v, w), i.e. the number of independent generations. As GREM is
a Gaussian process it suffices to describe its mean and covariances. Let A : [0,1] — [0, 1] be an
increasing step-wise function with finitely many steps and satisfying A(0) = 0, A(1) = 1. GREM on
the tree 7, is a Gaussian process, {X| ber,» With mean 0 and correlations given by

E[X!X2] = log (IT,) A(d, (v, w)/n) = log(4")A(d, (v, w)/n). (1.26)

Note that GREM on the tree can be realized as a time-inhomogeneous branching random walk

(a) An example of a step-wise function,
A : [0,1] — [0, 1], satistying A(x) < x, for (0, 1).

(BRW) with Gaussian increments defined on the same tree. As a Gaussian process is determined
by its mean and covariance, it suffices to construct a Gaussian branching random walk on the tree
T, with mean zero and covariances that match those in (1.3.3). This can be realized by attaching to
each edge of the tree an independent centred Gaussian random variable with variance A(¢z/n), with the
edge starting at generation t — 1 € {1,...,n}. The case when A, instead of a step-wise function, can
be an arbitrary probability distribution function and the process being defined on a continuous-time
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Galton-Watson tree, is referred to as continuum random energy model (CREM). The extremes of
GREM and CREM were analysed by Bovier and Kurkova in [26} 27]. There are three possible regimes
which are determined by the function A. To avoid overburdening notation we provide an informal
formulation of the following two theorems which are taken from [65].

Theorem 1.4.1. In GREM with A(x) < x, for x € (0, 1), the following is true:
1. The level of the maximum coincides with the one in the REM.
2. The maximum rescaled as in (1.22)) converges in law to a Gumbel distribution.

3. The extremal process converges in law to the same Poisson point process as in (1.24).
Theorem 1.4.2. In GREM, where A(x) > x, for some x € (0, 1), the following is true:

1. The first order of the maximum depends on the concave hull of A, which we denote by A. In
particular,

M, LY
o) fo (A) (dx - 1, (1.27)

as n — oo in probability.

2. The maximum can be rescaled such that it converges in law to a randomly shifted Gumbel
random variable.

3. The properly rescaled extremal process converges in law to a cascade of Poisson point processes.

A cascade of Poisson point processes is a concatenation of different Poisson point processes. First,
one generates the first Poisson point process. At each Poisson point in the first Poisson point process
one generates and attaches independent second generation Poisson point processes and so forth. A
mathematically precise construction of such a process was carried out by Ruelle in [80]]. Comparing
[Theorem 1.4.1|with [Theorem 1.4.2] one should note the drastic changing behaviour of the leading
order term of the maximum in GREM once A crosses the straight line. In particular, the integral in
is strictly smaller than 1 and thus, the leading order term is strictly smaller compared to the
case when A(x) < x, for x € (0, 1), in which it coincides with the one in REM.

Of major importance in the analysis and understanding of the extremal process is the genealogical
structure of extremal particles. Pick two extremal particles at generation n and follow their paths
backwards to the root. The key question to ask here is:

At which generation do their paths meet?
It turns out that the answer heavily depends on the function A:

1. In the setting of the particles’ paths will meet close to generation 0 or n with
high probability.

2. In the setting of the particles’ paths can meet at any discontinuity point 4 of
the concave hull of A with A(h) > h. This leads to a concatenation of independent extremal

processes that are initiated at each such point. In particular, an extremal particle at generation n
must already be extremal at those intermediate generations nh, for which A(h) > h.

12



1.4 Gaussian processes indexed by trees

Regarding this dramatically different behaviour depending on A, it is of natural interest to study
the case of more general functions A, in particular the critical case in continuous time, in which
A(x) = x for x € [0, 1]. This leads us to (variable-speed) branching Brownian motion (BBM) on the
continuous-time Galton-Watson tree.

1.4.3 (Variable-speed) Branching Brownian motion

Branching Brownian motion (BBM) was introduced in in the late 1950’s and early 1960’s. It is
a classical object in probability theory, which itself combines two fundamental objects, Brownian
motion and the Galton-Watson tree. Notable contributions in the study of its maximum value and its
connection to the Fisher-Kolmogorov-Petrovsky-Piscounov (F-KPP) equation were made by McKean
[72]], Bramson [28], Lalley and Selke [67] and Chauvin and Rouault [33} [34]] from the 1970’s and
until the 1990’s. The F-KPP equation is a classical equation in population dynamics and was studied
earlier in 1937 by Kolmogorov, Petrovksy and Piscounov [66] and Fisher [53]]. In the last decade there
has been a renewed interest in branching Brownian motion, mainly initiated by the understanding
of its extremal process by Arguin, Bovier and Kistler [5, 16} [7], as well as by Aidekon, Berestycki,
Brunet and Shi [1]]. More detailed questions concerning its extreme level sets, of all particles within
O(1) to the global maximum, are investigated in [36]].

Variable-speed branching Brownian motion was introduced by Derrida and Spohn [43]]. It allows
for a richer class of covariances than BBM and coincides with CREM on the continuous time Galton-
Waton tree. The extremes of variable-speed BBM were analysed by Fang Zeitouni [49], Maillard
Zeitouni [/1] and Bovier and Hartung in [23}24]. In [23] 24], convergence of the maximum and the
extremal process in the weakly correlated regime is proved.

We start with a definition of the model. Fix a time horizon ¢t > 0 and let n(¢) be the number of
particles in the Galton-Watson tree up to time ¢. To be consistent with the literature, we assume here
that the number of offspring for each particle on the tree has mean 2 and is of finite variance. We
collect these particles in the set {i;(¢) : k < r}. Analogously to (I.23), for two particles i,(7), i;(t), we
set

d(i,(t,i,(1))) = time of the most recent common ancestor of i,(¢) and i,(¢). (1.28)

Let A : [0,1] = [0, 1] be a non-decreasing function that satisfies, A(0) = 0, A(1) = 1. Variable-speed
branching Brownian motion on the Galton-Watson tree is a centred Gaussian process, {x?(t) tk <
n(1)};0, With covariance

E [ (0x (0] = tA@(iy (o). ii(2) /). (1.29)

Usual BBM is the special and critical case when A(x) = x, for x € [0, 1], which we call {x,(¢) : k <
n(1)};s0- In case of BBM, the following is known:

Theorem 1.4.3. Let {x,(1) : k < n(1)},5o be BBM and set mP?™ = \21 - 75 log 1. Then,

1. The level of the maximum coincides in the leading order with the one in REM whereas its
sub-leading logarithmic correction is smaller.

2. The maximum of BBM at time t centred by m?BM converges in law, as t — oo, to a randomly
shifted Gumbel. The random shift depends on the number of particles at the very beginning that
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can become extremal at time t, and additionally weights their positions.
3. The extremal process converges in law to a cluster Cox process.

In the case of weak correlations, i.e. when A stays strictly below the straight line, we have the
following result. For additional necessary technical assumptions see [24].

Theorem 1.4.4. Assume that A(x) < x, for x € (0,1) and A’(0) < 0 as well as A’(0) > 1. Then the
following is true:

1. The level of the maximum is identical to the independent setting, i.e. i, ‘= V21 - 2+5 logt.

2. The properly centred maximum converges in law to a randomly shifted Gumbel. The random
shift accounts for the random number of particles at the very beginning that can become
extremal at time t.

3. The extremal process converges in law to cluster Cox process. The limit is universal in the
sense that the law of the clusters depends on A only by A’ (1), whereas the random shift depends
on the function A only by A’(0).

As in the case of GREM, one should ask for the time when two extremal particles split with high
probability. The answer in the cases of the two theorems is identical, at the very beginning or the
very end. This phenomenon is also a crucial reason why the extremal process in both cases takes the
form of a cluster Cox process. A Cox process is a Poisson process whose intensity measure itself
is random. Thus, to generate PPP(u), for a non-negative random measure u, one first samples u
and then generates the Poisson process conditional on u. In a cluster Cox process, one attaches to
each Poisson point in the Cox process an independent copy of the cluster process. In the context of
(variable-speed) BBM, the random Poisson points correspond to the relative heights of extreme local
maxima and whose mutual genealogical distances are large, whereas the clusters are formed by those
particles on the tree whose genealogical distance to a chosen extreme local maximum is small, i.e.
that recently branched off the spine of the extreme local maximum.

In case when A(x) > x, for some x € (0, 1), we have to distinguish two cases. If the concave
hull of A is a piecewise linear function, then the maximum and the extremal process are simply
concatenations of the maxima, respectively extremal processes, on the intervals on which the concave
hull is linear. The maxima and extremal processes on these sub-intervals are given by
and [Theorem 1.4.4] Which case is present depends only on whether A stays below its concave hull
or coincides with it on the respective interval, see also [23]]. If the concave hull is instead strictly
concave much less is known. As in GREM (1.27), the first order of the maximum is determined
by its concave hull, which in this case is strictly smaller than 1, and thereby, strictly smaller than
in the other two cases. This is commonly referred to as slowdown of the maximum. Concerning
its second-order correction to the maximum value, instead of being logarithmic, it is known to be a
power of 1/3 [49][71]]. Furthermore, convergence of the properly centred maximum to a solution of a
time-inhomogeneous F-KPP equation is proved in [71]. The correct centring, however, is implicit and
its existence part of the statement. Convergence of the extremal process remains an open question.

Note that there is an apparent discontinuity of the sub-leading order correction that occurs when
the covariance function, A, crosses the straight line. In the case in which the concave hull of A
is piecewise linear, Bovier and Hartung [25] proved that it is possible to continuously interpolate
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between the different second order corrections of the maximum value. This works by allowing the
variance function, A, to additionally depend on the time-horizon, ¢. The principle reason leading to
different sub-leading order corrections is a localization of extremal particles’ paths.

1.5 The two-dimensional discrete Gaussian Free Field

The study of the (two-dimensional discrete) Gaussian free field was initiated in the 1970s [74} 77, 31]].
The two-dimensional discrete Gaussian free field is a special instance of a larger family of random
surface models known as Gibbs-gradient (random) fields and probably the simplest non-trivial random
height function on a two-dimensional lattice. Moreover, it is a very prominent example of a log-
correlated Gaussian random field. Its relevance stems from its connection to many interesting objects
in mathematics as well as in physics. One important reason for this is that its scaling limit is the
two-dimensional continuum Gaussian free field, which itself is scale-invariant and a natural two-
dimensional-time analog of the Brownian bridge. It connects to multiple objects of mathematical
interest, e.g. Kahane’s theory of Gaussian multiplicative chaos, Liouville quantum gravity, Schramm-
Loewner evolutions, conformal loop ensembles or Liouville first passage percolation. For further
information on these and their connection to the Gaussian free field, we refer to introductory lecture
notes by Werner [89], Berestycki [[13]], Berestycki and Norris [14], Sheffield [82] and by Rhodes and
Vargas [[79]. In the physics literature, the (discrete) Gaussian free field is often referred to as the
harmonic crystal or the Euclidean bosonic massless free field. As a statistical mechanics model of
random interfaces, understanding its extremal values is of natural interest as the associated Gibbs
measure at low temperature concentrates on the states with the lowest energy levels. The study of the
extremal values of the two-dimensional discrete Gaussian free field with zero boundary conditions
was initiated in 2001 when Bolthausen, Deuschel and Giacomin [20] determined the first order of
the maximum value and moreover, proved that if the entire field is conditioned to be non-negative,
it is pushed up by the leading order of the maximum of the unconditioned field. This phenomenon
is usually referred to as entropic repulsion of the 2d DGFF. The extremes of the two-dimensional
discrete Gaussian free field were investigated in various constellations mainly by Biskup, Bolthausen,
Bramson, Deuschel, Ding, Giacomin, Louidor and Zeitouni [20, 37, 21}, 30, 45} 47, 10} 29, [17, [18]]
and are by now well understood, i.e. one knows that both the properly centred maximum as well as its
extremal process converge. There are lecture notes on the extremal values of the two-dimensional
discrete Gaussian free field, very extensive ones by Biskup [16], those by Louidor [[70] and by
Zeitouni [90]. The latter also discusses in large parts the analysis of the maximum value of the
branching random walk, which turns out to be very instructive in the study of the maximum of the
two-dimensional discrete Gaussian free field.

Before entering a more detailed discussion of the model and the theory on its extremal values, we
shortly present one of the key tools in the analysis of the (scale-inhomogeneous) 2d discrete Gaussian
free field, Gaussian comparison. To keep things simple, we restrict ourselves to two inequalities that
are of the greatest relevance in this context. For a more general and detailed treatment of Gaussian
comparison we refer to [22,[16].

Gaussian comparison: For two given centred Gaussian fields, X and Y, indexed by the same index
set, 7, such that the first has more intrinsic independence, i.e. for any s,¢ € 7,

E[(X, - X’ <E[(, - ¥,)*], (1.30)
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we know that

E

max X,] <E [max Yt] . (1.31)
teT” teT”

In words, if we know that one of the centred fields has a pairwise smaller dependence, measured as
a larger variance of the pairwise difference, we know that the expectation of its maximum value is
larger. The statement in (I.31)) is known as the inequality of Sudakov-Fernique. If, in addition, at
every point we have equal variances, i.e. B [th] =E [Ytz] , for all € 77, we know that the maximum
of the field with larger intrinsic independence stochastically dominates the maximum of the one with
smaller pairwise independence, i.e.

]P’(maxX, Zx)SP(maXYIZX), Vx eR. (1.32)
teT” teT”
This statement is also known as Slepian’s lemma. The idea how to use these inequalities in or-
der to understand the extremes of the (scale-inhomogeneous) DGFF is straightforward: Construct
centred Gaussian processes that have pairwise larger or smaller correlations compared to the (scale-
inhomogeneous) DGFF and whose extremes we are able to analyse. Natural candidates for such
processes are Gaussian processes on trees such as (variable-speed) branching Brownian motion or the
(time-inhomogeneous) branching random walk.

In the following, we define the two-dimensional discrete Gaussian free field with zero boundary
conditions on a box, explain how Gaussian comparison comes into play and discuss results on its
extremal values.

Definition 1. Let N € N, set V, = [0, N)? N Z* and let {S «}reny be the simple random walk on the
lattice Z>. Under the measure Py, {S i }keny 1s @ simple random walk on 77, started at v € Vy and
Ty, = inf{k > 0: 8, ¢ Vy} denotes the first time it exits V. Let

Tavy -1

T
Gy, (w.w) = JE, D g, vweVy (1.33)
k=0

be the Green kernel associated with simple random walk.
The discrete Gaussian free field on Vy, is a centred Gaussian field, {qﬁ;/ N }UGVN, with correlations
given by the Green kernel, i.e. E [gb;/’v ¢L‘ZN ] = Gy, (v,w). We set qS,Y N =0, forveZ?\ Vy and write

¢f)v = ¢,§/N,f0rv €72

Let 6 € (0,1/2) and denote by VI‘\S, = (ON,(1 - O6)N )2 N Z? the set of vertices that are at least SN
away from the boundary. It is a well-known fact, see e.g. [30, Lemma 2.2], that the covariance, for
vertices v, w € Vf,, is of the form

E|g) g1 | = log N —log, (Ilo - wlly) + O(1), (1.34)

where the constant order term O(1) can be bounded by a constant, C(6) > 0, which is uniform in
N andv,w € V]f,, and with log, (x) = log(max(x, 1)), for x € R, . Based on various contributions by
Bolthausen, Bramson, Deuschel, Ding and Zeitouni [21} 30, 45| 147]], Bramson, Ding and Zeitouni
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[29] proved convergence of the properly centred maximum with centring

by =2logN - Zlog log N - %log(Zﬂ) (1.35)
and scaling ay = 1. A common choice as suitable centring is mgGF F=2 log N — %log logN. Of
notable interest is the factor 3/4 in front of the logarithmic correction which is completely analogue
to the factor in front of the sub-leading order correction in BBM or the braching random walk (BRW),
see e.g. In particular, it differs from the 1/4 present in the setting of independent
random variables, see (1.22)). The analogy to the sub-leading order correction in the case of the BRW
is of no great surprise, since in the 2d DGFF there is an approximate tree structure present which
allows to use Gaussian comparison to relate the maximum of the 2d DGFF with the maximum of a
suitable branching random walk. In the following subsection on the scale-inhomogeneous DGFF, we
provide a more detailed explanation for its occurrence.

/ 7 root
/ /

/ / )\/ #ﬂ\ % 1st generation
/ . . /
i -

S 7T~ ond generation

z ~
P ~
P ~
- 7
P ~
- 7~
// ~”
P /"\
P 7~
- 7
=z 7 .
n — th generation
2”

Figure 1.5: Tree decomposition of a box with side length 2". The red boxes contain a chosen vertex.

A convenient way to apply Gaussian comparison to gain information on the maximum value of the
2d DGFF is to construct and compare it to a suitable Gaussian branching random walk on a 4-ary tree.
A possible construction of such a branching random walk is illustrated in and which is what
we describe next. One chooses the side length of the box Vy to be a natural power of 2, e.g. N = 2",
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This is a purely technical assumption, which at every step ensures that each box can be subdivided
into four equal sized ones, and such that for each vertex at the n—th step there is exactly one box of
side length 1 including it. We connect at every step each new box to its parent box by an edge. To
each edge one attaches an independent standard Gaussian random variable. The branching random
walk, {X,},cy, , indexed by the vertices v € Vyy is then defined by summing all random variables along
the shortest path from each “leaf”, a box of side length 1 containing the vertex v, to the root, with
“root” being the box of side length N, see also Its covariance is given by

E[X,X,] = logN —log, dr(v,w), v,we Vy, (1.36)

where dr(v, w) denotes the distance on the corresponding tree between two vertices v, w € V), and
which is given by the total number of generations, log N, minus the generation of their most recent
common ancestor. Regarding the decomposition depicted in [Figure 1.5] the generation of their most
recent common ancestor corresponds to the largest integer k < log N such that v, w € V), are contained
in the same box of side length 2% In order to use Gaussian comparison, one needs that the two centred
Gaussian processes share their index set and have a similar correlation structure. The branching
random walk comparison suffices to obtain the correct leading order of the maximum, see [20]].
However, this simple approximation does not suffice to obtain the correct sub-leading order of the

O
N

v

Figure 1.6: Two vertices, v and w, with small Euclidean distance, but large distance on the associated tree.

maximum. This is due to major defects in the correlation approximation by the BRW construction
which does not allow for a suitable lower bound on the maximum value by the use of Gaussian
comparison. The covariance of two leaves v, w € Vy, in the BRW is given by the generation of their
most recent common ancestor. This leads to the effect that there are lots of vertices that are much less
correlated in the BRW than in the DGFF. Indeed, if one picks two vertices that lie after the first step
of the decomposition, depicted in in opposing boxes but close to their common boundary,
then their distance on the tree is very large, whereas their Euclidean distance is extremely small. For
a more precise approximation one can take the uniform average of all possible branching random
walk decompositions when considering each box in the decomposition as a torus. See
for two possible decompositions of one box. The process that is obtained by taking the uniform
average of all these branching random walks is called modified branching random walk (MBRW). In
particular, one can show that this allows for a O(1) precise approximation of the covariances of vertices
that are SN away from the boundary dV,, for any fixed ¢ € (0, 1/2). Using Gaussian comparison
one then deduces that the maximum of the 2d DGFF can be approximated by the maximum of the
corresponding modified branching random walk up to constant order, see [30]]. A simple argument,

18



1.5 The two-dimensional discrete Gaussian Free Field

Figure 1.7: Two possible decompositions of the same box, considered as a torus, into four equal-sized sub-boxes.

which goes back to Dekking and Host [38]], applied in this context then immediately yields tightness of
the centred maximum [30]. Obtaining more precise results such as the convergence of the maximum,
however, is much more involved. Convergence of the centred maximum value was proved by Bramson,
Ding and Zeitouni [29]]. In particular, the limit takes the form of a randomly shifted Gumbel random
variable [17),29], which we state as:

Theorem 1.5.1. Let {qﬁf,v}vevN be a 2d DGFF on Vy. Then, for any x € R,

N—oo veVy

—2x
lim P(max oY —mhFE < x) =E [e‘cze ] (1.37)
where Z is an a.s. positive random variable, and C > 0 a constant.

Apart from just considering the maximum value, one is more generally interested in the joint
distribution of vertices above a certain level below the global maximum, in particular, in their properly
centred height and their spatial distribution on the two-dimensional grid. A first step towards an
understanding of these is the observation, due to Ding and Zeitouni [47], that there exists a finite
constant ¢ > 0 such that

lim lim P(Jo,w € Vy : b - wll, € (. N/r) and ¢}, ¢} > my®"" — cloglogr) =0.  (1.38)

r—o00 N—oo

From (T:38) we see that with high probability vertices that exceed an extremal height, here my°"F —

cloglog r, are either within Euclidean distance O(1) or at least N/O(1) apart. In particular, extremal
vertices congregate in clusters of diameter O(1) and these clusters are N/O(1) apart. The fact that
vertices within distance O(1) to an extreme local maximum are extremal themselves is very likely since
the difference in height of one such vertex to the extreme local maximum is given by an independent
centred Gaussian with variance O(1). More interesting is the fact that the diameter of such clusters is
essentially finite and furthermore, that any two such clusters are N/O(1) apart, which suggests that the
clusters, conditioned on the extreme local maxima, are asymptotically independent. This motivates to
study the joint distribution of height and spatial location of extreme local maxima and the clusters
around them. The suitable object to capture this behaviour is the following point measure, also known
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as full/structured extremal process,

Ty = Z Ly ttoc. max So/y ® O g8 _0rr ® 8\ ., o). (1.39)

veVy

For each fixed N and r, i, is a random point measure on [0, 1]2 XRXRZZ. In light of (I.6)) one should
think in (I.39) of N € N being much larger than r € R. The indicator function in (T.39), 1, _ioc. max.»
picks out the local maximum in an r—environment, which is the local maximum of vertices within
Euclidean distance r on the grid. The first coordinate in gives their normalized position on the
grid, the second their relative height and the last is the field seen from the chosen local maximum.
Note that the indicator does not ensure that the vertex is within finite distance to the global maximum,
and thus an extreme local maximum. However, subtracting the order of the maximum, myC’ ', from
its height, most point measures in the sum tend to the Dirac measure at —co in their height coordinate,
as N — oo. Endowing the space of Radon measures with the vague topology turns it into a Polish
space and ensures that the limit, if it exists, is a proper point process.

In fact, Biskup and Louidor [[17, [18] proved convergence of the structured extremal process,
1IN, Inas to a cluster Cox process.

Theorem 1.5.2. There exists a non-trivial random Borel measure, Z, on 'V = [0, 1]2, with Z(V) < o
a.s. and such that, for any sequence {ry}ycay satisfying both ry — oo and ry/N — 0, as N — oo,

Jlim 7y, = PPP (z(dx) @ e"dh ® 6(dv)), (1.40)

2
with cluster law, 6, being a probability measure on |0, oo)Z . Convergence in (I.40) is in law with

2
respect to the vague topology of Radon measures on |0, 1]2 xR xR,

We remark that the cluster law, 6, admits an explicit representation: Let ¢ be the discrete Gaussian
free field on Z2 \ {0}. Equivalently, ¢ is the discrete Gaussian free field on 7? conditioned to be zero
at 0, which is also called the pinned discrete Gaussian free field. The cluster law, 0, is given as the
weak limit

o) = limP(¢+a€-

d(x)+a>0: |x|§r), (1.41)

with a being the potential kernel of the simple random walk on Z°. Note that the conditioning (I.4T))
ensures that the field is centred at a r—local maximum at 0. Moreover, the statement of
is true for much more general domains V), restricted only by the regularity of the boundaries of the
sequence of domains, see [[18]]. The relevance of this fact becomes manifest when characterizing the
random intensity measure Z under conformal transformations of the underlying domains. In particular,
its law can be identified with the critical Liouville Quantum Gravity measure associated with the
continuum Gaussian free field [[19], which is a key object in the study of random conformally-invariant
geometry. One should note that in both cases, in BBM and in the 2d DGFF, correlations affect the
sub-leading order correction to the maximum value, the properly centred maximum converges in law
to a randomly shifted Gumbel random variable and their extremal processes to cluster Cox processes.
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1.6 The scale-inhomogeneous two-dimensional discrete Gaussian
Free Field

The scale-inhomogeneous discrete Gaussian free field in dimension two was first introduced in 2015
by Arguin and Zindy [10] as a tool in order to prove Poisson-Dirichlet statistics of the extremes of the
two-dimensional discrete Gaussian free field at the level of the Gibbs measure at low temperature, in
which case the Gibbs measure should be supported essentially on the minima of the field. Nevertheless,
it is an object of its own interest. It is the analogue model, in the context of the 2d DGFF, to variable-
speed branching Brownian motion on the Galton-Watson tree in the context of usual branching
Brownian motion. In fact, with regards to the 2d DGFF, it allows for more general correlation
functions and thus, a study of its extremal values is of natural interest. A key difference to the case
of (variable-speed) BBM is that correlations of the (scale-inhomogeneous) 2d DGFF are ordered
only approximately in a hierarchical fashion. The study of its maximum value was initiated in 2016
by Arguin and Ouimet [9] who determined the leading order of the maximum in the case of finitely
many scales. In particular, they showed that in this case, just as in variable-speed BBM and GREM,
the first order of the maximum value is determined by the concave hull of the variance function, see
[Theorem 1.4.1|and [Theorem 1.4.2] Moreover, they determined the log-number of high points, i.e. the
logarithm of the number of vertices being above a positive fraction, a € (0, 1), of the leading order
of the global maximum. Ouimet [75] used these results to analyse the geometry of the associated
limiting Gibbs measure at low temperature in the case of finitely many scales.

We start with a definition of the model and then discuss our contributions in the study of its extremal
values. Let N € N, and {qbf)v }ev, be a discrete Gaussian free field on V. Forv € Vyy and A € [0, 1], let

[v]ﬁv be the box centred at v of side length N =4 and set
oy () =E[g) 1o (¢ : we [1Y)]. (1.42)

¢f)V (4) is the expected field value at vertex v conditioned on the values of the field outside the box
[v]lﬁv . We denote by Vqﬁf)v (A) the partial derivative, 0 A(/ﬁf}v (1), with respect to A. The 2d DGFF satisfies
the so-called Gibbs-Markov property, i.e. for two sets A C B, we can decompose the DGFF on B as
follows:

6" 2 ¢ +E[p"198 v e B\ A (1.43)

where the fields on the right-hand side are independent. In particular, for any v € V),

o )+ o (1.44)

where the fields on the right-hand side are independent. This allows to decompose the DGFF at each
vertex v concentrically along scales, s € [0, 1], as follows

1
¢ = f VoY (s)ds. (1.45)
0

Now, let s — o(s), for s € [0, 1] be a non-negative function such that fol o-z(s)ds = 1. We write

I 2(x) = fox 0'2(s)ds. The function s — o (s) is the so-called “variance function”.
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Definition 2. The scale-inhomogeneous discrete Gaussian free field on Vy, {wUN }oev,» With variance
o is defined as

1
Y = f o(s)Ve (s)ds, v e Vy. (1.46)
0
In particular, it is a centred Gaussian field with covariances given by
B[u)u| = logNT » logN ~log. o = wllp ) | 0(+logh), VoweVy, (1.47)
v o log N

where 6§ € (0, 1) is arbitrary but fixed. When neglecting the big-O error term, should be read
in the sense that up to normalization, correlations are given as functions of the spatial Euclidean
distance. Comparing this to the correlations of variable-speed BBM as given in (I.29), here the map
s — I »(s) takes the role of s — A(s). In both cases, correlations are, up to normalization, given as
functions of the underlying metric distance. In particular, one should think of the scale parameter,
s, in the scale-inhomogeneous 2d DGFF being the analogue to the time parameter, normalized to
[0, 1], in variable-speed BBM. These observations motivate the notion of the scale-inhomogeneous 2d
DGEFF being the analog model in the context of the 2d DGFF of variable-speed BBM in the context of
BBM. In the previous subsections, we observed that the extremal values of BBM and the 2d DGFF are
structurally very similar and belong to the same class of models, i.e. their properly centred maxima
converge in law to randomly shifted Gumbel variables, with their centrings being completely analogue,
and their extremal processes to cluster Cox processes. With regards to the extreme value theory for
variable-speed BBM and considering their similar correlation structures, it is natural to ask whether
such an analogy can also be observed between the extremal values of the scale-inhomogeneous 2d
DGEFF and those of variable-speed BBM.

In the remainder, we give a brief outline of the results obtained in chapters [2H4] which are a
confirmative partial answer to this question. In particular, we discuss on a heuristic level the results
and provide basic ideas of the proofs. For full details and rigorous arguments we refer to chapters 2]
which are all available as preprints [50, 51} [52]. The contents of chapter [3|(see [51]) and chapter 4]
(see [52]]) is joint work with Lisa Hartung.

1.6.1 Subleading order and tightness of the maximum.

In we pick up the study of the maximum in the case of finitely many scales initiated in
[9], in which the leading order term of the maximum was established. First, we introduce additional
notation that allows us to state and discuss our findings. We denote by s - 7 ,2(s) the concave hull
of the function s - 1 »(s). In the case when s — 7 ,2(s) is piecewise linear, we can number its
different slopes. The first slope we call 5'%, the second a"% and so forth. The length of the first interval
with slope 5'% we denote by A', the end scale of the second interval where the slope is 5'% we call
A% and so on. Thus, the length of the i—th interval is given by A= 27 The parameters {0 ;};» are
called effective variance parameters and the corresponding scales, {/li}izl, are called effective scale
parameters, see also[Figure 1.8]for an example. Note that the effective variances are decreasing, i.e.
0<d; <a;,fori>1.

In [9]] the leading order of the maximum value in the case of m effective parameters is established,
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Figure 1.8: An example of effective variances.
i.e. it is shown that, in probability,
maxveVN ¢u = 1
m 7; /l A 1.48
N—eo 2 logN Z (148)

Note that this value is also obtained when taking the sum of the leading orders of maxima of m
independent 2d DGFFs on boxes of side length (/li - /IH) log N and whose covariances are scaled
by ;. However, the exact same leading order is also attained when assuming that these m scaled 2d
DGFFs were completely uncorrelated centred Gaussian fields with idential variances as those of the
scaled DGFFs. With regards to Gaussian comparison, these two very different kind of models, if set
up correctly, should pose possible extreme candidates for comparison. While this yields the correct
leading order of the maximum value, on the level of the sub-leading order correction it only gives
trivial upper and lower bounds. Thus, the correct sub-leading order to the maximum value remains, at
this stage, a completely open question.

To explain what happens on the level of the sub-leading order correction of the maximum value,
we first consider the case when there is exactly one effective scale, i.e. we assume ¢; = 1 and A =1
Using Gaussian comparison, we can bound the maximum value from below by that of the usual 2d
DGFF and from above by an uncorrelated 2d DGFF. By an uncorrelated DGFF, we denote a centred
Gaussian field having at each vertex identical variances as the usual DGFF, and else being uncorrelated.
Using Gaussian comparison we deduce that the sub-leading order to the maximum lies in the interval
[—% loglog N, —}‘ loglog N ] One of the main consequences of what we prove in is that, in

the case of one effective scale and under the additional assumption of 7 »(x) < 7 ,2(0), for x € (0, 1),

the sub-leading order correction to the maximum value is as if the field was independent, namely
| loglog N

3172
The fact that we do not see any difference on the sub-leading order correction to the case of

independent random variables is quite remarkable as the field which we consider has slowly decaying
correlations. The other case we consider is when 7 »(x) = I (x) = x, for x € [0, 1]. This is simply

the usual 2d DGFF with known correction, —% M Note that in variable-speed BBM and the
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time-inhomogeneous branching random walk the same correction factors, 1/2 and 3/2, in the analogue
regimes can be observed, see e.g. [Theorem 1.4.3]and [Theorem 1.4.4] One might wonder:

Is this analogy to the time-inhomogeneous BRW simply superficial or can it be made precise?

In fact, our proof draws heavily on this intuition and this is what we explain next. We adapt the idea
from Bramson and Zeitouni in the case of the 2d DGFF, which consists in using Gaussian comparison
to argue that it suffices to study the maximum of the modified branching random walk (MBRW)
which itself can be studied similarly to the maximum of the BRW. Recall from the discussion of the
discrete Gaussian free field that the MBRW is obtained by taking uniform averages of independent
BRWs. We replace the BRWs in this construction by independent time-inhomogeneous BRWs with
variances corresponding to those of the scale-inhomogeneous DGFF. Taking the uniform average over
these independent time-inhomogeneous BRWs we obtain what we call the modified inhomogeneous
branching random walk (MIBRW). It turns out that its covariance structure away from the boundary
matches that of the scale-inhomogeneous DGFF, up to constant order. This allows, in a first step,
to use Gaussian comparison to reduce the necessary analysis to the MIBRW. For the study of the
maximum value of the MIBRW, we use a truncated second moment method. We explain the heuristics
in the special case when there are exactly two scales with variance parameters 0 < o; < 1 < 05.
This allows us to keep things simple, while capturing the essential ideas. For the truncation in the
second moment analysis we draw on a path analysis for extremal vertices of the MIBRW and which is
identical to the one for extremal particles of the time-inhomogeneous BRW. See also [Figure 1.9|for an
illustration. It turns out that for a vertex reaching the maximum at “time” log NV, it has to be at height

2log N % ‘
3 |
=Y |
= |
; |
200 1ogN f-----mm e ‘ 3
20%/11 logN f--------—7"---= 1: i
Ay log N log N
‘4Time7’
Figure 1.9: Path of an vs path of a typical particle that is always close to the running maximum

in the case when o < 0,.

2074, logN + O ( vlog N ) at the “time” of change in variance, which is A, log N. Note that this is

significantly lower than vertices maximal at this moment which locate at 20~ 4, log N + O ( +/log N),
a linear order above the vertices that are extremal at the end. The simple reason for this is that at the
intermediate “time” A, log N, there are effectively N 24 particles, each with variance 0'%/11 log N, for
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1.6 The scale-inhomogeneous two-dimensional discrete Gaussian Free Field

which we know what their maximum is. However, at this intermediate time point there are essentially
only finitely many particles at the running maximum, and out of which at least one has to have some
descendent that reaches the overall maximum level, 2 log NV, at the end. The probability of this event is
much smaller than demanding one of the exponentially many particles being a linear order below the
running maximum at “time” 4, log N and having a descendent that reaches the overall maximum at the
end. Thus, the usual truncation applied in this context, demanding vertices staying below the running
maximum at all times does not affect the extremal vertices at all in the case when 0 < 0y < 1 < 0,.
Therefore, up to a linear drift, what we see is akin to a time-inhomogeneous random walk bridge
whose probability in this case is of order 1/(log N)l/ 2. This exponent leads to the 1/2 correction
factor for the sub-leading order term of order O(log log N).

At this stage, we are also able to understand what changes in the homogeneous case, when
I »(x) = x, for x € [0, 1]. Recall that we have the constraint that no particle should be larger than the
running maximum at any time. A similar path analysis shows that for a vertex to become maximal at
the end, its path has to stay (log N )1/ 2 below the running maximum for most of the time. This effect is
known as entropic repulsion of the BRW. What we basically see is a random walk bridge conditioned
to stay below the straight line. The probability of such an event is of order 1/(log N)3/ 2, which gives
the 3/2 factor in front of the sub-leading order correction. We now move to the case of finitely many
effective scales.

As in GREM or in variable-speed BBM, this leads us to distinguish three cases:

a)I _»(x) < x, for x € (0, 1). (1.49)
b)I _»(x) = x, for x € [0, 1]. (1.50)
€)1 2(x) > x, for some x € (0, 1). (1.51)

The case in (.49) is called weak correlation regime, in which correlations are such that the
correct centring of the maximum value is as in the case of independent identically distributed random
variables, see The case in (1.50) is usually called critical case, which is the usual 2d
DGFF. It is critical in the sense that correlations are such that they affect the centering on the level
of the sub-leading order correction. As we have already seen in (1.48), once the concave hull of the
variance function, A, crosses the straight line as in (I.31)), even the first order of the maximum is
affected by variance profile. This is usually referred to as supercritical case.

One of the main consequences of what we prove is: Up to a uniformly bounded constant, the
maximum is a concatenation of the maxima over the effective scales in their corresponding regimes.
Moreover, the centred maximum is a tight sequence of random variables. We summarize the above
observations in the following, more formal statement.

Theorem 1.6.1. Let {'J’{;V}uev,v be a 2d scale-inhomogeneous DGFF on V) with finitely many effective
scales.
i)In the case when Io_z(s) < s, for s € (0, 1),

1
E[max wf}v] =2logN — —loglog N + 0(1), (1.52)
veVy 4

where the term O(1) is bounded by a constant, uniformly in N.
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ii) In case when Iaz(s) = s, for s € [0, 1], we have

3

E[max %N] = E[maw’j] =2logN — = loglog N + O(1), (1.53)
veVy veVy 4

where the term O(1) is bounded by a constant, uniformly in N.

iii) Finally, in the case if, for some s € (0, 1), I 2(s) > s and if there are m effective parameters,

{7} 1<iam and 0 = 2° < --- < ™ = 1, it holds that

o o 1+ 26,
E[max %N} = Z 20, - A HlogN - 2 - loglog N + O(1), (1.54)
i=1

veVy

where the §; equals 1 if, for any s € [/li_l, /li], 7 2(8) =1 2(s), and where the term O(1) is bounded
by a constant, uniformly in N.

In all three cases, the centred maximum, max,ey, tﬁf)v -E [maXUeVN tﬁf,v] is tight as a sequence of real
random variables.

This is a consequence of our main result in|Chapter 2| in which we directly control the tails of the
properly centred maximum, max,cy, va — my, with centring

my = 26;(4 =4 ")logN — o;loglog N. (1.55)

i=1

Here, we assume that there are M € N scales with m < M effective scales and set ¢;, fori =1,...,m,
as in (I.54). The main result in deals with the tails of the centred maximum. In fact,
the truncated second moment computation for the MIBRW that we depicted in combination with
Gaussian comparison allows to prove that the right tail, i.e. the probability to exceed m, by a positive
value x, has exponential tails. For the left tail, i.e. the probability of the maximum to be smaller than
my — x, we obtain an upper bound of exponential decay. The idea we use to prove this is to bootstrap
the estimate for the right-tail and which is what we outline in the following. One first decomposes
the entire box into exp(O(x)) many identical sub-boxes and then rewrites the MIBRW on the entire
box, called S N, as a sum of iid MIBRWs, {Y(i)},, one for each sub-box, and an independent centred
Gaussian field, X, that encodes their correlations. A possible strategy to have a small maximum value
is to require either all MIBRWSs on the sub-boxes being sufficiently small or to demand that the field,
X, which encodes their common increment, has to be small. Using independence, one deduces that

P(maxS{,v < my — x) < ]_[P(max Y? < my - x) +P(X < —x). (1.56)
veVy ; v

The latter probability can be bounded from above using a Gaussian tail bound. To bound the first, we
write P (maxv Yl’; <my - x) =1-P (maxv Y 50 >my — x), and use the lower bound on the right-tail
of the maximum to bound this quantity from below by a constant, § > 0. This together with the fact
that there are exp(O(x)) many independent of such factors, implies that the probability of the event
that each maximum of the MIBRW:s on the sub-boxes stays below m,, — x decays exponentially fast
in —x. More formally, we prove the following.
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1.6 The scale-inhomogeneous two-dimensional discrete Gaussian Free Field

Theorem 1.6.2. Let {va hev, be a 2d scale-inhomogeneous DGFF on Vy. Assume that on each

interval [/li_l, /li] andi = 1,...,m, we have either Io_z = I(_rz or Io_z < I(_rz. There exist constants

C, ¢ > 0 such that, for any x € [0, y/log N],

1 —xZ N _x2
C(1+x1,, 5 )e 7 <P max g 2 my + x| < C(1+ x1,, 5, )e "7 (1.57)
veEVy
Moreover, for any 0 < A < (loglog N)2/3,
]1) N —cA
(maxwv <my - /l) <Ce ™. (1.58)
veVy

Note that the result for the right-tail in (1.57) is precise up to a multiplicative constant. Moreover,
it differs in a multiplicative factor, x, depending on the parameters up to the first effective scale.
To control the tails for larger deviations, e.g. for x > +/log N, one can use Borell’s concentration
inequality, which implies that there is a constant ¢, € (0, c0), depending only on the variance parameter
o, such that

P (lyy — myl > x) < Ze_c‘fxz/log(m Yx > 0. (1.59)

1.6.2 The case of weak correlations.

In|Chapter 3|and [Chapter 4] we consider the scale-inhomogeneous discrete Gaussian free field in the
case of weak correlations. More precisely, we make the following assumptions:

o’(0) and o’ (1) exist, I;Z(O) <1, I;z(l) > 1,7 2(x) <xforxe(0,1)and 7 »(1) =1.| (1.60)

In words, we want the variance function to stay beneath the straight line and require some additional
regularity at the very beginning and the very end. In this setting, by the first statement of
the order of the maximum is as if the random variables were independent and moreover, it implies
tightness of the centred maximum which implies the existence of a convergent sub-sequence. Thus,
the first question one should answer concerns the convergence of the properly centred maximum and
secondly, the convergence of the extremal process.

Convergence of the maximum and genealogy of extremal vertices.

In|Chapter 3| we show that the centred maximum value converges in law to a randomly shifted Gumbel
random variable and obtain information on the genealogy of extremal particles. In order to prove
convergence of the maximum value a simple refinement of our previous strategy, which principally
consisted in comparing the maximum value of the field to the maximum of a suitably constructed
MIBRW and analysing the latter, seems unfeasible. Indeed, with regards to Gaussian comparison and
in order to obtain convergence of the centred maximum by comparison to a MIBRW, one would have
to be able to approximate the covariance structure asymptotically correct which simply is beyond the
scope of this method. Given the answer, an instructive question one should ask instead is:

Why should we expect a randomly shifted Gumbel as limit distribution?
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Figure 1.10: An example of x — 7 (x) in the weak correlation regime.

This raises the question of what properties lead to this kind of limit shape? Based on the extreme
value theory for independent random variables, see e.g. the emergence of the Gumbel
distribution should be due to taking the maximum of a growing number of independent identically
distributed random variables with exponential right tails. The random shift accounts for the random
number of such iid random variables with exponential tails. The additional randomness in the number
of particles is usually due to a restriction that has to be verified for the random variables to be
considered. One should ask:

How to obtain suitable approximating fields that capture these two effects?

The key observation one makes is that extreme local maxima are at mutual distance of at least N/O(1),
i.e. more precisely

lim lim P (Jo,w € Vy : o - wll, € (. N/r) A,y > my - cloglogr) = 0. (1.61)

r—oo N—oo

This motivates to decompose the box V), into K? equal sized sub-boxes, {VN/kit<ick?> €ach of side
length N/K. We choose K < N and take limits in the order N — oo and then K — oo. As “fine
fields” we choose the scale-inhomogeneous DGFF restricted to the interior of the boxes of side length
N/K minus the scale-inhomogeneous DGFF conditioned on the boundary of these boxes of side
length N/K. By the Gibbs-Markov property (1.42), on the sub-boxes of side length N/K, these are
K? independent copies of each other. In particular, they are multivariate Gaussian as conditioned
Gaussians. Regarding the discussion incidental to the previous question, taking the maximum of
the maxima of these K> independent fine fields accounts for the Gumbel limit shape, provided we
can prove asymptotically exponential right-tails for their maxima. In light of this
seems within reach. The “global field” is then simply the harmonic extension of the values of the
scale-inhomogeneous DGFF on the boundary of the K % boxes of side length N/K into the entire box
V. Without getting precise here, the random shift is due to a localization of the global field, i.e. only
those fine fields for which the associated global field has a height within a certain interval will be
counted.
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Figure 1.11: 3-field decomposition.

However, to work directly with these fields is delicate, mainly because of two issues: First, neither
the global nor the fine field as defined above is constant in the Vy x; boxes, and so the correct extreme
local maxima depend in their positions and heights on both the global and the fine field. The second
issue is that the variance parameter, o, causes both global and fine field to be inhomogeneous, which
technically complicates their analysis further.

The idea to circumvent both problems simultaneously is to use Gaussian comparison to show
that one can approximate the fine and global field by auxiliary Gaussian fields that are structurally
simpler and hence, easier to analyse, while both having identical limiting laws for their maximum
values. Regarding the approximating fields must have asymptotically identical correlations
at both macroscopic and microscopic scale. We achieve this by approximating the global field by a
scaled instance of the usual DGFF, {0'(0)¢UK boev,» Which we refer to as “coarse field” and approximate
the fine field further by independent copies of “local fields”, which are realized as scaled DGFFs,
{a(l)t/)f,}UeVK,, and a collection of modified inhomogeneous branching random walks (MIBRW)

NKK i . . . . .\
(S, }UEVN/KI" capturing intermediate scales. [Figure 1.11|shows a corresponding decomposition

of the box V. Here we make use of the additional regularity assumptions in (T.60). An apparent
advantage in this construction is that it addresses the first issue in the sense that the coarse field is
constant in each sub-box Vy x; and the MIBRW is constant in each small sub-box V- ;. Moreover, it
addresses the second issue in the sense that coarse and local fields are homogeneous. At this point we
remark that a similar decomposition was previously employed in [46] in the context of log-correlated
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Gaussian fields. As a first step in the proof, we use Gaussian comparison to show that the maximum of
the auxiliary process has the same limit as the maximum of the scale-inhomogeneous DGFF, provided
the limit exists.

Assuming that this is a valid approximation, we provide the heuristic picture behind the details of
the limit shape of the maximum value. Having in mind the universality in the weak correlation regime
in variable-speed BBM, see[Theorem 1.4.4} one should should ask:

How does the limit distribution depend on the parameters?

Under the assumptions of weak correlations in we show that the limiting law is universal in
the sense that it only depends on the parameter o-(0) through a random variable Y and on a constant
C, which solely depends on o(1). In the following, we explain why this is reasonable and along
the way, we see more explicitely how the randomly shifted Gumbel distribution emerges from the
approximation. The first key ingredient is the genealogical structure of the extremes in (I.61)), which
implies that if we pick two vertices whose height is extremely large then they have to be at distance
of order N/O(1) or O(1). This implies that extreme local maxima are correlated only on scales of
order N/O(1) and thus, these correlations asymptotically depend solely on the coarse field with initial
variance parameter o(0).

As a second key ingredient, we prove that the right-tail of the maximum satisfies asymptotics which
depend only on the last variance parameter, o (1), through a constant Cy = Cg(o(1)). In particular,
we show that

lim lim =0. (1.62)

X—00 K/,N—wo

]P( max SYMEK 4 o (1)K > my - 20%(0) log K + x) — Cilo(1)e™

veVy

The proof of this is based on a modified second moment computation in which one uses a localization
of the local field at extremal vertices. This localization is the reason why Cg depends only on o(1).
To explain how the parameters enter into the limit shape we depict a heuristic computation, which is
inspired by the simple calculation in the case of independent random variables, see (I.16). Mimicking
(I.16), we condition on the large scales, i.e. on ¢K , and obtain

P(mgx (0)¢K + SMEK L ()oK < my + x)
veVy

K
=E l_[ (1 - P( max Siv’K’K + 0'(1)¢UK >my +x— 0'(0)¢UK

veV
i=1 N/K

¢K))} : (1.63)

The third key ingredient is the simple but crucial observation that, for extremal vertices, the coarse
field, 0'(0)¢K, localizes in a window of size O( +/log K) around 202(0) log K. We collect the indices,
for which this localization is satisfied, in the set A and note that there are exponentially many such
indices. Inserting this localization into (I.63) allows to drop the conditioning on qﬁK , which adds
a multiplicative error of size 1 + o(1). Furthermore, we observe that the field S NEK | 0'(1)¢K, is
independent of the conditioning by construction. Using these observations, (I1.63) can be rewritten,
up to a multiplicative error of size (1 + o(1)), as

E

l_l (1 _ CK(U(I))€_2X+20-(O)(¢IK —210gK))l = (1+0(1)E e—CK(a'(l))YK((r(O))e_ZX . (1.64)
icA
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1.6 The scale-inhomogeneous two-dimensional discrete Gaussian Free Field

What remains to show is that the expression and the quantities in (I.64) converge as K — co. We
summarize with a precise statement on the convergence in law of the centred maximum in the weakly
correlated regime.

Theorem 1.6.3. Under the assumptions of weak correlations, i.e. (1.60), there exists a constant
C = C(o(1)) > 0, depending on the parameters only through o(1) and a random variable Y = Y(0(0)),
which is almost surely positive, finite and depends on the parameters only through o(0), such that

lim P(max v —my < x) = E [exp (~C(a(1)Y (o (0)e )] (1.65)

N—oo veVy

Convergence of the extremal process.

Having established convergence in law of the maximum value, it is a natural next step to study the
joint law of height and spatial distribution of all vertices that come close to the global maximum. This
is the contents of in which we prove convergence in law of the full or structured extremal
process,

NIN: = Z Ly vtoc maxév/N ® 6¢[}y—mN ® 6{902\'_1//;’; weZ?)? (1.66)

veVy

where 0 < r < N. Let us first take a closer look at the point process defined in (I.66)). It captures the
following different aspects: the distribution of the location of r—local maxima normalized to [0, 11 in
its first coordinate, the relative height of local maxima in the second and in the last, the field centred
at the corresponding extreme local maximum, i.e. the cluster around the chosen local maximum. The
first question to answer here is:

Why is ny,. the correct process to consider?

Our goal is to describe the limiting joint law of all points that are in a sense close to the maximum
value. With regards to the separation of extreme local maxima as in (I.61)), it makes sense to rescale
the box V), onto the unit square [0, 1]2. In fact, as extreme local maxima are at distance N/O(1),
rescaling their positions to the unit square their points get mapped to distinct points in [0, 11?, which
persits when taking the limit N — oco. As by all other points whose height is in a sense close to
the global maximum are spatially within distance O(1) of an extreme local maximum. By rescaling all
their spatial positions onto the unit square [0, 11%, their spatial positions get mapped onto the location
of their closest extreme local maximum. By substracting m, from each local maximum, vertices that
are not extreme local maxima, have relative heights tending to —co, and thus we retain only extreme
local maxima. A visualization of such a process is given in As already mentioned,
clusters points are spatially within distance O(1) of an extreme local maximum and thus, in order to
capture both their spatial distribution and relative height with respect to their corresponding extreme
local maximum, one should look at the scale-inhomogeneous DGFF at its original spatial scaling and
centred at an extreme local maximum, as done in the third coordinate in (T.66). Thus, we see that it is
natural to consider the point process, {7y ,}ys,>1, as it captures both spatial distribution and height of
all extremal values.

The second question concerns its limit shape, as N — oo followed by r — oco. We identify the
limit process as a cluster Cox process, with a random intensity measure on [0, 11°, denoted by Y,
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Figure 1.12: Visualization of the structured extremal process when collapsing the clusters to one spatial location:
Poisson points of extreme local maxima, with corresponding cluster points beneath.

that depends on the variance parameters only through the initial value, 0(0), and with cluster law
depending on the variance parameters only through its final value, o(1).

In the following, we explain the heuristic picture behind this. We first ignore the last coordinate in
(T.606) and explain why we obtain a Cox process as limit of the point process of extreme local maxima,

ﬁN,r = Z L, r10c maxév/N ® 5¢L’)V_mN- (1.67)

veVy

In a first step, we argue, based on a heuristic computation, that extreme local maxima satisfy a
superposition principle. In the second step, this allows to deduce the correct limit shape, using a
general result which is due to Ligget [69]. The principle argument is due to Biskup and Louidor [[17]
who used it in the case of the 2d DGFFE.

Take ¢,y two independent copies of ;bN and let € R, . By Gaussian interpolation and in law,

N _ _ t ! ’
= \/1 210gN¢’+ \/210gNw' (1.68)

By Taylor expansion, of the first root and using that max ¥ = O(log N) with high probability,

v,b —w—— w + o(1). (1.69)

2210gN¢

Pick v € V), such that l//iv > my —Adory, > my—A. We consider the r—neighbourhood of v, which we
denote by A, (v), and note that, for w € A,(v), we have ¥, — y, = O(1). Thus, with high probability,

N _
Y =y, - 2210gN ‘/ Yot YweA©. (1.70)

Similarly, and using once again max i = O(log N), we have with high probability both 1,//5 -my = 0(1)
and y,, — my = O(1), for w € A,(v). Replacing the second occurrence of ¢ in (1.70) by my + O(1),
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we deduce that in law,

¢g=¢w—%t+ leoth;b;+o(1), Yw € A, (v). (1.71)

t
2log N

variable with variance #/2. Using this in (I.71) and the fact that local maxima are achieved at unique
points, the maxima of sz and ¢ are attained at the same point with high probability. Further, as
extreme local maxima are at distance of order N/O(1), for two such extreme local maxima v and w,

Next, we note that the term, Y, is asymptotically distributed as a centred Gaussian random

E [w;w,’ﬂ] = O(1). Considering their normalization by /m in (I.71)), we deduce that the extreme

local maxima of z,bN and ¢ are related by mutually independent random shifts of the form B,,, — /2,
with B, being a centred Gaussian random variable with variance ¢. In particular,

Z ]lv r-loc maxév/N ® 6¢9’_mN = Z ]lu r-loc maxéu/N ® 6¢y—’/2+3£5)2—m1v’ (1.72)

veVy veVy

12
a superposition principle for extreme local maxima, we may use a general result by Ligget [69]] that

characterizes any possible limit of the point process 7y ., when N — oo followed by r — oo, as a Cox
process. Note that this heuristic argument only uses that we are dealing with a Gaussian process whose
extreme local maxima are well separated and that correlations decay sufficiently fast. Uniqueness
of the law of the Cox process follows from uniqueness of the random intensity measure. The latter
follows from proving joint convergence of extreme local maxima on a generating class of the Borel
o—algebra of [0, 11%. In the proof of the latter, we generalize arguments from the proof of convergence
of the global maximum. In summary, we obtain in law,

with (B(") )U being iid centred Gaussians with variance ¢/2 and equality being in law. Having established

lim lim 7y, = PPP(Y(0(0)) ® C(o(1))e > dx), (1.73)

1
r—oo N—

with Y being a random Borel measure on [0, 17, depending only on the initial variance, 07(0), and
whose total mass, Y ([0, 1]2), coincides in law with the random variable Y from Theorem 1.6.3l The

constant, C(o (1)), coincides with the one in

Knowing that the point process of extreme local maxima converges in law to a Cox process puts
us into the position to include the law of the cluster points. Here again, the separation of extreme
local maxima comes into play, i.e. (I.61)). The idea is that due to correlations, around each extreme
local maximum there are many points in a O(1) neighbourhood that reach heights which are within
distance O(1) below the local maximum. Conditioning on the extreme local maxima and outside
these O(1) neighbourhoods, the fields in these O(1) neighbourhoods around each local maximum are
mutually independent. In particular, it turns out that they asymptotically share the same law. As we
centre the field around an extreme local maximum, all points in its closest vicinity have to be smaller
in height. Using the assumption that o is differentiable at 1 (see (1.60)), we are able to approximate
the scale-inhomogeneous Gaussian free field in those O(1) neighbourhoods by Gaussian fields that
only depend on o(1). In fact, we show that the cluster law is given by the weak limit
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v() = lim P(¢Zz\{°} +20(Dae 62 L 20 (1a) 2 0 : [lolly < r), (1.74)

where ¢Zz\{0} is the discrete Gaussian free field on Z? \ {0}, which is equal to the 2d DGFF conditioned
to be 0 at the origin, and where a is the potential kernel of a simple random walk on 72. One should
compare it to the cluster law in case of the usual 2d DGFF in (I.41). In particular, the assumption,
o (1) > 1, ensures that the conditioning in is not singular as it is in the case of the 2d DGFF, see

(T.41)). We summarize with our main result of

Theorem 1.6.4. There exists a random Borel measure, Y, on [0, 1]2, that depends only on o-(0) and
satisfies almost surely Y([O, 1]2) < oo, as well as Y(A) > 0, for any open and non-empty A C [0, 1]2.
Moreover, the weak limit in exists and for each sequence ry with ry — oo and ry/N — 0, as
N — oo,

N, = PPP(Y(dx) ® C(o(1)e >"dh @ v(df)), (1.75)

where the constant C(o(1)) > 0 is the one from|Theorem 1.6.3| The convergence is in law with respect

to the vague convergence of Radon measures on |0, 1] X R X R

As a simple consequence, we obtain a description of what is usually called extremal process, i.e.
we can drop the indicator of bemg a local maximum in 7)) and describe the limit law by means of a
cluster process. Let {(x;, h; : i € N)} enumerate the pomts of a sample of PPP(Y(dx)®C(0'(1))e_2hdh).
Let {@53 TweE ZZ}, for i € N, be independent samples of the measure v. Then, as N — oo,

PICL-LR I Y Y (1.76)

ve VN ieN UJEZZ

1.7 Open problems

In this subsection, we shortly discuss possible further research directions in the context of (variable-
speed) BBM and the (scale-inhomogeneous) DGFF that directly connects to the work previously
presented in the introduction. The study of the extreme values in the case of a strictly concave speed
function, A, in variable-speed BBM as well as in the scale-inhomogeneous DGFF is still an open
problem. In the case of variable-speed BBM, it is known that the second order correction to the
maximum value is no longer logarithmic but a power of 1/3 [49, [71]. Furthermore, it is proved in
[71] that the properly centred maximum converges to a solution of a time-inhomogeneous F-KPP
equation. However, the centring in the statement is implicit. Understanding the maximum value with
an more explicit centring up to o(1) precision and moreover, the extremal process in this case is of
major interest, in particular, since already the genealogical structure of extremal particles is more
complicated. In the cases we have discussed so far, extremal particles are allowed to split only at the
very beginning, the very end or when the concave hull changes its slope. In the case when A is strictly
concave, its concave hull is changing its slope at all times, which suggests that extremal particles
can basically split at any time. It should be possible to approach this problem by a precise study of
trajectories of particles killed at certain space-time curves, similar to works on BBM with absorption
[12].
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1.8 Beyond the 2d DGFF or other log-correlated (Gaussian) fields

In case of the 2d DGFF the random measure, Z, which governs the extremal process, was char-
acterized in multiple ways in [[17, 18, [19]. In particular, it is known to coincide with the critical
Liouville Quantum Gravity measure. In this respect, it would be of interest to further study the random
measure, Y, that appears in the scale-inhomogeneous DGFF. We believe that it can be related to the
sub-critical Liouville Quantum Gravity measure. Moreover, a thorough study of extreme level sets of
the (scale-inhomogeneous) 2d DGFF, i.e. all points above a finite level A below the global maximum,
as in the case of BBM [36] appears to be desirable. A typical question in this regard is, whether there
exist certain clusters that contribute a substantial amount to the extreme level set, and if so, is this
quantifiable in parameters of the model?

1.8 Beyond the 2d DGFF or other log-correlated (Gaussian) fields

At the end of the introduction, we want to hint at related models, for which one expects a similar
behaviour concerning their extreme values. On the one hand, there is the class of logarithmic
correlated Gaussian fields, which includes BBM and the 2d DGFF. In this case, under fairly general
regularity assumptions on their correlation structure, convergence of their maximum value to a
randomly shifted Gumbel was proved by Ding, Roy and Zeitouni [46]. They were also able to show
that the genealogical structure of extremes in these models are all of the type we have seen in the
cases of BBM and the 2d DGFF. Having these two key ingredients at hand and with regards to the
heuristic computation we provided in it seems very plausible that the extremal process
for each model in this general class of models should converge to a cluster Cox process. However, this
remains an open problem. The main reason for this is that there are non-trivial technical difficulties
to overcome, as a simple adaptation of the fairly general proofs in case of the 2d DGFF [17, 18] is
impossible since the models in this general class lack a Gibbs-Markov property which cannot be easily
replaced. One should instead try to use a certain self-similarity present in these models. However,
for certain important models that belong to this class and that possess a Gibbs-Markov property, e.g.
the 4d—membrane model [81]], it should be feasible to adopt the proofs from [17, [18]] and obtain
convergence of their full extremal processes to cluster Cox processes.

On the other hand, there are log-correlated models such as the field of hitting times of Brownian
motion on the torus [39, 44, [11] whose maximum is related to the cover time of Brownian motion
on the torus, the randomized Riemann zeta function on the critical line [3, [76, 73], 164, 8, 4] or
characteristic polynomials of random unitary matrices [2, [35]. In the last decade, the study of the
extremes of these models has attracted a lot of attention. One of the major reasons for this is that
their behaviour is conjectured to strongly resemble the one observed in the Gaussian case 58 59].
Important technical tools that play major roles in the analysis of Gaussian log-correlated fields, such
as Gaussian interpolation or Gaussian integration by parts, are not available in these models. Much
of the analysis in the above models is based on a refined second moment method suggested by Kistler
[60], for which one needs to establish a hidden branching structure, and which is usually combined
with an analysis of extremal particles’ trajectories. In general, a detailed understanding of the paths of
extremal particles is a major key for a precise understanding of the individual models [25] 36 4]
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CHAPTER 2

Subleading-order and tightness of the
maximum of the scale-inhomogeneous
two-dimensional discrete Gaussian Free Field
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EXTREMES OF THE 2D SCALE-INHOMOGENEOQOUS DISCRETE GAUSSIAN FREE
FIELD: SUB-LEADING ORDER AND EXPONENTIAL TAILS

MAXIMILIAN FELS

AsstrAcT. This is the first of a three paper series in which we present a comprehensive study of the ex-
treme value theory of the scale-inhomogeneous discrete Gaussian free field. This model was introduced
by Arguin and Ouimet in [7] in which they computed the first order of the maximum. In this first paper
we establish tail estimates for the maximum value, which allow to deduce the log-correction to the order
of the maximum and tightness of the centred maximum. Our proofs are based on the second moment
method and Gaussian comparison techniques.

1. INTRODUCTION

In recent years, so-called log-correlated (Gaussian) processes have received considerable attention,
seee.g. [4, 5, 10, 15, 25, 34, 47]. One of the reasons for this is that their correlation structure becomes
relevant for the properties of the extremes of the processes. Some prominent examples that fall into
this class are branching Brownian motion (BBM), the two-dimensional discrete Gaussian free field (
2d DGFF), local maxima of the randomised Riemann zeta function on the critical line and cover times
of Brownian motion on the torus. The 2d DGFF is one of the well understood non-hierarchical log-
correlated fields (see [9, 10, 11, 19]). For simplicity, consider the 2d DGFF on a square lattice box of
side length N. It turns out that the maximum can be written as a first order term which is proportional
to the logarithm of the volume of the box, a second order correction which is proportional to the
logarithm of the first order and stochastically bounded fluctuations. If one considers an uncorrelated
Gaussian field on the same box with identical variances, a simple computation shows that the first
order of the maximum coincides with the one of the DGFF, whereas the constant in front of the second
order correction differs. In [7], Arguin and Ouimet introduced the scale-inhomogeneous 2d DGFF,
the analogue model of variable speed BBM [47], which allows to consider different variance profiles.
They determined the first order of the maximum. In this paper we continue the study of the maximum,
find tail estimates on the maximum value which allow us to deduce the second order correction and
tightness of the centred maximum. In the other two papers in this series, we prove, in the regime of
weak correlations, convergence of the centred maximum [29] and convergence of the extremal process
[30]. Both are joint work with Hartung.

1.1. The 2d discrete Gaussian free field. Let Vy := ([0, N) N Z)2. The interior of Vy is defined as
Vi = (1,N-1]N 7)* and the boundary of Vy is denoted by dVy := Vi \ V}. Moreover, for points
u,v € Vy we write u ~ v, if and only if ||u — v|[|; = 1, where ||.|| is the Euclidean norm. Let P, be the
law of a SRW {W;};e starting at u € 7?. The normalised Green kernel is given by

Tovy-1

Gy, (u,v) = gEu > Lwen|. foruve V. (1.1)
i=0

M.F. is funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) - project-id 211504053 -
SFB 1060 and Germany’s Excellence Strategy — GZ 2047/1, project-id 390685813 — “Hausdorff Center for Mathematics” at
Bonn University.

Keywords: extreme value theory, Gaussian free field, inhomogeneous environment, branching Brownian motion, branching
random walk.
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EXTREMES OF THE 2D SCALE-INHOMOGENEOUS DISCRETE GAUSSIAN FREE FIELD 2

Here, 74y, is the first hitting time of the boundary dVy by {Wi}ien. For 6 > 0, we set Vl‘f, = (0N, (1 —
6)N)2 N7z By [22, Lemma 2.1], we have for 6 € (0, 1) and u,v € Vo,

Gyy(u,v) =logN —log(|lu—vll2 vV 1) + O(1). (1.2)

Definition 1.1. The 2d discrete Gaussian free field (DGFF) on Vy, ¢V = {q)]vv hvevy, 1s a centred
Gaussian field with covariance matrix Gy, and entries Gy, (x,y) = IE[gby ¢§V ], for x,y € Vy.

From Definition 1.1 it follows that ¢ = 0 for v € 9V, i.e. we have Dirichlet boundary conditions.

1.2. The 2d scale-inhomogeneous discrete Gaussian free field.

Definition 1.2. (2d scale-inhomogeneous discrete Gaussian free field).
Let ¢V = {¢]}ev, be a 2d DGFF on Vy. Forv = (v1,v2) € Vy, let [v]} be the box of side length N'~*
centred at v, namely

1 1 1 1
W= 1y = ([vl - ENH,vl + ENH X | vy — 5NH,vz + EN“* ) N Vy (1.3)
and set [v]{)v = Vy and [v]]lV = {v}. We denote by [v]} the interior of [v];. Let %[V]w[v}j =

o ({gb",v ,V ¢ [v]j{}) be the o—algebra generated by the random variables outside [v]. We define ¢’VV 1)
by conditioning on the DGFF outside the box [v]Y, i.e.

o) (V) = B|o) [Fopmonr: | 2 €10,10, (1.4)

We denote by qu{/\’ (4) the derivative 0 /lgblvv (4) of the DGFF at vertex v and scale A. Further, let s > o (s)
be a non-negative function such that 7 ,2(1) = fOA o?(x)dxis a non-decreasing function on [0, 1] with
7 ,2(0) =1and Z,2(1) = 1. Then the 2d scale-inhomogeneous DGFF on Vy is a centred Gaussian
field yV := {z,//iv }vevy defined as

1
AR f o(5)Vey (s)ds. (1.5)
0
In this paper, we consider the case when o is a right-continuous step function taking M € N values.
Thus, there are variance parameters (oq,...,0) € [0, c0)M and scale parameters (Ay,...,4dy) €
(0,11 with 0 =: 19 < Ay ... < Ay := 1, such that
M
o(s) = > oilp,ap(), s €[0,1]. (1.6)
i=1
In this case, the scale-inhomogeneous 2d DGFF or 2d (o, 1)—DGFF in (1.5) takes the form
M
vy = D aigl () = o) (). (1.7)

i=1

Similarly to (1.4), we set for v € Vyy and 4 € [0, 1],
WY =E[o)

Next, we compute the covariances of {z,l/C’}veVN. We fix 6 € (0,1/2) and A € (46/log N, 1/ +/log N).
For N € N and v,w € Vy, set gv(v,w) = I%’N_lg;%. For v,w € V]‘f,, we write E[l[/ylﬁx] =
E [(v = ¢ ()l + w ()wdl]|. By choice of § and A, it holds that [v]YNdVyy = 0 and [w]¥naVy = 0.

Therefore, we may deduce as in [50, (A.41), (A.42)],
E (0 = v () ud] = (L2 (gn(v, w)) = T2 (min {1, gn(v, )] log N + O(~flog N),  (1.9)

%[vhu[v];] : (1.8)
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Ficure 1. An example of variance and effective variance.

and
[ [vY ul]| < Oo(iogN). (1.10)
Using (1.9) and (1.10), we obtain for v, w € V9,
E[yly] = log NI, (logN - lofo(g?v_ A 1)) + O(+flog(V)). (1.11)

2. MAIN RESULT

The main result of this paper are tail estimates for the maximum of the scale-inhomogeneous 2d
DGFF when there are finitely many scales. As simple consequences, we deduce the correct second
order correction and tightness of the centred maximum. We start with some notation. Let 7 -2(s) be the
concave hull of 7 2(s). There exists a unique non-increasing, right-continuous step function s — &(s),
which we call ’effective variance’, such that

T,2(5) = f ' G2(r)dr = I;:(s) forall s € [0,1]. (2.1)
0

The points where & jumps on [0, 1] we call
0=2<Al<...<am:=1, (2.2)

where m < M. To be consistent with previous notation (cf.(1.6)), we write & := G(A'~"). We denote
the maximum by ¢, = max,eyy WVV . For any, possibly finite, sequence {x;};>0 of real numbers we
denote by Ax; = x; — x;—; the discrete increment. It turns out that the concave hull of 7., denoted

I 2, gives the desired control for the first order of the maximum. Arguin and Ouimet [7, Theorem 1.2]
determined the correct first order behaviour, i.e. they showed that in probability,

Wy

li =T5(1) =) AL 2.
Nl—rgo210g(N) 15(1) ;U @3)

In the following, the goal is to prove a second order correction and tightness of the maximum around

its mean. Let 7r; be the unique index such that for 1 < j < m we have A=A, ;- Moreover, we write
log N log N '

=2 1(<))gg2 aswellast; = /lj@. We set
m ) w g log(At/
my = ) 2log 257 A - (”4&, 2.4)
j=1
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where

(2.5)

W= 3, Ixalai o =L elgiag
/ 1, else

The following theorem establishes tail estimates of the maximum centred by my.

Theorem 2.1. Let N € N and {(//{)V hevy be a 2d (o, A)-DGFF on Vy with M € N scales. Assume
that on each interval [, 1 and i = 1,...,m, we have either T2 =145 or 1, < Is There exist
constants C,c > 0 such that for any x € [0, y/log N],

2 2
C'(1+xlg=5,)e 71 <P (‘323,’5 N > my + x) < C( + xlgy=g,)e 7. (2.6)
and for any 0 < A < (loglog N)™,
P (max Y < my - /l) < Ce ™, (2.7)
veVy

Note that the result for the right-tail in (2.6) is precise up to a multiplicative constant. For values
x > +/log N, by Borell’s inequality (see Theorem A.1) and [7, Lemma A.3], there is a constant ¢, €
(0, ), depending only on the variance parameter o, such that

P (I — myl > x) < 2¢7¢r "/ 1oe), 2.8)
As a simple consequence of Theorem 2.1, we obtain the following corollary.

Corollary 2.2. Under the same assumptions of Theorem 2.1, the sequence of the centred maximum
(W — mn}nso is tight. In particular,

E [uy]| = my + OD), 2.9)
where the term O(1) is bounded by a constant which is uniform in N.

An interesting fact is that the profile of the variance matters both for the leading term and the
logarithmic correction. This phenomenon was first observed in the context of the GREM by Bovier
and Kurkova [36, 17, 18], and in the context of the time-inhomogeneous branching Brownian mo-
tion/branching random walk by Bovier and Hartung [13, 14], Fang and Zeitouni [27], Maillard and
Zeitouni [46] and Mallein [48].

Remark 2.3. Regarding the additional assumption on the variance profile in Theorem 2.1, we expect
that in general there are essentially two properties which determine the logarithmic correction. For
each interval [/, A/] one has to see whether the effective variance and the real variance coincide in
a neighbourhood at the beginning or the end of the interval. If neither is the case we have the 1/2
correction. If it coincides in a neighbourhood at exactly one end point, we expect the factor to be 2/2
and if it coincides in neighbourhoods at the beginning and the end, the correction factor should be
3/2. If one considers the case of strictly decreasing variance o in (1.5), we expect the second order
correction to be proportional to log!'/3(N) as observed in the analogue setting for variable-speed BBM
[27].

2.1. Overview of related results. In the case when o = 1, the 2d scale-inhomogeneous DGFF simply
is the 2d DGFF. The maximum and more generally the extremal process of the DGFF has been the
subject of intense investigations. Let ¢, = max,eyy ¢ be the maximum of the DGFF. Through the
works of Bolthausen, Deuschel and Giacomin [11] as well as Bramson and Zeitouni [20] one obtains,

3
¢}‘V:210gN—ZloglogN+Y, (2.10)

where Y is random variable of order o(log log V) in probability. Bramson and Zeitouni further deduced
that the centred maximum ¢y, — E [q)jv] is tight as a sequence of real random variables. Convergence
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of the centred maximum was then shown by Bramson, Ding and Zeitouni in [19]. In [9, 10], Biskup
and Louidor proved that the extremal process converges to a cluster Cox process.

Another closely related model is (variable-speed) branching Brownian motion (BBM). It can be con-
sidered as the analogue model to the scale-inhomogeneous DGFF in the context of BBM. It first
appeared in a paper by Derrida and Spohn [23]. To define variable-speed BBM, fix a Galton Watson
tree, a time horizon ¢ > 0 and let A : [0,1] — [0, 1], strictly increasing with A(0) = 0, A(1) = 1
and bounded second derivatives. The overlap d(v, w) for leaves v, w in the tree is the time of their
most recent common ancestor. Variable-speed BBM in time ¢ and with time change tA(-/f) can then be
defined as a centred Gaussian process x indexed by the leaves of the tree and covariance tA(d(v, w)/t),
where v and w are leaves. BBM is the special case when A(x) = x for x € [0, 1], and coincides with the
generalized random energy model (GREM) on the Galton-Watson tree. Compared to the 2d DGFF, its
hierarchical structure makes it easier to analyse and the extremes of BBM are particularly well under-
stood (see [3, 6, 15, 21]). The extreme values and more general the extremal process for variable-speed
BBM were investigated in [13, 14, 27, 28, 46]. In particular, the first order and second order correction
of the maximum in the regime of weak correlations, i.e. when A(s) < s for s € (0, 1), is identical to the
uncorrelated regime. In this regime, convergence of the extremal process was proved by Bovier and
Hartung in [13, 14]. In the case of decreasing speed with finitely many changes in speed, the global
maximum is a simple concatenation of the maximum at speed change. When the speed is strictly
decreasing, i.e. when A” < 0, Bovier and Kurkova [17, 18] showed that the first order is as in all other
cases determined by the concave hull of A. The second order correction is no longer logarithmic but
proportional to ¢!/3, which was shown by Maillard and Zeitouni in [46], building upon the work by
Fang and Zeitouni in [28].

In the discrete analogue model of (variable-speed) BBM, the (time-inhomogeneous) branching ran-
dom walk (BRW) on the Galton Watson tree, there are results on the first and second order correction
by Fang and Zeitouni [27], Mallein [47] and Ouimet [51]. A notable difference in the context of (time-
inhomogeneous) BRW is that one does not need to assume that increments are Gaussian (see [47]).
For the usual BRW, Aidékon proved convergence of the centred maximum [2] and Madaule of the
extremal process [45].

2.2. Idea of proof. The main idea to prove Theorem 2.1 is to use Gaussian comparison to compare
the distribution of the centred maximum of the scale-inhomogeneous DGFF with the distribution of
two auxiliary Gaussian fields, a time-inhomogeneous BRW (IBRW) and an modified inhomogeneous
branching random walk (MIBRW). The time-inhomogeneous BRW is constructed in such a way that it
is slightly less correlated than the scale-inhomogeneous DGFF which allows to use an available upper
bound on the right tail of the maximum of the time-inhomogeneous BRW. The MIBRW has correla-
tions that differ from those of the scale-inhomogeneous DGFF inside the field only up to a uniformly
bounded constant. This allows, in a first step, to use Gaussian comparison to reduce the remaining
lower bound on the right tail of the maximum to a corresponding lower bound on the right tail of the
maximum of the MIBRW. In a second step, we prove the lower bound on the right tail of the centred
maximum of the MIBRW that, together with the so-called “sprinkling method”, also allows to deduce
the upper bound on the left tail. The remaining lower bound on the right tail is achieved by a modified
second moment analysis.

Outline of the paper: In the next section we define two auxiliary Gaussian processes, the time-
inhomogeneous branching random walk (IBRW) and the modified time-inhomogeneous branching
random walk (MIBRW), and estimate their covariance structure. In Section 4 we provide the necessary
tail estimates that allow us to deduce Theorem 2.1. We start with the upper bound on the right tail,
then prove the lower bound on the right tail and finally, show the upper bound on the left tail. In
Appendix A we provide the Gaussian comparison theorems we use in the proof and Borell’s Gaussian
concentration inequality. In Appendix B we prove the covariance estimates stated in Section 3.
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3. AUXILIARY PROCESSES AND COVARIANCE ESTIMATES

Consider N = 2" for some n € N. For k = 0,1,...,n let B; denote the collection of subsets of
77 consisting of squares of side length 2¢ — 1 with corners in Z? and let 8Dy denote the subset of By
consisting of squares of the form ([0, 2% — 1] N Z)? + (i2¥, j2%). We remark that the collection BDy
partitions 7?2 into disjoint squares. For v € Vy, let B(v) denote those elements B € B;(v) with v € B.
Likewise define BDy(v), i.e. forv € Vy, B € BDy(v) if and only if v € B. One should note that
BDy;(x) contains exactly one element, whereas By (x) contains 2% elements.

Definition 3.1 (Time-inhomogeneous branching random walk (IBRW)). Let {ax p}i>0,8e5p, be ani.i.d.
family of standard Gaussian random variables. We define the time-inhomogeneous branching random
walk {RY} ey, by

n
RY@=> > log) (” . k)ak,g, 3.1)
k=n—t BeBDy(z)
where 0 <t < n,t € N and s — &(s) is a non-negative function, for s € [0, 1]. We specify the function
s — & (s) later in the proof (see p. 8).

It turns out that, due to its hierarchical structure, the IBRW is less correlated than the scale-
inhomogeneous DGFF, which is beneficial to obtain upper bounds using Gaussian comparison. But
this also makes it unsuitable to obtain sufficient lower bounds on the maximum value. We there-
fore introduce another auxiliary process whose covariance structure is much closer to the scale-
inhomogeneous DGFF, and is defined by taking uniform averages of IBRWs. For v € Vy, let BkN )
be the collection of subsets of Z?> consisting of squares of size 2% with lower left corner in Vy. For
two sets B, B’ c Z? we write B ~y B’, if there exist integers i, j such that B = B + (iN, jN). Let
{bi.B}i>0. BesY denote an i.i.d. family of centred Gaussian random variables with unit variance and set

bip, Be BY,
b, = {78 oy (3.2)
’ bk’B',B"/NB EBI{'

Definition 3.2 (Modified inhomogeneous branching random walk (MIBRW)). The modified inhomo-
geneous branching random walk (MIBRW) {S va hvevy 1s defined by

NOEYEY 2-ka(”;k)bg3, (3.3)

k=n—t BeBY (2)

where 0 <t < n, t € N and o is defined as in (1.6).

3.1. Covariance estimates. In order to be able to apply Gaussian comparison, we need to compare
the correlations of the processes introduced previously. We write log, (x) = max(0, log,(x)). Further,
let || - ||» be the usual Euclidean distance and || - || the maximum distance. As we are working in two
dimensions, they satisfy the relation ||x — y||leo < |[x — Y]z < \/§||x — ¥|leo- In addition, we introduce for

v,w € Vi two distances on the torus induced by Vi,
dVv,w):=  min |jv -2z, dA¥w,w):=  min ||V = 2. (3.4)
7. 7-we(NZ)? 7. 7-we(NZ)?
Note that the Euclidean distance on the torus is smaller than the standard Euclidean distance, i.e. for
all v, w € Vy, it holds d™ (v, w) < ||v — wll,. However, equality trivially holds if one restricts oneself on

a smaller box, e.g. if v,w € (Vs,¥/s) + Vv, C Vy. In the following we call {§IVV hvev, the homogeneous
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version of the process {S {/V hvevy Which was introduced in [20], i.e. we assume that there is only one
scale A; = 1 with variance parameter oy = 1.

Lemma 3.3. There exists a constant C independent of N = 2" such that for any v,w € Vy,
i. [B[SYSY] - (n=tog.@ | < €,

ii. [B[SYSN]-nT, (—”‘IngN(”’W) ) <C

Further, for any x,y € Vy + (2N,2N) C Vay,

ii. [B[¢1V62Y] - log@)(n — log, (Iv - wih))| < C.

iv. [B[udhudN| - log@)E [sYsY]| < c.

Proof. See Appendix B. O

Remark 3.4. The assumption N = 2" for n € N mainly simplifies notation and also the proof, however
without removing essential difficulties.

An important tool in the analysis of the scale-inhomogeneous DGFF is the Gibbs-Markov property
of the DGFF. For two sets U C V ¢ Z? the DGFF on V can be decomposed into a sum of a DGFF on
U and an independent Gaussian field, i.e.

o) £ ¢V +E[g¥lo (#¥ :veVA\U)|, ueV. (3.5)

Further, if A, B C V such that A° N B° = (), then {¢b‘: - IE[(])X |Faalluea is a DGFF on A, independent of
the DGFF on B {¢,] — E[¢,/ |Fas]}ucs-

4. TAIL ESTIMATES AND TIGHTNESS
The following analysis provides the necessary estimates to conclude Theorem 2.1.

Lemma 4.1. There is a constant ag > 0 such that for sufficiently large N € N and any v,w € Vy, we
have
M
Var [y < og NT2(1) + ag = logN )" 07A%; + e, (4.1)
i=1
and
-1 —
E [ - yl?] <2log N [Io-zm -1, (” [log. IIv = wil]
n

)] - ’Var [WVV] — Var [wﬁ” +4ap. (4.2)

Proof. Recall Definition 1.2 and note that we have an underlying discrete Gaussian free field {¢ },ev,,
such that lﬁf)’ = ?;[1 lon ((by(/l,-) - ¢1VV(/L-_1 )), where ¢1VV(/1,-) - ¢1vv(/l,-_1) fori=1,..., M are independent
Gaussian free fields increments. A short computation shows that the variance of A¢"(1;) is up to
constants given by the difference of Green kernels on the boxes, that is Gy, (v, v) = Gy, (v, v), for
which we have a sufficient bound (see [57, Lemma 3.10]), and (4.1) follows.

For (4.2), let by (v, w) := max (4 € [0, 1] : [v]; N [w]y # 0) be the branching scale for particles v, w €
V. For scales y; > u; > by(v,w) and i = 1,2, increments ¢ (uy) — oY (1)) are independent of
BN (2) — pN (1}). We define a set of representatives at scale A € [0, 1], denoted R,, such that it contains
the centre of boxes that form a decomposition of Vy into disjoint boxes with side length N'~1. Now,
fix v,w € Vy. There exists a set of representatives R, at scale 1 = by(v,w) — @, such that there
is a common representative for v and w, which we call ;. By [7, Lemma A.6], there is a universal
constant C > 0 such that for N large enough,

max [(ng ) - wﬁ(ﬁ))Z] <c, 4.3)

ue{v,w
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We further note that increments of v and w beyond by (v, w) are independent and that, by Cauchy-
Schwarz,

E | (w2 by (v, w)) = g () (2 (b, w) = ()| < € (4.4)
as well as
max E (42} (v w) - vl ) | < €. 4.5)

for some C > 0. Thus, writing

Uy = ul =ul (D) — ) (D) + ) (D) = il (D) + ) (b)) = W () + ul () — w (D) + 4y = 0 (by)
+ Yl + Yl (by), (4.6)

2
we can bound E [(gb’vv - wa’) ] from above using (4.3), (4.4), (4.5), Green kernel estimates as for the

first statement (4.1), as well as independence of increments beyond by (v, w), which then implies the
upper bound in (4.2). O

We begin with an upper bound on the right tail.

Proposition 4.2. There is a constant C = C(ay), independent of N such that for all N € N and x > 0,

P (max g > my + x) < C(1 + x1y, g )e "1 @4.7)
veVy

The principal idea to prove Proposition 4.2 is to use Gaussian comparison and compare the max-
imum of the scale-inhomogeneous DGFF to the maximum of suitable inhomogeneous branchig ran-
dom walk. To obtain the correct upper bound we need to choose the variance of the IBRW appro-
priately. Here, we need to distinguish two cases. If there exists exactly one effective variance para-
meter, then we choose s — &(s), such that s — 7 ;2(s) is the lower convex envelope of the function
s = I,(s). Else, if there are at least two effective scale parameter,s we introduce a parameter

0 < k < n. We set Opin = Minj<j<p 0 and Oy = Max;<i<y 0. We pick ' = A (k) = A1 L as first
Sis sis n+k

~ ~ ~ 2 _ 51 ~ ~
effective scale and as first effective variance, . Next, we set 1; = A;(k) = /11;’””‘—‘2, A = Al and

~ A(71-02. )+(c%, —1 . . "
Az = (@1 02"“"305 L ). For s € [0, 1], we define the variance function as follows:
5 — ~ I _ 5 _ . I 2 -
a(s) = (O'min]lse[o,/l.) + amax]lse[/ll,/lz)) Lo 2oy + 01l =6, + OminLseri, i) + Omax Lsegiy - (48

In both cases our choice ensures that the first effective variances coincide, that (n + )7 42 (%‘) <

ni (”n;"), for x € [0, n] and such that 7 52(1) = 1. Before proving Proposition 4.2, we need one more
lemma.

Lemma 4.3. There is an integer k = k(ag) > 0 such that forall N € N, 1 € Rand A C Vy,

P (max A /1) <2P (max RN > /l). (4.9)
vEA ve2kA

Proof. By Lemma 4.1, we can choose a sufficiently large constant « that depends only on ag, such that
Var [t,//vv ] < log(2)Var [R%ﬁN ] for all v € Viy. Thus,

v

a} = log(2)Var [RY] - Var []'] (4.10)

v

51



EXTREMES OF THE 2D SCALE-INHOMOGENEOUS DISCRETE GAUSSIAN FREE FIELD 9

are non-negative. Let X be a standard Gaussian. Since Var [RC’ ] = Var [Rx ] , for all v, w € Vi, we get
E W) +aX -yl - a,X)?| = E[@) - ul?] + (@ - au)
= B[ - ul)?] + [Var ] - Var [0l

N -
n—[log, |lv Wllz])]+4a0,
n

< 2log(N) [1 —Z(Tz( 4.11)

by Lemma 3.3. On the other hand by our choice of & in (4.8), Var [R%:’vv = log(N) + log(2)x grows
linearly in «, whereas BIRS R3] = (log(V) + log@)K) T (“2%:42). By our choice in (4.8) and

n+k

taking into account that for two vertices u and v, log,, d"(u,v) > log =,

n —[log, [Iv—wlk] )] .

n+k

E [R5 - R30)?] 2 2 (log(N) + log(2)«) [1 — T ( (4.12)

Combining (4.12) with the upper bound in (4.11), it follows that we may choose k(@) such that for all
v,w e Vy,

Elw) -] <E|w) +aX - vy - auX)’| < B[R - RV (4.13)

Applying Slepian’s Lemma, we obtain for any 4 € Ry and A C Vy,
P(maxyl + X > 1) < P (max R > 7). 4.14)

veA ve2XA
By independence and symmetry of X,
p (max RS /1) <2P (max RV > /1). 4.15)
VEA vE2XA

o

Proof of Proposition 4.2. [47, Theorem 4.1] gives us

2
P (m{a/levv > my + x) < C( + xlg,=5,)e 71, Vx=0. (4.16)
vevVy
The claim follows from a combination of Lemma 4.3 and (4.16). O

Next, we prove a corresponding lower bound on the right tail.

Lemma 4.4. There is an integer k > 0 such that for all N € N and 1 € R,
1 -«
—]P( max /log2)s? N > /l) <P (max > /l). (4.17)
2 VeV« veVy

Proof. Note that (%, %) +253Vn © (%, %) + V% C Vy. By Lemma 3.3 ji. and iv., there is a constant
C > 0, independent of N, such that

N 3 N
Var [‘”(HW*%] Var [‘”<H>+2Hv]

Moreover, by iv. in Lemma 3.3

<C, Vu,veVyxy. (4.18)

Var

zp(NHM,}v] > log2)Var [S7V], v e Vo, (4.19)

for k > 0 large enough, independent of N. Thus, we can find a family of positive real numbers
{a, : v € Vo«y} that satisfy |a, — a,] < /C for a constant C > 0, such that for u,v € Vy and an
independent standard Gaussian random variable X,

Var [wé’% 23] = log@Var[s2™V + a,X], Vv € V. (4.20)
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Using Lemma 3.3 iv., and choosing « large enough, we have for u,v € Vo-«y,

E [(d/(N%,%w—m - ‘/’fv%,%)m—sv)z] > logQE[S2 ™ = ST + (a, - a)X)?]. (4.21)

Hence, by Slepian’s Lemma we have for any A € R,

P| max ¢ , .., >1|>P[+log2) max (>N +a,X)> 21
veVyry | (G 3)+27y

V€V2—kN
1 «
> -P ( Vlog2) max §2°N > /l), (4.22)
2 VEVQ—KN
as X is an independent standard Gaussian. O

Lemma 4.5. Set My, = my/+/log(2). There is a constant C > 0 such that for any N € N and

y € [0, 4/log N],

lP(maxSéV>M1*\,+y >C(1+yly=g,)e 7 . (4.23)

veVy

) 24/log(2)

Recall the notation, i.e. 7; is the unique index such that, for 1 < j < m, we have A= Ax; and that

we write t/ = A/ llzggg aswellasz; =4 j%. Moreover, we set
m — _ .
tAt — 7] - (wjojlog(At)))
M (1) = ——|24/log2a A - —————— eR,. (4.24)
! ,Z‘ At [ : 4 loz® '

The proof of Lemma 4.5 is based on a second moment computation. We introduce suitable events that
control the paths that reach the maximum. For v € Vzlv = Vi, + "a,Na) C Vy, x€R,0< k <nand
0<i<m,let

2B, if0sksal,
Ska(¥) =17 (4.25)

T oGl e ie ;
%(X), if A/ I < k<A

be the ’optimal path’ followed by extremal particles and

Cr(Z 2 (4f)n)™, if0<k<t,

CH(T poCfu, )", ifty <k <1,

CH(T 2 (A, ¥y ", iff<k<tgy:iefl,...,m—1}
CH(T poCtfy MDY, it <k <6 iefl,...,m—1}

be the concave barrier. The constant Cy depends on the parameters and will be fixed later in the proof.
Forve Vy, xeR,00>y>0and0 <k <n, let

fk,n = (426)

L(1) = [AMy(t") +y — 1, AMy(t") + y], 4.27)
L) = [AMy () = 1, AM3(t)], for 1 <i<m (4.28)
lin(%) = [k (X) = fiens Skn(X) + fienl, (4.29)
CV(r) = {ASN () € BGi), SNk + 171 = SN € L (ASN ()
VO<k<t —F,0<i<m: k+¢7 <), (4.30)
hy(y) = Z L 431)
vevy,

Jin and si ,(x) are defined as before (see (4.25) and (4.26)). We can restrict the proof to the case of
m = 1 and to the assumption that 7 ,2(s) < Z52(s) holds for all 0 < s < 1. The statement in case
of equality is given by [24, Theorem 1.1]. The lower bound then follows using the independence of

53
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increments and the fact that on the intervals, when i > 1, we choose y = 0, compare (4.27) with (4.28).
This implies that there is a constant C > 0, such that we obtain as lower bound
_2‘/@)7 L _2 {Og(z)O —2‘/@)7
C+ylg=z)e @ [ e 7 "2CU+ylgz)e @ 7 (4.32)
i=2

Thus, until the end of the proof of Lemma 4.5, we restrict ourselves to the case when m = 1 and
T 2(s) < I52(s) holds forall 0 < s < 1.

Lemma 4.6. There are constants C,c > 0 such that it holds for all N € N sufficiently large and
y € [0, 4/log N],

24/log(2)

c>2E[hy®)]=Ce 7 7, (4.33)

Lemma 4.7. There is a constant C > 0 independent of N, such that, for y € [0, /log N],
E [hy)] < B[] + (1 + OF [AvG)]. (4.34)

Proof of Lemma 4.6. In the following, we write M), instead of M;,(tl). By linearity of expectations,
1
E [hy] = 122“113(5%1) € I,(1), SY (k) € LSV (e") for 0 < k < 1h). (4.35)

Note that E [ s.,(S Y (1)) (S (k) = sia(SY(21))] = 0. and so

k T 2(5n)
Var [S’VV (k) = sea(SN (! ))] = Var [Siv(k) - sk,,,(sfvv(tl))] =nl > (Z) (1 - I(,z(/ll))' (4.36)

In particular, [S C’ (k) = sg.a(S C’ (tl))] = 0. Under our assumptions, we have . By conditioning the last
event in (4.35) on § ",V (th, using that this is independent of {S C’ (k) = skn(S zvv @ ))}21:0, we have

E[hv()] = %22”IP (SN e My +y =1, My + Y1) P (SV(k) € La(SY (1), 0 <k <1').  (437)

To estimate the first probability in (4.37), note that S IVV it ~ N (0, &%tl) and that the assumptions
1
4 4/log(2)

imply the identity My, = 2 y/log(2)d1n — log(n)dy. Thus, by a standard Gaussian estimate,

p(stenm)= [ i i) ] A C )

x>
My +y-1 A /27r6'%t1 A /27r6'%t1

By expanding the square in (4.38) and bounding all terms in the exponential that tend to 0 as n — oo
by a constant, we can find a constant C > 0 such that

(4.38)

2o
P (SN € B(1) 2 CN e (4.39)

We turn to the second probability in (4.37). By subadditivity of measures and using (4.36),

-1
P(SY0) € LnSY (1), 0 <k <) 2 1=2 3 PSYR) = s1u(SY () > fin)
k=1

-1 1 f2
21—22Cexp ) b
k=1 T (ka1 —

T (4.40)

1'02(/11))
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By definition of the concave barrier in (4.26), we may split and bound the sum in (4.40) from above

1
1 o o = 1 . . Y
> Cexp[—ECj%o-l/-k/x] Lo+ D Cexp[—zcj%i{2 min (@) -0k < S @an

k=t1+1 €{2,..., 71 }:0>0 2
where 0 < ¢ < 1 is a constant independent of n, if Cy is large enough. Inserting (4.41) into (4.40)
gives
PSP (k) € Ln(SY (), YO <k <1')>1=c=c;>0. (4.42)

Inserting (4.42) and (4.39) into (4.37) finishes the proof of the lower bound in (4.33). To get an upper
bound in (4.37) we bound the second probability by 1. For the first probability, as for the lower bound,
we get

2 +/log(2
P (S’VV(H) € 1,{(1)) < CN%exp [—(y - 1)_—g()l ) (4.43)
01
Inserting this into (4.37), we obtain the upper bound in (4.33). O

Proof of Lemma 4.7. As in the proof of Lemma 4.6, we write M), instead of M;,(tl). Recall that, for
v,w € Vy, r(v,w) = n — [log,(dy(v,w) + 1)] denotes the number of scales of independent incre-
ments of the processes S (k) and SV (k"). By decomposing the second moment along (-, -) and using
independence of the increments,

n

E[mm]= Y, P(@Pthna@h)=), > PG @Hncrah)

|AZ94¢ k=0 v,weV},
r(v,w)=k
n—1
<EwoP +Elvo]+ > Y. P(GeHnad). (4.44)
k=1 v,weVy
r(v,w)=k

To bound the double sum from above, we bound each summand from above. Fix v,w € VI,v with
rv,w)=r=ke{l,...,n—1}. Weset Bi,(x) =[x = Sgn(x) = frn, X — Ska(x) + fr.n]. Dropping the
constraint for w up to time r, we have

P (CP ) n ¥ (h) <P (P n Cy(n) max P (SN = SN € Boa(x))
<P (C,"(¢")) max P (SN(") = SN(r) € Ba(). (4.45)
xel,(1)

For fixed v € V;V, the number of points w € V]/V that satisty d(v,w) € [2%, 2517, is bounded by
122 = 220'=D for some ¢; > 0. Therefore, we can bound the last summand in (4.44) from above by

n—1
aB ()] Y| 220 max (SN =SV € x+ L)), (4.46)
r=1 Yely
veVy

To bound the probability in (4.46), we use that for any x € I,(1),

=57 ()4 frn EXP [—lL
—orn rn 27 r/”’/ll)

A= P (32 =5V € x4 a(0) = [ O

Z
x_sr.n(x)_fr,n V 27TIO—2 (r/n, /?.1 )n

M —ornn M — Jrn 2
< 2]:r,n - ex {_%( N Ty—s > r( N1+ y) f, ) ] (447)
\/.Z'O.Z( /n,/l )n IG—2( /n,/l )n
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Noting that n = ¢! and using (4.25), we bound from below the square in the exponential in (4.47) by

/) Ty AV T\ T2y A1)
M +y)? 1 - Lo - A M +y) = (M) 1 - =2 = 2fpnMy———

( N y) ( T, (/11) 2frn Io.z(/ll) ( N ) =( N) ]-0-2(/11) Jrn N fo.z(/ll)
20\ T 2(fny A1)
+2MLy +yH)[1 - =< =2y frn— ",

CMyy +y )( 72010 Y frn 70
(4.48)
Inserting (4.48) into (4.47), dropping the term involving y?, and noting that we can bound the term

T o0k
2yfrn %

1
exp % by a constant, we obtain that (4.47) is bounded from above by

2
2 I 20/ w L2 b " R 1e0)
Cfrn | M )( M)) = 2fraMy o+ 29M (1 I(,z(/ll))

€X —_—

Vjoz(r/"’/ll)n P 2 Ia'z(/"v /ll)n

1+ —=2—

Cfn T2 (fy A ( 44/lo <2>') T2 (A

< G exp | —2log(2)r! el ; )+ o log(tl)—‘rz(/ ; )
VI y2("fn, AV 1,2 (%) 2 T2

—2vA/lo 02(/'!,/1) log(l‘l)2 Ia.z(’/n,/ll) Cf0.41/3r2/3
PNOEDTLLAN T Blogrt L) @log@y T |

Let i be minimal such that o; > 0. We distinguish the cases 0 < r < f;and t; < k < ' We may assume

that oy > 0.

Case 1: In this case, we have Var[SY (") = SY(r)] = T ,2(/n,A))n and f,., = Cy(o2r)". Since r < 1,
LT 2()

lla'

= 01 € (0,1), and so there is an 17; < 1, independent of r and n, such that

/ll (T (/ll)
1 1
.[ "/n, /l] I "In r_”I z(r/”) _I( 2(/11)
o2 () 1 D (rz(/l):tl_rl/ -’ :zl—r”; - (4.50)
L 2(4Y) I (1Y) A—lfgz(/ll) A—IIUz(/ll)
.. T (/A" o2 . .
Similarly, we have y Y >1- (T%/Tl Using these facts in (4.49), we get

(/") fi
exp [log(t ) 2’}2 S 2y /log(2) ( - %%)]

VI 2y A
T2 (thy A1) (loga )—4 1og<2>yﬂ

Ain,x <crt exp (C‘r%) =2 =m7)

X exp

log( ) 4.51)

2017 2(A1) 1610g(2)

Note that we have

fuy A log(t")—4 A/log(2)y
I(rz(/,/l)<1and(0g(l) Viog2)y

Ta2ah T6T022) ) > 0. Thus, in the case 0 < r < #1, we have

, -, 2+/log(2 o2 1
A{n,x SCr'/32_2(’I_'7”) exp {Cr s _— g2 (1 — —l—l)y}

01 6’% Al
2 \flog(2 o7 A
<22 mIHen) expy [—_—g() (1 - —;/I—}) yl : (4.52)
01 0
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2/11

Note that for the last factor in the exponent we know 0 < 1 — —; 7t < 1, which guarantees that we have
I

the correct sign to have sufficient decay in y.
Case 2: The same computation as in (4.47), now in the case of #; < r < ¢! s frn = Cr(d g2/, A7 and
X€ I)(l) yields

2fn o {_ 1 (M) +y = spa(My () +) - f,,,,)z]
NI 2 (", AN 2 T 2 ("fn, AN

vl
a0k

<C2 TR (L a( )/ AYn) " exp {log(tl)

e { 24/10g(2) I ,2("fu, A1) i

a1 I, 2(Ah)

y
Ar,n,x <

T 2(fny AY) . CH(Z 52 (fuy YY)
21 2(AY (4log(2))~"tay

r 1 -
Lﬂun,m(log(f) 4 1°g(2)y]]. (4.53)

1
t
)T 1610g(2)

Y—4 /loa(2 )y
Asy € [0, y/log N], (W) > 0. Moreover, fort; < r < t',
1 |
I_Z-O-Z(r/n,/ll) _ /ll_r/n-z-o'z( /”,/1 )

1 1
I(rz(/ll) B %[0_2(/11) & - 2m —r), (4.54)

for a constant 77, > 1 that is independent of r and n. Using these facts in (4.53), we obtain

Ao <C2C DT s Ay exp le(](Tz( o A0y 2 \log(2) — (2 V10g(2) T 2(7/n, A )H

0'2(/11)
SC2_2U2(t1—r)+o(t1—r) [_ (2 Vla?lg(z IO'ziﬁ"/’ll/l) )H (4.55)

Combining the bounds in (4.52) and (4.55) and observing that both (1 —7;) > 0 and (1 —72) < 0 hold
and using y > 0, allows us to bound the sum in (4.46) by an absolute constant C, > 0, i.e.

-1

n—1
Zzz(zl " max AL < Zz—ml m+o(r) | Z 22(=m)(' =r)+o(t'=r) | Co. (4.56)
= xel)(l) r=1 r=t;+1

Inserting (4.56) into (4.44) concludes the proof. O

Proof of Lemma 4.5. Combining Lemma 4.6 with Lemma 4.7 shows that there are constants, C,Cc>
0, such that

. E [hv()])* E [hvG)]
PmaxSiV>M+)z]P(h()zl)z( > -
(VEVN nT)ETE B[]  ElvOF + (1 +OE 0
[hN(y)] > (lrolga)‘ (4‘57)

1+c¢
O

The goal in the following is to provide an upper bound on the left tail of the centred maximum of

the (o, )~DGFF. We start with a bound on the left tail of S, — M.

Lemma 4.8. There exist constants C,c > 0, such that, for all N € N, and 0 < 1 < (loglog N )2/3,

P (max SN < My, ) < Ce ™, (4.58)

veVy
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Proof. By Lemma 4.5, there are 8 > 0 and g € (0, 1) such that, for all N € N,

P (mele SN > my/ ylog2) - ,8) > ). (4.59)

In particular, there is a k > 0 such that, forall N > N >4,

2 4/log(2)1 5(1) log (]]Vv) - ﬁg@) Zml 7jlog (log (%)) -k <My - M;/, (4.60)
=1
<2 log(Z)L—T(l)log(%) k.

. ’ _ /_l ’ — _ 1 ’ _ _ _ ’ — , . .
We now pick 4 = 5, N N exp[ ST log(Z)L-r(l)(/l B—« 4)] and set n log, N’. With this

choice, we deduce from (4.60) that My — M, < A’ — B. We divide Vy into disjoint boxes by placing
at each position (3iN', 3jN ') abox of size N, for 1 < i, Jj< Nﬂ We call this collection of boxes 8 and
note that the pairwise distances between two boxes are at least 2N". This implies independence of the

processes {S VN }vep on pairwise disjoint boxes. This allows us to bound the number of boxes B € 8
from below by

N 1 1 ,
> cexp| —— —B-k-b)|. 4.61
3N’>3CXP[2 eorm Pk )l tob

Let S IVV =S IVV , + X, forv € Band B € 8B, where X ~ N (O, sz) is an independent random variable and
with s% such that Var(S C’ ) = Var(S C’ ). For u,v € Jpcg B, we then have

E[SY -3 =E [(S{,V' - SJVV')Z] <E[sY -sMy. (4.62)
An application of Slepian’s Lemma gives that, for any ¢ € R,
P(maxsfvvsr)sp( max sfvvsz)sp( max SC’gt). (4.63)
veVy veUpegB veUpegB
Using M}, - A< M;], — B and (4.59), one obtains, for each B € B,
]P(rgeagxs’vv > M;;—/t)z P(r?&ijvv > M, —,8) > 6. (4.64)
By (4.64) and the independence of {SY'},c5 and {S'},cp, for different B, B’ € B,
IP( max SV < M}, - A’) < (1-60)". (4.65)
veEUpegB

As ¢ € (0, 1), by (4.61), there are constants, C, ¢ > 0, such that

log(1 — &) eXp[ 1 (
3 2flog(2)Z5(1)

Using (4.63), we can bound P (maxveVN S C’ <My - /l) from above by

(1-60)% < exp [ A -B-k- 4)” <Ce (4.66)

]P( max SIVV/ < M;‘V—A’)+IP(HS “A) < Ce_C/l,, 4.67)
veUpegB
where the last bound follows from (4.66) and a Gaussian tail bound. O

Lemma 4.8 allows us to deduce the upper bound on the left tail of the centred maximum.

58



EXTREMES OF THE 2D SCALE-INHOMOGENEOUS DISCRETE GAUSSIAN FREE FIELD 16

Lemma 4.9. There exist constants, C,c > 0, so that, for all N € N, and 0 < A < (loglog NP,

P (max Y < my - /l) < Ce ™, (4.68)

veVy

Proof. Following the proof of Lemma 4.3, we see that, instead of IP (maxveVN WVV <my— /l), it suffices

K+2N

to bound P (maXvezka wz my — /l). By Lemma 3.3 jv., there is a constant xp > 0, such

<
VHQEHIN2KFINY =
that, for all x > kg,

K+2 2k
Var [y Mgy | < log@Var [STV], v e vy (4.69)

Therefore, we can choose a collection of positive numbers, {a, : v € Vy}, and an independent standard
Gaussian random variable, X, so that, for any N and u,v € Vy,

K+2 2k
Var [lpgkwf(VwN’wN) +a,X| =log@)Var[STN], Vv e Vy. (4.70)

As Var [S EZKN ] = Var [S %MN ], for all v,w € Vyuy, and by the uniform bound in Lemma 3.3 ii., there is
a constant C; > 0, such that

la, — a,| < C1. @.71)

Writing &t = 2%u + (2! N, 2°*! N) and using Lemma 3.3 ii and iv., we get

E I:w%HZNw‘%KJer:I > 10g(2)(l’l + K)IO-Z (

u

n+k —log, |[2u — 2,
-c
n+k

4.72)

-1 _
=log2Q)(n + K1 2 (n 08 llu VH2) -c,
n+«

where ¢ > 0 is a constant. Further, taking into account that the Euclidean distance on the torus is
bounded by the usual Euclidean distance, we have by Lemma 3.3 ii.,
n+2k—log, |lu—v
g | |I2) i
n+ 2k

E[S2VSIN] <(n+ 20012 ( (4.73)

where C > 0 is another constant. Comparing (4.72) and (4.73), one deduces, using (4.70) that there is
a kg, such that, for « > ko,
2k+2N 2k+2N KN « 2N
E [(wzku+(2k+]N’2K+1N) + aMX) (wzkv+(2K+|N’2K+1N) + aVX)] S log(z)E [Su Sv ] . (474)
Using (4.74) and (4.70), we can apply Slepian’s lemma to obtain

2K+2N
P (max w2Kv+(2K+1N’2K+1N) <my - /l)

VEVN
2K+2N /l /1
< IP ({;Iel{a/]): 17[’2"\/+(2’<+1N,2K+1N) + avX < my — 5) + IP (X < _C_K)
K A /l
<Plmaxsy™ < My - —— +IP(XS—_)’ 4.75)
VEVN 2 10g(2) CK

where C, > 0 is a constant that solely depends on x. Note that there is a collection of boxes V,
consisting of at most 28¢ translated copies of Vy, such that V,ay C Uy V. Since

{ max SZN < My - x} = Nyey {maxsfw < M - x}, (4.76)
VEVZQKN veVy
we have, by the FKG inequality [33, Proposition 1], that
1 1 8k
P| max SSZKN <My-———|>|P maxS%ZKN <My-———|| . (4.77)
VeVyuy 2 y/log(2) VeV 2 /log(2)
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Using (4.77) and then Lemma 4.8, we bound (4.75) from above by

2KH2 N 2KH2IN
P | max ¢ <my-A|<P|m <m
ve‘,‘;}N 2y+ 26+ N 2R+ N) N /I) (VE% Yora @ N2 ) v=A

2k
SIP(maxS% N < My

A p
-2 |+Plx<-Z
e N 2m]+ ( CK)

1 1/(8%)
<|IP| max S22KNSM* -
( (Vevzzw ' N 2 /log(2)
+P (X < —i) <Ce ™, (4.78)
Cx

where C, ¢ > 0 are constants that are independent of N. This concludes the proof of Lemma 4.9. O
We now have all the ingredients to finish the proof of Theorem 2.1.

Proof of Theorem 2.1. The upper bound on the right-tail in (2.6) follows using Proposition 4.2. A
combination of Lemma 4.4 with Lemma 4.5 implies the lower bound on the right-tail in (2.6). The
second statement, the upper bound for the left tail (2.7), is given by Lemma 4.9, which finishes the
proof. O

APPENDIX A. GAUSSIAN COMPARISON

Theorem A.1 (Borell’s inequality, [44, Lemma 3.1]). Let T be compact and {X;}er a centred Gaus-
sian process on T with continuous covariance. Further assume that almost surely, X* = sup,.r X; <
oo. Then,

E[X*] < oo, (A.1)
and

P(

X" - E[X*]

> x) < 2e7, (A.2)

where (T:‘} ‘= maXer E[th].

Theorem A.2 (Slepian’s Lemma, [44, Theorem 3.11]). Let T = {1,...,n} and X, Y be two centred
Gaussian vectors. Assume that we have two subsets A, B C T X T satisfying

E(X.X;] <BIY,Y;l, (i.j)€A (A3)
E[X,'Xj] > E[Yin], (i,j)eB (A4)
E[X:X;] = E[Y;Y;], (,))¢AUB. (A5)

Further, suppose that f : R" — R is a smooth function with at most exponential growth at infinity of
f itself, as well as its first and second derivatives, and that

0iif 20, (G, ))eA (A.6)

0iif <0, (,j)€B. (A7)
Then,

E[f(X)] < E[f(V)]. (A.8)

We use Slepian’s Lemma in a particular setting, i.e. we assume that [% [Xlz] =L [le] and £ [X,-X j] >
E [Y,-Yj] for all i, j € T. We then have for any x € R,

P (max X; > x) <P (max Y > x). (A9)
ieT ieT

60



EXTREMES OF THE 2D SCALE-INHOMOGENEOUS DISCRETE GAUSSIAN FREE FIELD 18

In particular, I [max;er X;] < [E [max;er Y;]. If we only want to compare the expectation of maxima
we do not need the equality of variances. This is a result due to Sudakov and Fernique.

Theorem A.3 (Sudakov-Fernique, [31]). Let I be an arbitrary set of finite size n, {X;}ier, {Yi}icr be two
centred Gaussian vectors. Define yl?i. =E[X; - X]-)Z], 71‘Yj = E[Y; - Yj)z]. Let y '= max; ; b’?i‘ - )’,Yj|-
Then, ‘ ' ‘

|E(X"] - E[Y*]

< +Jylog(n). (A.10)

Ifyl?i < ’ylyjfor any i, j € I, then
E[X*] < E[Y"]. (A.11)

In particular, if {X;};,c; and {Y;};c; are independent centred Gaussian fields without any additional
assumptions on their correlations, one deduces

E [max(X,- + Yl-)] >E [max X,] . (A.12)
i€l iel

APPENDIX B. COVARIANCE ESTIMATES
For particles v, w € Vy, let
by(v,w) = max{d € [0,1] : [v]) N [w]Y # 0} (B.1)

denote the branching scale. The key point is that beyond by (v, w), increments are independent, that
isforl1 > A" > A > by(v,w), ¢Iv\’ ) - gbﬁ(/l) is independent of ¢x(/l’) - ¢ﬁ (1), whereas increments
before the branching scale are correlated. Further, for some B C Vy, we set

¢)(B) =E|op)lo (¢} : we B)|. (B.2)

Recall that for A € [0, 1], we also write ¢} (1) = ¢} ([v]Y).

2
Lemma B.1. Ler 6 € (0,1/2) and N € N such that min <j<y 2 < N, as well as N > 6.
Let v,w € V;f, and assume that the branching scale by(v,w) coincides with a scale parameter, i.e.
by(v,w) = A; for some i € N. Then for any 0 < i, j < M with A;, 1; < by(v,w), we have

E [Ag]) (1)AGY ()| = Adjlog(N)Li=; + O (1). (B.3)

Proof. For v = w the statement is contained in [7, Lemma A.2]. Let us assume v # w throughout the
proof . We start with the case i = j. More, we assume [v]y, N [w]y, # 0, i.e. the boxes should intersect
at least at the boundary. If this is not the case, we can subdivide the scales further and use that beyond
by(v,w) the respective increments are independent. This implies that |[[v — w|, < V2N'=4. We now
pick a box B of side length 2N'~%, centred at the middle of the line connecting the vertices v and w.
This ensures the inclusion

o-(qbflv ‘u€ Bc) C o-(gbflv Tu€ [v]fli), o-(q&luv A= [W]fl,-)' (B.4)

Next we pick a box B of side length %N 1=4i-1 with the same centre as B. For N as in the assumption,
this implies in particular that O'(gbf)’ ‘ue Bc) C O'(gbf)’ ‘ue BC), as well as

0'(¢f:’ ‘ue€ [v]j[_l), a(qﬁi\’ ‘ue€ [w]ii_l) C 0'(¢flv ‘ue BC). (B.5)
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We write Agijv (B) = ¢IVV (B) — ¢‘]/V (B) and compute,
E|Ag) (1)AG) ()] = B[(¢) (1) — ¢)'(B) + Vo' (B) + 6} (B) — ¢} (1i-1))
X (¢3(4) = ¢ (B) + Vg (B) + ¢y (B) — ¢y (4;-1))|

=E[A¢) (B)AG)(B)] (B.6)
+E[Ag) (B) (¢) (1) - g (B) + o) (B) - ¢ (4;-1))] (B.7)
+E[(o) (1) - ¢ (B)) (411 - #X (B) + 61(B) - ¢ (1)) (B.8)

—E|(¢) (1) = ) (B)) (60 (1) — 6)(B) + ¢ (B) - g (4;-))| . (B.9)
Using the conditional covariance identity
E[EXIAIE[Y|A]l = E[XY] -E[(X - E[X|AD (Y - E[Y|ADI, (B.10)
with X = ¢{/(1) — ¢ (B), Y = ¢N(1) - ¢)\(B) and A = o (¢} : u ¢ B°), along with noting that by the
Gibbs-Markov property of the DGFF ¢/ (1) — ¢V (B) 4 ¢B. we can write the first term (B.6) as
E[g09h| - E[olen] = log (N'~+1o2@/100) —log |y —w]| v 1) — log (N'~H7Ioe a0
+log(lv = wll v 1) + O(1) = Ad; log(N) + O(1). (B.11)

For the remaining terms we need to show that they are at most of constant order. As the last two terms
(B.8) and (B.9) can be estimated the same way, we only deal with (B.8). Using Cauchy-Schwarz,

E [(6 (1) - 6 (B)) (41 (1) — &Y (B) — ¢ (i-1) + 6))(B))|
<E|(a) -t )| (E (@3-t @)| " 5| (@hd -0l (ﬂio)Z]m)
=(log(2) + c1)(og(2) + 2 + log(2) + c3) = O(1). (B.12)

To estimate (B.7) we make exhaustive use of our choice of boxes and use the relations (B.4) and (B.5)
along with the tower property for conditional expectations and the law of total expectation, i.e. we
first observe that both B [¢)(B)$)(1)| = E[#)(B)¢)(B)] and E[¢)(B)o)(1)] = E[s) B¢l (B)]
hold. Using this, we reformulate (B.7), i.e.

E [Agy (B) (¢ (4:) — ¢ (B) + ¢y (B) — iy (4;-1))|
=E [¢)(B) (¢} (B) - ¢)l(1i-1))| - E [#) (B) (41 (B) - ¢l (1=
=E [ (60(B) - ¢ (A1) — E ¢ (#h (B) - ¢l (1i-n)] = 0. (B.13)
For the remaining case i # j, we note that for [ — j| > 2 increments are independent as the difference

of the boxes do not intersect for any v,w € Vy, as we assume N to be sufficiently large. The only
remaining case is j = i — 1. Note that in this case, the increment A¢!(1;) is independent of the

fggg((;ﬁ) - ¢x (4;-2), as the annuli of the corresponding boxes do not intersect. This

increment ¢ (1;_1 —
gives,

log(4 log(4
B[AdY()AdY ()] =E [AM o (M (A1) - 9 (ﬂ,-_l _ log®) ) + gl (AH _ log®) ) - (M))]

log(N) log(N)
_ Noags( Ny v N[,  log(4)
=B [A¢v (/ll) (¢w (/11—1) ¢w (/ll—l IOg(N) ))]
=E [(60 (1) = ¢ (wla) + ¢ (Iwla) — 6 (Dwla, ) + ¢ (W, ) = 8 (A1)
Ny oy N[, log#)
X (¢W(/ll-1) by (/11_1 1og(N)))]. (B.14)
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Provided N is large, we have [v]i_ U [w]i_ o) [w]j[_1 o) [w]i logd)
=17 Tog(N)

and so by the tower property and

the law of total expectation, we deduce

log(4
E |:(¢\])V(/ll) - ¢‘],V([W]/11)) (qﬁx(/li_l) - ¢x (/li—l Og( ) ))]

"~ log(N)
log(4 .
=B [E [aﬁiv (asm_o - ¢ (ai_l - b"gg—((N)))) ]cr(df tue [v];,.)”
log(4
e oo oo

As the annuli [w],_,\[w]s, and [w] 4y oz \[wl,,_, do not intersect, we have independence of the
=1 log(N)

corresponding increments, i.e.

log(N)
The remaining term in (B.14) can be bounded in a first step by the Cauchy-Schwarz inequality,

E (o) () — 6 (1im0) (61 (Aim1) = 81 (A1 = log(4)/ log(V))]

< c+/log(4)E [(<z>£v (W) = ¢ (Ai_l))z]”z : (B.17)

In order to bound the expectation on the right hand side, we consider a box B centred at the middle of
the line connecting v and w of side length N'~4- — v2N!=4_ The assumption ||v — w|je < V2N!~%4
ensures the inclusion B C [v],_, N [w],,_,. This allows us to compute in a similar fashion as in the first
case (B.6), i.e.

B|(Y 1) - o i) | = B| (0w - 0B + 0¥ By - al i) |
(8wl - 8B | B (0B - o))

< 4(c +log(N'™1) —log(N'"%1(1 - V2N My <C.  (B.18)

The constants ¢, C > 0 can be chosen uniformly in N, however depending on the scale parameters.
Altogether, we obtain

log(4
B [(¢CV (Wl - 8 (Owl,,) (M (A1) - ) (AH _ e ))] ~o. (B.16)

< 4 max (]E

E[Ag)(Ag) ()] < C, (B.19)
for some constant C > 0 that is uniform in N, which finishes the proof. O

Proof of Lemma 3.3. For a proof of the statements i. and iii., we refer to [20, Lemma 2.2]. We have
that log, (@Y (v,w)) < log,(d"(v,w)) < log,(d¥(v,w)) + 1. We begin with the proof of the second
statement. Note that if 1 < k < log +(d01\<’,(v, w) + 1), there are no boxes of size 2% that cover both v and
w. Thus, if B, B are boxes such that one covers v but not w and the other w but not v, the associated
random variables by p, by  are independent. And so, only random variables by g associated to boxes of
size 2% with k > [logz(do’g(v, w) + 1)-‘ contribute to the covariance. For v = (v{,v;), w = (w1, w;) and
i = 1,2, we write r;(v,w) = min(|v; — wy|, |v; — w; — N|, [v; — w; + N|). Using the fact that the number of
common boxes for v, w € Vy is given by (25 = 1 (v, W][2K = ra(v, w)],

E[s)sh] = Z 27 %2 (”—k) [2% = r (v, WI2X = 2 (v, w)] (B.20)

k=[log, (@ (v.w)] "

] Zn: [(1 _n.w)  n.w)  n@,wnv,w) )(i Lnke(ti1nam @ 12]

k k 2k
k:r10g+(d£(v,w))-| 2 2 2 i=1
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We note that sincea+ b —ab > 0for0 <a,b <1, we get

M M
E [S {,VS {:’] <n Z O'IZA/L — Z 0'12 [nA/li]]'n—rlog+(dévo(v,w))—|§/lin
i=1 i=1

+ [/lin - (n - [log+(d]ovo(v, w))m L, n<n{log, @ (vany]<m]
M M
=23 07 + > THIALL, fiog @]z
i=1 i=1
+ ((1 — Ai—l)n"IOg.;.(dN(V, W))]) ]]'/li_|’l<l’l—|-10g+(dN(V,W))-|</1,-n]
n - [log, (d™(v, w))-‘]

n

=27 2(1)+ni

(B.21)

On the other hand, since a+ b —ab < a+ b fora,b > 0, we get

n .

-k

E[SC’SVAV’] > Z 0'2(n )— max o> (A)Z_k”dévo(v,w)
n I<isM \n

k=[log, (dX(v,w))]

M
> 307 [rANL, o v anTaan * (L= Aisn
i=1

—[10g+(dN(V, W))-I) ]l/l,-,1n<n—|-log+(dN(v,w))-|</l,-n] -C
n-— [logJr (dN(v, w))-‘) .

=nl

(B.22)
n

where in the second step we did a rescaling from [0, n] onto the unit interval [0, 1] and where C > 0 is
a constant independent of N with C > 2 max <<y o2(i/M) that deals with the second part of the sum.
To prove the last statement iv., we note that beyond the branching scale, N being sufficiently large
(see assumptions of Lemma B.1) and by the Gibbs-Markov property, increments are independent as
the annuli of the corresponding boxes do not intersect (see for instance [7, Section 2]). Moreover,
by a refinement of the scale parameters and possibly allowing for an additional uniformly bounded
constant, we can assume that the branching scale coincides with a scale parameter. With this we can
apply Lemma B.1 and obtain the result, i.e.

M

= 2 B [AEM L fiog, -z,
i=1

M M
DD Tie b (Ag ()

+ (¢iN (” - f10g+(||x - }7||2)-|

n

) - ¢iN(/li_1)) IL/11‘71n<n—|_101‘§+(||JC—Y||2)-|</1in +0(1)

M
=10g(2) Y 0F [nANL, [iog, peeyiTzam + (1 = i)n
i=1

_[10g+ llx — y||2-|]l/l,-_1n<n—|'log+ ||x—y||2-|</l,'n)] +0(1)
(” —[log, Ilx - yllz])
n

= log(2)nT - +0(1), (B.23)

where O(1) is uniform in N. O
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CHAPTER 3

Convergence of the maximum of the
scale-inhomogeneous two-dimensional
discrete Gaussian Free Field in the weakly
correlated regime
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EXTREMES OF THE 2D SCALE-INHOMOGENEOQOUS DISCRETE GAUSSIAN FREE
FIELD: CONVERGENCE OF THE MAXIMUM IN THE REGIME OF WEAK
CORRELATIONS

MAXIMILIAN FELS, LISA HARTUNG

ABsTRACT. We continue the study of the maximum of the scale-inhomogeneous discrete Gaussian free
field in dimension two that was initiated in [36] and continued in [37]. In this paper, we consider the
regime of weak correlations and prove the convergence in law of the centred maximum to a randomly
shifted Gumbel distribution. In particular, we obtain limiting expressions for the random shift. As in the
case of variable speed branching Brownian motion, the shift is of the form CY, where C is a constant
that depends only on the variance at the shortest scales, and Y is a random variable that depends only on
the variance at the largest scales. Moreover, we investigate the geometry of highest local maxima. We
show that they occur in clusters of finite size that are separated by macroscopic distances. The poofs are
based on Gaussian comparison with branching random walks and second moment estimates.

1. INTRODUCTION

In recent years, log-correlated (Gaussian) processes have received considerable attention, see e.g.
[3, 4, 15, 19, 32, 41, 55]. Some prominent examples that fall into this class are branching Brownian
motion (BBM), the branching random walk (BRW), the 2d discrete Gaussian free field (DGFF), local
maxima of the randomised Riemann zeta function on the critical line and cover times of Brownian
motion on the torus. One of the reasons why these processes are interesting is that their correlation
structure is such that it becomes relevant for the properties of the extremes of the processes. The 2d
scale-inhomogeneous discrete Gaussian free field first appeared in [10], where it served as a tool in
order to prove Poisson-Dirichlet statistics of the extreme values of the 2d DGFF. Moreover, it is the
natural analogue model of variable-speed BBM or the time-inhomogeneous BRW in the context of the
two-dimensional DGFF. To be more precise, we start with a formal definition of the model studied in
this paper and then, present our new results on the maximum value.

1.1. The discrete Gaussian free field. Let Vy = ([0, N) N Z)%. The interior of Vy is defined as
Vi =((LN-1]N 7)* and the boundary of Vy is denoted by dVy = Vi \ V. Moreover, for points
u,v € Vy we write u ~ v, if and only if ||[u — v[|; = 1, where ||.|| is the Euclidean norm. Let P, be the
law of a SRW {W; }re starting at u € 7?. The normalised Green kernel is given by

Tovy-1
Gy, (u,v) = gEu > L |, foruv e V. (1.1)
i=0

Here, 74y, is the first hitting time of the boundary dVy by {Wi}ien. For 6 > 0, we set V]‘f, = (0N, (1 -
8)N)> N Z2. By [29, Lemma 2.1], we have, for § € (0, 1) and u,v € V9,
Gy, (u,v) = log N — log, [lu — vl + O(1), (1.2)
where log, (x) = max {0, log(x)}.
M.F. is funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) - project-id 211504053 -
SFB 1060 and Germany’s Excellence Strategy — GZ 2047/1, project-id 390685813 — “Hausdorff Center for Mathematics” at
Bonn University.
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CONVERGENCE OF THE CENTRED MAXIMUM OF THE 2D SCALE-INHOMOGENEOUS DGFF 2

Definition 1.1. The 2d discrete Gaussian free field (DGFF) on Vy, ¢V = {¢1VV hvevy, 18 a centred
Gaussian field with covariance matrix Gy, and entries Gy, (x,y) = E[¢iv ¢§V ], for x,y € Vy.

From Definition 1.1 it follows that ¢ = 0 for v € §Vy, i.e. we have Dirichlet boundary conditions.

1.2. The two-dimensional scale-inhomogeneous discrete Gaussian free field.

Definition 1.2. (The 2d scale-inhomogeneous discrete Gaussian free field).
Let ¢V = {¢)},cv, be a 2d DGFF on Vy. For v = (v1,v;) € Vy and A € (0, 1), let

1 1
W=Dl = ([vl — N7y N x

| |
CINY 4 NI
2 2 275 275

)ﬂ V., (1.3)

and set [v]é\’ = Vy and [v]llv = {v}. We denote by [v]] the interior of [v];. Let Fpy Ll =

0'({¢Ivv, vé [V]fl}) be the o—algebra generated by the random variables outside [v]]. For v € Vy,
let

o)D) =E e Foppunr . 21011, (1.4)

We denote by V¢{/V (A) the derivative (’)/lgbf)’ () of the DGFF at vertex v and scale A. Moreover, let

s +— o(s) be a non-negative function such that 7 (1) = foﬁ o%(x)dx is a function on [0, 1] with
7 ,2(0) = 1and 7,(1) = 1. Then the 2d scale-inhomogeneous DGFF on Vy is a centred Gaussian
field yV := {1//9’ }vevy defined as

1
) = f o (s)VeN (s)ds. (1.5)
0

In the case when o is a right-continuous step function taking finitely many values, [36, (1.11)] shows
that it is a centred Gaussian field with covariance given by

log N -1 -
A =10gNI(,z( o2 k()’:;vllv W”2)+O(\/log(N)), for v, w e V3. (1.6)

2. MAIN RESULTS

In the case of finitely many scales, Arguin and Ouimet [9] showed the first order of the maximum
and the size of the level sets.

Assumption 1. In the rest of the paper, (Y },cv, is always a 2d scale-inhomogeneous DGFF on Vy.
Moreover, we assume that I 2(x) < x, for x € (0,1), and that I ;>(1) = 1, with s — o(s) being
differentiable at 0 and 1, such that 0(0) < 1 and o (1) > 1.

In [36], we proved, in the case when s +— 1 > is piecewise linear, that the maximum centred by
my has exponential tails. In particular, in the case of the right-tail, our results are precise up to a mul-
tiplicative constant. As a simple consequence we obtained the sub-leading logarithmic correction to
the maximum value . Provided Assumption 1, there are right-continuous, non-negative step functions,
s = o1(s), s — o,(s), taking finitely many values, such that, for x € (0, 1),

I(,%(x) < T 2(x) < IO_%(X) < x, 2.1
and such that 7 J%( =1 U'%( 1) = 1. [36] shows that for scale-inhomogeneous DGFFs with parameters

0| or 03, the maximum value is given by 2log N — ilog log N + Op(1), where Op(1) means that
remainder is stochastically bounded and that the centred maxima are tight. (2.1), Sudakov-Fernique
and [36] imply that the maximum value under Assumption 1 is given by

1
Wy = maxyl = 2log N — —loglog N + Op(1). (2.2)
veVy 4
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CONVERGENCE OF THE CENTRED MAXIMUM OF THE 2D SCALE-INHOMOGENEOUS DGFF 3

M is tight. Our main result in this

In particular, the maximum, ¥, centred by my := 2log N —
paper is convergence in distribution of the centred maximum.

Theorem 2.1. Let {y/\},cy, satisfy Assumption 1. Then, the sequence {:,//;‘v - mN}N> , converges in
distribution. In particular, there is a constant B(c(1)) > 0 depending only on the final variance, and
a random variable Y(0(0)) which is almost surely non-negative, finite and depends only on the initial

variance, such that, for any z € R,
% N—oo 2z
P(yy —my < +2) > Elexp[-Ba())Y(@O)e ||, asN - . (2.3)

Note that the limiting law is universal in the sense that only 0+(0) and (1) affect the limiting law.
In particular, the choice of o (s), for s € (0, 1), does not affect the law, as long as 7 »(x) < x, for
x € (0, 1). In the proof of Theorem 2.1 one needs to understand the genealogy of particles close to the
maximum. Since this is of independent interest, we state it as a separate theorem.

Theorem 2.2. Let {1//vv hevy satisfy Assumption 1. Then, there exists a constant ¢ > 0, such that

N
lim Al]im P (Hu, veVywithr <|lu—vlp < — and ¢,y > my — cloglog r) =0. 2.4)
r—o00 N—oo r
As the field is strongly correlated, Theorem 2.2 implies that local maxima of the scale-inhomogeneous
DGEFF are surrounded by very heigh points in O(1) neighbourhoods. Moreover, the local maxima are
at distance O(V) to each other and therefore, almost independent.

2.1. Related work. The special case o(x) = 1, for x € [0, 1], is the usual 2d DGFF. In this case,
building upon work by Bolthausen, Bramson, Deuschel, Ding, Giacomin and Zeitouni [18, 26, 31, 33],
Bramson, Ding and Zeitouni [25] proved convergence in law of the centred maximum. Generalizing
this approach, Ding, Roy and Zeitouni [32] proved convergence of the centred maximum for more
general log-correlated Gaussian fields. In the 2d DGFF, Biskup and Louidor [14, 15] proved conver-
gence of the full extremal process to a cluster Cox process. Moreover, they derived several properties
of the random intensity measure appearing in the Cox process, which they identified as the so-called
critical Liouville quantum gravity measure.

Another closely related model is (variable-speed) branching Brownian motion (BBM). Variable-
speed BBM, introduced by Derrida and Spohn [30], is the natural analogue model of the 2d scale-
inhomogeneous DGFF in the context of BBM. In order to define the model, fix a time horizon ¢ > 0,
a super-critical (continuous time) Galton-Watson tree and a strictly increasing function A : [0,1] —
[0, 1], with A(0) = 0, A(1) = 1. For two leaves v and w, we denote by d(v, w) their overlap, which is
the time of their most recent common ancestor. Variable-speed BBM in time ¢, is a centred Gaussian
process, indexed by the leaves of a super-critical (continuous time) Galton-Watson tree, and covariance
tA(d(v,w)/t). BBM is the special case when A(x) = x, for x € [0, 1]. It coincides with the continuous
random energy model (CREM) on the Galton-Watson tree [42, 43, 24]. The extremal process of BBM
was investigated in [27, 48, 2, 5, 6, 8, 7, 21], and those of variable-speed BBM in [19, 20, 35, 54]. In
the weakly correlated regime, i.e. when A(x) < x, for x € (0,1), A’(0) < 1 and A’(1) > 1, Bovier and
Hartung [19, 20] proved convergence of the extremal process to a cluster Cox process. They identified
the random intensity measure as the so-called “McKean-martingale” which differs from the random
intensity measure, the “derivate-martingale”, which appears in BBM. Works by Bovier and Kurkova
[24] for general variance profiles show that in the context of GREM the first order of the maximum
is determined by the concave hull of A. Building upon results obtained by Fang and Zeitouni [35],
Maillard and Zeitouni [54] proved in the case variable-speed BBM with strictly decreasing speed, that
the 2nd order correction is proportional to '/3. As also in the case of the 2d scale-inhomogeneous
DGEFF all variances profiles can be achieved, studying its extremes in the analogue setting of strictly
decreasing speed would be of great interest.
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CONVERGENCE OF THE CENTRED MAXIMUM OF THE 2D SCALE-INHOMOGENEOUS DGFF 4

2.2. QOutline of proof. We start to explain the proof of Theorem 2.2 as these ideas are also used in
the proof of Theorem 2.1. In order to prove Theorem 2.2, we have to show with high probability, that
there cannot be two vertices in Vy at “intermediate distance” to each other, i.e. in between O(1) and
O(N), and both reaching an extremal height. We therefore study the sum of two vertices, under the
additional restriction that their distance is “intermediate”, i.e. such that r < |lu—v|| < N/r with r < N.
The idea here is, if both vertices reach extreme heights, their sum must exceed twice an extremal
threshold. This reasoning works, since tightness of the centred maximum implies that there cannot be
a vertex being considerably larger than the expected maximum. To analyse the maximum of the sum
of particles of the scale-inhomogeneous DGFF, we prove a variant of Slepian’s lemma which allows
to compare this quantity with the maximum of the sum of particles of corresponding inhomogeneous
branching random walks. We show that using a truncated second moment method.

N
| Bk,
14 I B
K “local field”
—— “intermediate field”
Bk
“coarse field”
Bnyk;
N/(K) Vi

Figure 1: 3-field decomposition

Theorem 2.2 suggests that to understand the law of the centred maximum, it suffices to consider
local maxima in “small” O(1) neighbourhoods, while the “small” neighbourhoods are far, i.e. O(N),
apart. The fact that these neighbourhoods are very far apart, makes them correlated only on the level of
the first increments, ¢ZVV 4)- ¢1VV (0), for some 4; > 1, as boxes of side length N 1=41 and centred at local
maxima do not overlap. In particular, the remaining increments, ¢ (1) — ¢¥(u), for A > u > Ay, for
distinct such neighbourhoods are independent. We split these two different contributions by studying
the sum of two independent Gaussian fields. To do so, decompose the box Vy into K? boxes Bk,
and (N/K")? boxes By j with side lengths N/K and K’, where K, K’ < N. One of the Gaussian fields
is the “coarse field”, which is defined such that it is constant in each box By/k,;. It encodes initial
increments and correlations of the field between different boxes By ;. The other Gaussian field is the
“fine field”. It is independent between different boxes By/k ;, and encodes the remaining increments,
including the local neighbourhoods. The “fine field” is then decomposed further into a field captur-
ing the “intermediate” increments and an independent “local field”, which captures the increments in
the small neighbourhoods, By’ ;, that carry the local maxima. Instead of working directly with the
scale-inhomogeneous 2d DGFF, we define a Gaussian field, {S 1VV hvevy, as a sum of four independent
Gaussian fields, with covariance structure of the “coarse field”, “local field”, “intermediate field” and
an additional independent Gaussian field. The additional field is defined such that variances of the
scale-inhomogeneous DGFF and the approximating field match asymptotically, which is crucial in or-
der to use Gaussian comparison to reduce the proof of Theorem 2.1 to show convergence of the centred
maximum of the approximating process, {S},cy,. The “coarse and local field” are instances of ap-
propriately scaled 2d DGFFs, the “intermediate field” is a collection of modified branching random
walks (MIBRW). The advantage of working with the approximating process is that the “coarse field”
is constant in large boxes, which substantially simplifies the analysis. To justify this approximation, it
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CONVERGENCE OF THE CENTRED MAXIMUM OF THE 2D SCALE-INHOMOGENEOUS DGFF 5

is essential to control its covariance structure, and how it differs from that of the scale-inhomogeneous
DGFF. In particular, one needs to understand the influence of this difference on the law of the centred
maximum. This is done similarly as in [32], adapting an idea from [14], to show a certain invariance
principle: Partition Vy into sub-boxes V;, where L can be either of order K or N/K, with K < N. If
one adds 1.i.d. Gaussians of bounded variance to each sub-box V;, i.e. the same random variable to
each vertex in a sub-box, then the law of the centred maximum is given by a deterministic shift of the
original law. Moreover, the shift can be stated explicitly. This is the contents of Lemma 5.5 and its
proof uses Theorem 2.2 and Gaussian comparison.

Another key step in the proof of convergence in law of the centred maximum of the approximating
process, {S IVV hvevy, 18 to understand the correct right-tail asymptotics of the (auxiliary) process. This is
provided in Proposition 5.8, which is proved using a truncated second moment method. The truncation
uses a localizing property of vertices reaching extreme heights, similar to the one observed in variable
speed BBM. The idea is that intermediate increments of extremal vertices have to stay far below the
maximum possible increment. For vertices to become very heigh at the end, this is then compensated
by extraordinarily huge final increments. Based on a localization of increments of the auxiliary pro-
cess for vertices that are local extremes (cp. Proposition 4.2), one is able to define random variables
with the correct tails and distributions, whose parameters are determined through those of the “coarse
and local field”, and therefore independent of N. This is done in (5.44), (5.45) and (5.46). These are
then coupled to the auxiliary process and allow to obtain convergence in law of the centred maximum,
and further, for an explicit description of the limit distribution.

Outline of the paper: In Section 3 we recall the definition of the corresponding inhomogeneous
branching random walk (IBRW) and the modified inhomogeneous branching random walk (MIBRW),
introduced in [36], and state covariance estimates. The proof of Theorem 2.2 is provided in Section 4
and the proof of Theorem 2.1 in Section 5. In Appendix A we state Gaussian comparison tools such
as Slepian’s lemma, the inequality of Sudakov-Fernique and provide proofs of the additional covari-
ance estimates. Lemma 5.5 and Lemma 5.6 are proved in Appendix B, and the proof of the right-tail
asymptotics, i.e. Proposition 5.8, is provided in Appendix C.
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3. FREQUENTLY OCCURRING AUXILIARY PROCESSES

3.1. Inhomogeneous branching random walk. Letn € Nand set N = 2". Fork = 0,1,...,n, let
By, denote the collection of subsets of Z?> consisting of squares of side length 2¢ with corners in 72,
and let BD; denote the subset of By consisting of squares of the form ([0,2F — 1] N Z)? + (12, j2%).
Note that the collection BDy partitions Z? into disjoint squares. For v € Vy, let B,(v) denote the set
of elements B € B; with v € B. Let B(v) be the unique box By (v) € 8Dy that contains v.

Definition 3.1 (Inhomogeneous branching random walk (IBRW)). Let {ax p}i>0,8e8p, be an i.i.d.
family of standard Gaussian random variables. Define the inhomogeneous branching random walk

{R{)V}VE Vs by

n n—k
RY@) = Y log@arsm f k la(%)ds, 3.1)

k=n—t

where 0 <t <n,te N.

72



CONVERGENCE OF THE CENTRED MAXIMUM OF THE 2D SCALE-INHOMOGENEOUS DGFF 6

3.2. Modified inhomogeneous branching random walk. For N = 2", v € Vy, let BkN (v) be the
collection of subsets of Z? consisting of squares of size 2X with lower left corner in Vi and containing
v. Note that the cardinality of BkN (v) is 2X. For two sets B, B/, write B ~y B’ if there are integers, i, j,
such that B = B + (iN, jN). Let {bx gl Bes) denote an i.i.d. family of centred Gaussian random
variables with unit variance, and define

bip, B e BY,
L e (3.2)
’ bk,B,’B~NB 681{

Definition 3.2 (Modified inhomogeneous branching random walk (MIBRW)). The modified inhomo-
geneous branching random walk (MIBRW) (S C’ hvevy 1s defined by

§V@) = Z 2 log@b) f :Ijla(f)ds, (33)

n
k=n—t BeBl(v)
where 0 <t <n,te N.

3.3. Covariance estimates. In order to compare the auxiliary processes with the scale-inhomogeneous
DGEFF, one needs estimates on their covariances, which are provided in this section. Let || - || be the
usual Euclidean distance and || - ||o the maximum distance. In addition, introduce the following two
distances on the torus induced by Vy, i.e. for v,w € Vy,

dVw,w):=" min__|v-2zla, dNv,w) = min__|Iv= 2. (3.4)

20 7-we(NZ)? 20 7-Wwe(NZ)?

Note that the Euclidean distance on the torus is smaller than the standard Euclidean distance, i.e. for
all v,w € Vy, it holds @V (v, w) < ||v — w||>. Equality holds if v, w € (V/s,¥/s) + Vi, C V.

Lemma 3.3. [36, Lemma 3.3] For any 6 > 0, there exists a constant a > 0 independent of N = 2",
such that the following estimates hold: For any v,w € Vy,

1. E[S‘I}Vgﬁjl] _log]\[_Z'o_2 (1 _ log+dN(v,w))

log N <a

Further, for any u,v € VO and any x,y € Vy + 2N,2N) C Vgy :

i, [E[uud] ~ log NI 2 (1 - 12l

iii. B[y #VydV] - E[SiNS;!N]| <a.

<«

Proof. The proof is given in Subsection A.1. O

In the following lemma, we identify the asymptotic behaviour of covariances of the scale-inhomogeneous
2d DGFF close to the diagonal and for two vertices at macroscopic distance, i.e. at distance of order
of the side length of the underlying box.

Lemma 3.4. There are continuous functions, f : (0, 12+ Randh:[0,11%\{(x,x) : x€[0,1]} » R,
and a function, g : 7> x 7* v R, such that the following two statements hold:

i. Forall L, €, > 0, there exists an integer No = No(€, 0, L) > 0 such that, for all x € [0, 117 with
xN € Vl‘i,, u,v € [0,L)? and N > Ny, we have

’IE [0 ey ] = T0g(N) = 2(0)£(x) = o (D)g(u, V)| < €. 3.5)

ii. Forall L,e,6 > 0, there exists an integer N1 = Ni(€, 6, L) > 0 such that, for all x,y € [0, 117
with xN, yN € V/‘f, aswell as|x —y| > 1/L and N > Ny, we have

|E [y - P2 Ohexy)| < e. (3.6)

Proof. The proof is given in Subsection A.1. O
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4. ProoF oF THEOREM 2.2

In order to prove Theorem 2.2, we have to show with high probability that there cannot be two
vertices at “intermediate distance” to each other and both reaching an extremal height. We therefore
study the sum of two vertices, under the additional restriction that their distance is “intermediate”.
For such sums, we first prove a version of Slepian’s lemma, which relates these functionals of the
scale-inhomogeneous DGFF to the same functionals of a suitable IBRW.

Lemma 4.1. Let {,\/VV hevy and {njvv hevy be two centred Gaussian processes, such that

E[mn)| <Epx)| vuvevy, 4.1)
Var |n) | = Var [} | Vu € Vy. (4.2)

Let Q,, ={AcCVy:|Al=mu,veA=>r<|lu—vlh <N/r}. Foranyr >0, N > randany A € R, it
holds that

P N<al<P N<al. 43
( Arggzr;m ] ( Ar?s%f,;)“ ] (4.3)

Proof. The idea is to use Gaussian interpolation. We first introduce the necessary set-up. For i € [0, 1]
and u € Vy, let

X = Vg + N1 —hyY (4.4)

be a Gaussian random variable, interpolating between the scale-inhomogeneous DGFF and the time-
inhomogeneous BRW. Moreover, let s > 0, set Oy (x) = \/217? f_ xw exp[—%]dz and write x4 =
Dvea Xy, for A C V. We define

Fy(xi,..oxm = [ | ©=xa). 4.5)
AEQ, ,
Clearly, Fs is bounded uniformly in s, smooth for all s > 0, and converges pointwise to F(xy, ..., X4) =

1y <ueacq,, at all continuity points of . We have that, for i # j,

d*F, .,
T ) = ) =) [ @)
XiOXj AEQ,,, BeQ,, ,,B#A
Xi,X €A
+ Z Z (1 - x0) DA — xp) ]_[ D,(1 - xc). (4.6)
Ae€Qy,, BeQ,, CeQ,, ,C+A,B

X;€A x;€B,B#A
Observe that, by dominated convergence, for A € Q,,, .,
A—x (1 - x)?
V25252 252

as s — 0, and where ¢y, 4 is the density of the centred Gaussian },,c4 X". By (4.7) and as [] BeQ,,,.B2A Ps(A—
xg) < 1,

E[®)(A-XD] = f Gpa(x) dx — 0, (4.7)

Z E -0, (4.8)
AeQy, »
xi,ijA

(A - X" 1_[ D (1 - XN
BeQ,, ,,B#A
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as s — 0. Next, we turn to the second sum in (4.6). For A, B € Q,, ., we have

B|0A-Xp@(A-Xp)  []  @a-xp|<E[0[0 - XDHoja - xp)]
CeQ,,,C#A,B
1 =22+ -y)?
= f PnaB(X,y) = exp |- 5 | dxdy - ¢pa5(L ), 4.9)
2ms 2s

as s — 0 and where

1 1 X2 2 X
¢/’I,A,B(-x’ )’) = €Xp |:_ B ( h\2 + yh 7 - 2Qh,A,B h—yh)l (4 10)
2nohot 1 —0% . 201 =0y 49 ()" (0p) Ta0B

with (a'lz\)2 = Var [ZveA Xi’] , ((72)2 = Var [ZveB Xﬁ’] and op A B =

E[(ZVEA Xz)(ZVEB Xg)]
\/Var[zveA XZ]VQI[ZVEB Xf’,] '
is the density of the bivariate distributed random vector (Zve A Xil , 2veB Xﬁ’ ) Observe that,

. p|: X2 +y2 ]
—_— X — — .
2 _'QI%XB 2(1 +QA,B)

na,B(X,Y)

PnaB(x,y) < (4.11)

where g4 p = max (E [(Sveam) Cresmo)] . E [(ZVGAXIVV) (Zveg)(lvv)]). Inserting (4.11) into (4.9) and
using this with (4.8) in (4.6) and letting s — 0, allows to use Kahane’s theorem [47], to obtain

PIVA€Qu,: > s/l]—P(VA €Q,: Z)(fvvga]
VEA VEA

1 (A} 5= A} p)+ 222
< — “AB T ABT xp|l-—2 4.12
= 2 2 2 > eXp[ 21 +gA,B)]’ (4.12)

1<i<j<4m AeQ,,, BEQ,., I-055
xi€A x;EB,BEA ’

with AS , = E[(Zoea ) (Zrepx)| and A}y = E[(Zyen ) (Zves )] By (4.1), (A} 5=AS )+ =0,
and thus, (4.12) implies (4.3). O

In the following proposition, we determine the position of extremal particles of an inhomogeneous
BRW at the times when its variance changes. This is a direct consequence of [19, Proposition 2.1] in
the weakly-correlated regime of variable speed BBM. Set i(t,n) ==t A (n —t).

Proposition 4.2. Let {Rf,v hevy be a inhomogeneous BRW with I 2(x) < x, for x € (0, 1) and 0(0) <
1 < o(1). Let s € R. Then, there is a constant ry > 0 such that for any r > ro, N = 2", N sufficiently
large, and any y € (1/2,1),

t
P (av € Vi, teflogrn—logr]: RY > my — s, R¥(t) - 2log 27 - (—)n ¢ =7 (1, n), (4, n)])
n
< Ce* Z k2 exp [—k#],
k=[logr|
(4.13)

8
By Gaussian comparison and since we have 7 2(x) < x, for x € (0, 1), it turns out that for our
purposes, it suffices to consider a two-speed branching random walk, (XLV ()vevy,0<j<n- We choose
the first speed to be 0 and the second to be O',Znax, where 0, = esssup{o(s) : 0 < s < 1}. Note that
Omax < 00, as I ,2(x) < x, for x € (0,1). To match variances, the change of speed occurs at scale
1—1/02% . Write u ~ v, for u,v € Vy, if jis the largest integer such that 8D,,_;(u) N BD,,_;(v) # 0,

max*
J

where C <
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i.e. in the language of BRW the “splitting-time” of u# and v is j. The following Proposition is the
analogue statement to Theorem 2.2 for the two-speed BRW and key in the proof of Theorem 2.2.

Proposition 4.3. There is a constant C > 0, such that for any constant ¢ > 0 and any z > 0,

]P(Eij € (logr,n—1logr), Ju~v: XN, XN > my —cloglogr+z) (4.14)
J

<C (4_ logr exp [4z + 4cloglog r] + log(r)~'/? exp [2 log2(1 — o2

max

Ylogr + 2cloglogr — 2z]).

In particular, there are c,rg > 0, such that for all r > ro and n sufficiently large,

E max XN 4 xN
u~v,se{logr,...,n—log r}
5

< 2my — cloglogr. 4.15)

2

~ax- 10 this case, the particles split before

Proof. We first consider the case when u ~ v and j < n/o
J

the change in speed occurs. The speed change occurs at scale | — A = 1 — 1/02,,.. Note that there are

max:

42"~ such pairs, and as the initial speed is zero, XY, XV are independent. Hence,

max

]P(Hje (logr, ln(1 = 1/o2, 0D, Ju~v: XN XN > my —cloglogr+z)
J

ln(1-1/02,.)] [n(1=1/074,)]
Z 42n=ip (X,llv > my — cloglogr + z) <C Z 42
j=logr Jj=logr

log(2)n
(my — clogr +2)?

IA

x exp [-41og(2)n + logn + 4(z — cloglog r)] < C47'°¢" exp [-4z + 4cloglog r]. (4.16)

where C, C > 0 are finite constants and the last inequality follows from a Gaussian tail bound. Next,
we treat the case when particles split after the change of speed. Let y € (1/2,1) and set i(j,n) :=

o2 - . .
(n— o2, (n— ) A (0%, (n—j)and Aj(j) = {x € R : |x— %*("J)mzvl < 7(j,n)}. As the
extremal particles of the BRW stay with high probability in A;(j), for j € {logr,...,n — logr} (see
Proposition 4.2 for a precise statement), we can compute as follows:
P(Hs e (ln(l -=1/c2, )]+ 1,n—1logr), Ju~v: XV, XN > my - cloglogr+z)
S

max
n—logr
<C Z f 42"—-1P(X§V(n)—xﬁv(j) > my —cloglogr+z—x)2
Jeln(1=1/a2 0141 VA1)

1 X2

x exp [— > .
J2rlog2(n - ody(n—jy) L 210821 Tiasln =)

dx+e. (4.17)

2 s
By a Gaussian tail bound and using that by the integral restriction, (my — x)? > ((r”’%(nj)

the summand in (4.17) is bounded from above by

my—i(j,n)")?,

__ (my—cloglog r+2)? ]

2 o
Tinax(n = J) €Xp [ 10g 22n—0pqx(n—))

C

\/27r log 2(n — 02, (n — j))(me — cloglogr + z — i7(j,n))?

o2 iy \2
(x — (my —cloglogr + z)—z(:_ggzz_ﬁ))

x42n=J f exp|— . — :
A1) 2 log 2 =T =D arn=))

2n—o‘,2,,ax(n—j)

dx. (4.18)
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n— cr,,,ax(n J)y 2(mN—cloglogr+z)(n—o-,2,,ax(n—j))
2n— O'max(n J) 2’1_0'%1%("_].)

lecting the upper restriction in A(}), (4.18) is bounded from above by
(g = )

Changing variables, i.e. x = \/ log 2072,,(n — j) , and neg-

C
(U'"‘”(" Dmy - cloglogr + z — i7(j, n)) \/271 log2(2n — 02 (n = )
(my — cloglogr + 2)° 2n_<f 5
exp [— — (47" exp |—y°/2|dy, (4.19)
log2(2n - O_rznax(n ) 10)) [ ]
: e — }%mx —J i (J A N —
with A7 ()) = [——O'(n J)—(z—cloglogr) \/ o8 ZG%axn(n(—rj) (2(’:’_ (QQH (n_j))) - ’;(%; +00|, and where &(n, j) =

Ulznax(n_j)(”_o—max(n_])) 3 : : : :
\/ og 20n—07(n—7)) " By a Gaussian tail bound applied to the integral, (4.19) is bounded from above

by

(my = cloglogr+2)*  #(j,n)1og2(2n — 07, (n — j))}

o ( ! } 42n=j exp [ > - 5 _
(n- ]) Vn — 0',%mx(n - ]) log 2(21’1 O-max(n ])) 2O-max(n - .])(n - O-max(n - ]))

X exp _myi¥(j,n) mjzvo',%mx(n — )= oZ(n— ) _ my(z—cloglogr) n— a?..(n—j) }
" 27 10g 2(2n = 074x(n = ) n 2= Thax(n = )|
(4.20)
Keeping only the dominant terms, one sees that the exponential is bounded from above by
2 noj
exp [2 log2(n — j)(1 —c2,.) +2cloglogr — 2z + —=* 2" logn — c17(j,n) — 2’ ()|,

4.21)

where c,c; > 0 are some finite constants. Inserting (4.21) into (4.20), allows to bound (4.17) from
above by

n—logr 2 nej
! ; Omax— + 1
> 0| e 200~ )1 - 0B log2 - 2+ T fogn
j=ln(1=1/02001+1 (n—=j)Vn—opa(n—j)

1
+2cloglogr — c1i7(j, n) — c2i®7'(j, n)] < 0( : )exp [2 log2(1 — 2,,) logr + 2cloglog r — 21] .
ogr

4.22)
Since o e > 1, (4.22) tends to zero, as n — oo. (4.15) is an immediate consequence of (4.16) and
(4.22). This concludes the proof of Proposition 4.3. O

Similarly, as for the IBRW, we have a localization for extremal particles of the MIBRW, which is
the statement of the following lemma.

Lemma 4.4. Let {S IVV}VEvN be the MIBRW, defined in (3.3). Let s € R. Then, for any € > 0, there is a
constant ro > 0 such that for any r > ro, N = 2", N sufficiently large, and any y € (1/2,1),
P(Iv e Vy. r€llogrn—logrl: 8 > my —s, §Y(t) ¢ (= (t,n), 7 (1, n)])
< Ce* Z k2 exp [—k?] , (4.23)
k=|logr]

where C <

\/_ log n+4 s °

We do not give a proof here, as it is basically identical to the one of Proposition 4.2.
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Proof of Theorem 2.2. Note that the tree distance of two vertices u,v € Vy on the underlying tree of

the IBRW, {Xﬂv }vevy. 18 up to an additional constant smaller than the Euclidean distance. Hence, by

Lemma 3.3 ii. there is a k € N and non-negative constants {a,},cy, such that, for all N € N and all
u,v e Vy,

E[X2NX2N| < B[l vl + aua,. (4.24)
and
Var [X2.N] = Var [y} | + a2 (4.25)
Thus, we may apply Lemma 4.1 with m = 2 and obtain, for any 4 € R,
P((Elu,v eVn, r<llu—vih <N/r: N +yl > /1)
< P((Hu,v eV, r<|lu-vlh<N/r: yVa,G+y +a,G > /l)
<P(@Qu.veVy, r<lu—vip <N/r: X3 + x5V > 2)
<P(@Quwve Vo, r<lu-vip < 2N/r: X3V + X2V 2 2), (4.26)

where G is an independent standard Gaussian. Choosing 4 = my — cloglog r and applying Proposi-
tion 4.3 to last probability in (4.26) yields (2.4), which concludes the proof of Theorem 2.2. O

5. ProoF oF THEOREM 2.1

The following proposition allows to control the right tail of the maximum over subsets.

Proposition 5.1. Let € > 0 and {lﬁlvv hevy be a centred Gaussian field such that, for all v,w € Vy,
E [WVVJI{X] -E [WVVWX] | < e. If N is sufficiently large, then, for any A C Vy and forall z > 1,y > 0, we
have

]P(maxw > my + 27— y)<C| -2, (5.1
vEA |VN|

Proof of Proposition 5.1. By the covariance assumptions and Lemma 3.3 i., iii. one can apply Slepian’s
lemma, to deduce that there exists k € IN, such that for all sufficiently large N € N and any 1 € R,

P (max 1//v > /l) <P (max R2 > /1) 5.2)
VEA ve2kA

Thus, it suffices to show (5.1) with RY instead of ¢". Note that for any v € Vy, RY ~ N (0,nlog?2).
Thus, by a first moment bound and a standard Gaussian tail estimate,

log2 —y)?
]P(maxR >mN+y—z)<C|A| 105 ex [—(mN+Z ) ]
veA (my +2z—Yy)+/2nnlog?2 2nlog?2
nlog?2
< C|A| exp[-2nlog2 + 1/2logn — 2(z — y)]
(my +z2—y)+/2nnlog?2
Al
C|_ exp[-2(z - )], (5.3)
where the constant C > 0 may change from line to line and where we used that |Vy| = 2%". O
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5.1. Approximation via an auxiliary field. Let N = 2" be an integer, much larger as any other
integers forthcoming. For two integers L = 2/ and K = 2, partition Vy into a disjoint union of
(KL)? boxes, with each of side length N/KL, and denote the partition by Bk = {BnjkLi 1 =

1,...,(KL)*}. Let vy/xr; € Vi be the left bottom corner of box By gz and write w; = ?{,V//?L’ This

L’ = 2" be another two integers and let Bxpy = {Bgrpyi: i =1,...,[N J(K'L')]?} be a partitioning
of Vy with boxes Bk ;, each of side length K’L’. The left bottom corner of a box Bk ; is denoted
by vg/r/;. One should think of N/KL being much larger than K’L’. Considering Lemma 3.4, it turns
out that this allows to define the corresponding approximating fields in such a way that they have only
a fixed variance parameter, which makes them easier to analyse. The macroscopic or “coarse field”,
{S iv “ v € Vyl, is defined as a centred Gaussian field on Vy with covariance matrix X and entries
given by

2, = (OE [¢§,L¢VI§,L] ., foru € BnjkLi. v € Bn/KL,js (5.4)

where {gb‘lf L}vevKL is a standard 2d DGFF on Vi . This field captures the macroscopic dependence.
The microscopic or “bottom field”, {S 1vv by e V1, is a centred Gaussian field with covariance matrix
¥’ defined entry-wise as

= 5.5
v 0, else, (5-5)

g o {02(1)13 oKL oKL |, ifuveBrr,
where {¢§’L,}vev,{, 18 a2d DGFF on Vg /. This field is supposed to capture the “local” correlations.
The third Gaussian field, {S IVV”" : v € Vy}, is a collection of MIBRWs on By/kri,i=1,..., (KL)?, i.e.

n—Il-k

, n—j Ky
shr= 3N 27 log@b f ‘_la(z)ds, for v € Byjki O Brwys  (5.6)

J=I'+K' BeBj(vgrys ) n=j

with {bﬁ’j, g i =1 (KL)?, j=0,B¢€ Bjjy } being a family of independent standard Gaussian
random variables. Recall that 8;(vk/; ) is the collection of boxes B C Vy, of side length 2/, that
contain the element vg+;/ . This field is supposed to capture the “intermediate” correlations. To obtain
sufficiently precise covariance estimates, one needs to avoid boundary effects, which can achieved
working on a suitable subset of Vy. Consider therefore the partitioning into N/L- and L—boxes, i.e.
By = {Byji : 1 <i < L*and B, = {By; : 1 <i < (N/L?. Analogously, let vy,.,; and
v, be the left bottom corners of boxes By,r;, Br; containing v. For a box B, let B° c B the set
B ={veB: mingesp ||v — z|| = 6lp}, where [p denotes the side length of the box B. Finally, set

Vie={ U B, Jn{ U B .. Jn{ U B }n U B, .. 5.7
N.o {lsist wiLi) {lsis(KL)z ViKL) {lgis(N/L)z Ll {1§iS(N/KL)2 KL} G.7)

As |V1*v,6| > (1 = 166)|Vyl, and using Proposition 5.1 with A = (V;\‘,’é)", we have

P( mach{,VZmN+z]S 166P(maxSIVVZmN+z), (5.8)

VE(V;/,(S) veVy

which tends to 0, as 6 — 0. Thus, it suffices to consider the maximum of the field on the set Vz*v 5
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N VKL

B 1y’

KL q ]\Isz |

VN/KLi — | gnm
Bn/KLj

SN,C
Bn/KL
N/(KL) Vi

Figure 2: 3-field decomposition

Using Gaussian comparison, we reduce the proof of Theorem 2.1 to showing convergence in law of the
centred maximum of an auxiliary field. Therefore, we need to have precise estimates on the variances
and covariances, which is what we provide in the following. In order to use Slepian’s lemma, we
actually need, for each v € Vy, equality of variances. This is usually achieved by adding suitable
independent Gaussian random variables, which is done in the following lemma. In particular, the
lemma states that one can choose the constants in such a way, that, asymptotically, they only depend
on the “fine scales”, i.e. they live on boxes Bg; ;,. In the rest of the paper, limits are taken in the order
N,K’,L’, K and then L, for which we write (L, K, L', K’,N) = .

Lemma 5.2. Let { D}, j<v/kry2 be a family of iid. standard Gaussian random variables. For
vEByp, j=1,..., (N/K'L'Y? andv=% mod K'L’, i.e. vV =v — Vvi'1,j, there exists a collection of
non-negative constants {ax' 3}k’ 1’ 3, such that if we set

SY =S+ SV + SN+ a5, (5.9)
then

limsup limsup ’Var (S C’) — Var (z,l/vv) - 40z| =0. (5.10)
(LKL .K)=00 N—oo

Proof. Considering Lemma 3.3 ii., (5.4), (5.5) and (5.6), a simple computation shows that, for any

%
Vv E VN,(S’

Var (§°°) + Var ($37) + Var (§0") = log N + On(D), (5.11)

where the term Oy (1) means that the constants are uniformly bounded in N. In particular, by Lemma 3.3
iii. one has

[Var (52<) + Var ($32) + Var (51") - Var (y)))

< 4a. (5.12)

By (5.12), there exist non-negative constants {ay} 1 <i < (KL)?, such that

VEBN/KLJ'Q
Var (S0 + S0 + §0) + a3y = Var () + 4. (5.13)
Note that {ay,, }vepyx,; implicitly depend on KL and by (5.12), one gets

max ay,, < V8a. (5.14)

vevy s
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Forv € B‘;WKU N V]f,, writing v = ¥ mod K’L’, where ¥ = v — vy/kr, for v € By/kr;, and using

Lemma 3.4 i. and [13, (1.29)],

ay, = 4a + Var () - >(0)Var (¢5F) - o* (1) Var (p5¥') - T2 (’ ; k , #) log(N)

= da + 0*(0)f(v/N) = a*(0) f(wi/(KL)) = > () f(F/(K'L)) + enxrx1:(V)s (5.15)

which is non-negative. By Lemma 3.4 i., f is continuous and using ||% - ,%ll = II%H — 0, as
(L,K,N) = oo, we have in the same limit, [f(v/N) — f(w;/(KL))| — 0. Moreover, by using [13,
(1.29)], Lemma 3.4 i. and (5.13) in the first line of (5.15), it follows that

limsup limsup sup eyxrxrr(v) =0. (5.16)
(LKL’ ,K")=>o0 N—co VGV;J,().

Regarding (5.15), (5.16), and that Var[ "fL] <log(K'L’) + a, for all v € Vy, there exist non-negative

ak'r’ v, such that

2 2
dy, = dgp s+ kLK (V). (5.17)

Using [15, Lemma B.3,Lemma B.4,Lemma B.5], one obtains

limsup limsup sup |Var ((/’)MK’L,) — Var (¢fL)| =0, (5.18)
(L,K,L’ ,K")=00 N—oo u,veV;,ﬂ:IIu—vllwsL’

which, together with (5.15) and (5.16), implies

2 2
A sup enxLxr (), Vuv e Vyg:lu—vio <L (5.19)

ve VN, 5

Forve Bgyp j,j=1,..., (N/K’'L’)* and v =9 mod K’'L’, set

SN =8N+ SN0 4 0 4 agp ;0. (5.20)
By (5.13) and (5.17), it holds that, for v € V .,
limsup lim sup |Var (5%) = Var (4) - 4a| -0, (5.21)

(L,K,L’ ,K')y=>00 N—oco

which concludes the proof of Lemma 5.2. O

The next goal is to show that it suffices to prove convergence of the centred maximum of the ap-

proximating process, {S va hvevy, defined in (5.9). This can be done by using Gaussian comparison.

The previous lemma, Lemma 5.2, provides asymptotically equal variances, and the following lemma
provides covariance estimates for {S 1vv hvevy . Crucially, for vertices close-by or at macroscopic distance,
the covariances coincide asymptotically.

Lemma 5.3. There exists a non-negative sequence {€y ; x//INK.LK L'>0, and bounded constants

Cs,C >0, such that limsup limsup €y x; x.;, = 0, and for all u,v € V;,’é :
(L,K,L’ ,K')y=>00 N—0co

E [(S{y - vav)z] “E [(WMV - WVV)ZH < € xrron

ii. Ifu € Byyri, v € Byjr,j and i # j, then |IE [SLVSLV] -E [t,l/uNl//iv] < €;V7KL’K,L,.

iii. In all other cases, i.e. ifu,v € By but u € By y and v € By j, for some i’ # j', it holds that
[B[s)s)] - B [ulul] < Cs+ 400

i. Ifu,v e By, then

Proof. See Subsection A.1. O
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We use the Lévy-Prokhorov metric, d(-, -), which is, for two probability measures on R, p and v,
given by

d(u,v) =inf{6 > 0: u(B) < Y(B®) + 6, for all open sets B}, (5.22)
where B° = {y e R : |x —y| < 6, for some x € B}. Moreover, let
c?(,u, v) = inf{6 > 0 : u((x, o)) < v((x — 8, 00)) + §, for all x € R}. (5.23)

and observe that if d(i, v) = 0, then v stochastically dominates y. For random variables X, ¥ with laws
Ux, 1y, write d(X, Y) instead of d(ux, uy), and likewise for d(-, ). The following lemma reduces the
proof of Theorem 2.1 to show convergence in law of S, = max,ey, S N

Lemma 5.4. Let {S C’ hevy be the field defined in (5.9). Then,

limsup limsupd(yy —my, Sy —my —4a) = 0. (5.24)
(LKL K)=c0 N—co

The proof of Lemma 5.4 is based on the two following lemmas, whose proofs are postponed and
given in Appendix B. The overall idea is the following: Having asymptotically precise covariance
estimates for vertices close-by or at macroscopic distance, and in order to use Slepian’s lemma, we
would like to add independent Gaussian fields living on those scales and control how the laws of
the corresponding centred maxima change under such perturbations. It turns out, that this leads to
a deterministic shift (see Lemma 5.5). Having this control, we can then prove Lemma 5.4. First,
introduce additional notation.

Fix a positive integer r € N and let B, a partition of V|, into sub-boxes of side length r. Let
B = U,eN<NBr and {gp}pes be a collection of i.i.d. standard Gaussian random variables. For v € Vy,
denote by B,(v) € B, the box containing v. For s = (s, 52) € R%, and two positive integers, ry, 17,
define

7N N
wv,s,rl,rz = wv + SlgB,l W+ sngN/rz(V)' (525)

~ _ 7N .. SN N - :
Set l/’1\/,5,r1,r2 - {/Iel{a/,)\f Vv and similarly, Sv,s,rl,rz =S+ S18B,,(v) T $28By;, () and SN’S,”J2 =

SN
max S .
veVy V,8,F1,12

Lemma 5.5. Let {S 3] hvevy be the field defined in (5.9). Then,

lim sup lim sup d (l//7\7 - my, lz}k\,,m by TN = ||s||§) =0, (5.26)

ri,;p—00  N-—>oo

and

lim suplimsupd (S = mn. Sy, -, = mn — lIsl3) = 0. (5.27)

ri,lp—00  N—oo
Lemma 5.6. Let {J/VV hevy be a centred Gaussian field such that, for all u,v € Vy, N € N and some
arbitrary € > 0, |Var (:,l/vv ) — Var (WVV )l < €. Set ¥y = maxyeyy ¥ . Then there is a function, | = I(€),
with l(e€) — 0, as € — 0, such that, if & [1,/_/1;9/_/{,\’] <E [z,blu\/t//vv] + €,
limsupd (i, — my. Wy —my) < I(e). (5.28)

N—>co
Else if E [1/_/MNJ/VV] +e>E [l,//]uvl,biv], then

lim supd (4, — my. ¥y, —my) < l(e). (5.29)

N—>co

Lemma 5.5 and Lemma 5.6 allow to prove Lemma 5.4.

82



CONVERGENCE OF THE CENTRED MAXIMUM OF THE 2D SCALE-INHOMOGENEOUS DGFF 16

Proof of Lemma 5.4: As in (5.25), we write

lZ\I;V,s,m,rz = lﬁ{/\/ + SlgB,l wmt s2gBN/r2(V)’ (530)
and analogously,
S~{’\,’s,r1,r2 = S{)V + SlgB,I (V) + sngN/rz(V)’ (531)

where s = (s1,52) € (0,00)2, ri,r» € N, and {gB}p being a collection of i.i.d. Gaussian random
variables. Recall that B, is a collection of sub-boxes of side length r and that this forms a partition of
Vinyr)r- By (5.8), we only need to show that, for any 6 > 0,

limsup lim supd(max N —my, max SN —my - 40/) =0. (5.32)

(LKL ,K")=00 N—co veVys VeVns

Thus, fix 6 > 0 and let 0'% = Cs +40a with the constant Cs as in Lemma 5.3, o, = (0, v o2 + 4a) and

oup = (0, 0). We consider the two Gaussian fields { ¢V and {SV, . B
w = (0,0) {wv,L’,O,L, \/az+4a}vev;v ) (S ,G'*aL,O}veV;],é y
Lemma 5.3 i., ii., iii. and (5.10), one gets for u,v € V; '

N,

Var [V — Var (SN p ) < ENKLK'L’ (5.33)
‘ wv,L/,O,L, Vol+da VL0, L0 T ’
and
E[SN SN P ] <E Al N + ENKLK'L 5.34
e B l//u,L’,O,L, \/(rf+4ad/v,L’,O,L, Vol+da AR (5.34)
where limsup évkr gy = 0. Lemma 5.5 implies both
(L.K.L' K’ \N)=00
limsup limsupd| max J/N —— —my — (O'f + 4a), max zﬁc/ —my|=0, (5.35)
(LKL K )=c0o N—ooo VGV;J,(S v,.L' 0,L, \oi+4a VEV;/,(S
and
limsup limsupd | max S’CIL, L0~ MmN — a2, max SC] —my|=0. (5.36)
(LKL K)o Nooo \V€Vys 77707 VeV
Having (5.33) and (5.34), Lemma 5.6 implies that
limsup limsupd| max " — my, max SV, -my|=0. (5.37)
(L,K,L’,K’)I;OO N—)oop VEV;M lpv,L’,O,L, \/O’E+4a VGV;’{S v.L o L0

A combination of (5.35), (5.36) and (5.37), and using the triangle-inequality, gives stochastic domin-
ation in one direction, i.e.

limsup lim supci(m‘?x N —my, max SN —my - 4a) =0. (5.38)
veVy, o eVy

(LK,L',K')=c00 N—oo NG V€V Ns

For the proof of the other direction of stochastic domination, consider instead the Gaussian fields

N and {SV | . This switches the roles in (5.34) and the rest of the proof
{wv,L’, W,L,o}vew { vl ’O’L"T*} (5:34) P
carries out analogously, which concludes the proof of Lemma 5.4. O
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5.2. Convergence in law of the auxiliary field. A key step in the proof of Theorem 2.1 is to estab-
lish a precise right-tail estimate for the maximum of the auxiliary process, which is provided in the
following proposition. Before we state it, we introduce additional notation and make a preliminary
observation. For a,b € [0, 1], we write J 2(a,b) = fd b o2(x)dx. Let {S {,V hvevy be the field defined in
(5.9), and set S va,f =S ’vv =S {,V‘ Recall the tail-bounds from [36, (2.6) in Theorem 2.1]. By Lemma 5.3
and applying Slepian’s lemma, these carry over to {S},cy, . In particular, [36, (2.6) in Theorem 2.1]

v
implies that there are constants ¢4, C, > 0 such that for z > 0,

coe F < P(maxsfvv > my + z) < Cpe™ . (5.39)
veVy
Lemma 5.7. Lety € (1/2,1) and fix A > 0. Then, for z € R,
A2k ]
P(IveVy: S 2my+z, S) = 210g@)a?(O)k + ) & [~Ak + )7, Alk + 1)']) < Ce 2070,

(5.40)

Proof. Denote by v| \(-) the density such that for any interval / C R,
f Ve N0y = B (S = 210g(2)0?(0)(k + 1) € I). (5.41)

1

For any v € V¢, using a union bound the probability in (5.40) is bounded from above by

‘ : k+1
22n f Ve N (OP (Si\”f > 21log(2)7 (L l)n —log(n)/4 + z — x) dx
[—AG+DY Alk+DY]e n

2

2
exp [—210g(2)0'1(k +1)-2x - T log(Z);z(O)(kH)]

— 22nf
[~AG+DY A+ ] V27 10g(2)a2(0)(k + 1)

_ o logm)?
+l’1)n_2(z_x_1og(n>)_ (z-x-57) ‘

k
x exp|—21log(2)7 - (
n 4 2108212 (&, 1)n

\/2 log) T2 (424, 1)n
x — — dx. (5.42)
210g(2)T 2 (&4, 1)n - 252 4 7 — x

—A2(k+D>"1 /(2 log(2)o

The latter integral decays with e 2(0), which allows to conclude the proof. O

Write k = k + [ and M,(k,7) = 210g(2)T 2 (&, L)n - % for ¢ € [k, n]. Note that my =
M, (0, n), forn = log, N.

Proposition 5.8. Let {S},cy, be the field defined in (5.9), and set S va,f =5N-§ IVV‘ Then, there are
constants Cq, cq > 0, depending only on a, and constants c, < ,B*K,’ 1 < Cq, such that

lim limsup |e2os@®(1-02(0),-2 22 p ( max SV > M,(k,n) - K + Z) —Bl =0, (543)
7—00 (L’,K’,N)=>OO VEBN/KLJ .

In particular, {,8}‘(,’ 1}k 1750 depends on the variance parameters only through o(1).

Note that, unlike previous tail estimates obtained in [36, Theorem 2.1], the estimates in Proposi-
tion 5.8 are precise estimates for the maximum far in front of the expected maximum. Nevertheless,
the proofs are technically similar, i.e. both rely on a truncated second moment computation. The

proof of Proposition 5.8 is postponed to Appendix C, as we first want to use it to finish the proof
of Theorem 2.1. Proposition 5.8 allows to construct the limiting law of (m{a/xS {V — my)n=0, Which
veVN

is the contents of the following: Partition [0, 1% into R = (KL)? disjoint, equal-sized boxes. Let
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{,3},’ 1/ }k.17>0 be given by Proposition 5.8. Then, there is a function, p : R — IR, that grows to infinity
arbitrarily slowly, and such that

lim limsup sup %R QR log k1~ (O)p ( max S™ > M,(k,n)+z- l_cy) - By /| =0.
=00 (17 K7 N)=oo 7/ <z<p(K'L") VEBN/KLi ’
(5.44)
Let {or,i}1<i<r be independent Bernoulli random variables with
P (0r; = 1) = B 1, € 22 0eDKO-D), (5.45)
In addition, consider independent random variables {Yg ;}1<i<r satisfying
P(Yp; > x)=e e, x>-F, (5.46)
and let {Zg ;}1<i<r be an independent Gaussian field with the same distribution as {S {,V “hevy- Set
Gri = 0ri(Yri + 210g(KL)(1 — 0*(0))) + (Zg,; — 2log(KL)), (5.47)
and
Gyrxr = fgiaS%GR,i. (5.48)
ori=1

*

Let fix 1 k', 1v be the distribution of G}, ., ,,. Note that it is independent of N, which is essential for
the proof of convergence in law. The following theorem reduces the proof of convergence in law of
maxyeyy S iv — my, to proving convergence of the sequence {fix. ;. k' 1/ k.L.k".I’-

Theorem 5.9. Let uy = law of (maX S — mN). Then,
N

VeV,

limsup limsupd (,uN,,l?tK,L,Kf,L/) =0. (5.49)
(LLK,L’,K')y=c0 N—o00

In particular, there exists (o such that A}im d(uy, o) = 0.

Proof. Denote by 7 = arg mgx S the (unique) particle achieving the maximal value. The correlation
VEVN

estimates in Lemma 5.3, together with Slepian’s lemma and (2.2), imply that max,cy, S év —my, as a

sequence in n, is tight. Using this fact and the localization of {S N ““}yevy in Lemma 5.7, one obtains

limsup limsupP (S7* > My(k.n) - &) = 1. (5.50)
(L,K,L’ ,K')y=00 N—oo

Thus, assume that S ]Tv’f > M,(k,n) — k” holds. To exclude that maxyeyy S Ivv’f is too large, consider the
event & = UX {maxyepy SMI > My, (k,n) + KL + ¥}. By a union and a Gaussian tail bound,

VEBN/KL,

P(&) < ZZEP( max S > M,(k,n) + KL + /}7) <2™P(SV > M, (k.n) + KL+ &)

< Cexp [21og(2)c?(0)(k + 1) - 2KL - 2k (5.51)
Thus, one obtains

limsup limsupP (&) = 0. (5.52)
(L,K,L’ ,K')y=>00 N-—o00

Analogously, a union bound on the event & = Uf: AYri > KL + k} yields

limsup limsupP (&) = 0. (5.53)
(LKL K')=00 N—oo
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As a next step, we couple the centred fine field, M’{ ;= MaXyey,; Sy N _m .(k,n), to the ap-

proximating process Gg,; defined in (5.47). By Proposition 5.8, there are €y ;; x,;, > 0, satisfying

<
lim sup eN’KL, x 1, = 0, and such that, for some |€°| < eN7 KLK'L , /4,
(LKL’ K" ,N)=c0

P(-AR' + € <M/, <KL+R) =P (op; =1, Yp; < KL+R) (5.54)
and such that, for all # with -k — 1 <t < KL + k?,
P (QR,i =1,Yg;i<t- e}{,’KL’K,L,/2) <P (—l_cy +€ < Mr]; < r)
<P(ori=1.Yri S t+€ygp g1 /2)- (5.55)

Thus, there is a coupling of {Mr{i : 1 <i<R}and {(or;, Yr;) : 1 <i < R}, such that, on the event
&ue,
ori =1 Wai= ML) < €qxriors ML, > &xr o (5.56)
Yii— M| < e xrxn if or; = 1. (5.57)

Note that, for each N, one possibly needs a different coupling, since Mf depends on N, whereas

(0r.i» Yr,) does not. A short argument for the existence of such couphngs 1s as follows: In the event
& NEC, (5.54) becomes

P(-K"+€ <M/ )=P(opi=1). (5.58)

By (5.55) and since the random variables have distributions that are absolutely continuous with respect
to the Lebesgue measure, there is an increasing function, g : R — R, with g(¢) € [t — €*/2,t + €/2],
for —k” — 1 <t < KL + k7, and such that

P (ori=1.Ypi <) =P (-K + e < M/, <1). (5.59)

Let —k” — 1 =1ty <...<tp = KL+ k” be an arbitrary partition. Define sets
Aj={w:opi(w) = 1,Yg(w) € [g(t)), g(tj+1))}, (5.60)
Bj = {w: € < M (w) € [tj,tj:1)}. (5.61)

In particular, for any 0 < j < D, P(A j) IP(B ) Define random variables (gRl, Y, R i.e for w €
B;N(EUE&),set Yy .(w) = g(Mf.(cu)) and such that, for all w € (E U 8’)C ( ) g;? {(w) = 1. For

w € EUE, set gy () = 0ri(w) and Y} (w) = Yri(w). Then (0}, Y,) £ (0ri Yra). and (0 ;. Y5,
additionally satisfies both (5.56) and (5 57) Concerning the coarse ﬁeld one can couple such that

S IVV “ = Zgy, forv € Byjkri, 1 < i < R, simply as they have the same law. Thus, there are couplings,
such that, outside an event of vanishing probability as (L, K, L', K', N) = oo,
max (SY = my) = Gy o < 260k k01 (5.62)
veVy At i

Let 7" = arg max<j<g Gg,. In the following, we exclude the case that the maximum of G, is achieved
at i = 7’ and when at the same time, o = 0. The first order of the maximum of {S iv “hevy 18
given by 2log(KL)o(0) (see [17]), which is of order O(log(KL)) less than subtracted in (5.47), and
SO, ZR, — 2log(KL) — —oo, as (L,K) = oo. Having this in mind, considering (5.62) and since
(max S — N)n>o 1s tight, it follows that

veVy

limsup P(ogr =1)=1. (5.63)
(LKL K" \N)=>c0
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By (5.56), (5.57) and (5.63), there are couplings, such that outside a set with probability tending to 0,
as (L,K,L’,K’, N) = oo, it holds that

N * 3k
{)ré%])jsv - mN - GK,L,K’,L' S 2€N,KL,K’L" (564)

which proves (5.49). Moreover, (5.64) implies that uy is a Cauchy sequence and that there is p, such

that ]\}im d(uy, teo) = 0, which concludes the proof of Theorem 5.9. O
Proof of Theorem 2.1: Recall that G}, ., ;, is a random variable with law fig k1. The goal is to

construct a sequence of random variables, {Dg 1}k >0, Which are measurable with respect to ¢ :=
o ({ZR,,»})f:l, with R := (KL)?, and so that, for any x € R,

Hk,Lk (=00, x]) Ak k1 (=00, x])

lim sup = liminf =1. (5.65)
(LKL K=o I [eXP(—,B},,L,DK,Le_ZX)] (LKL K=o T [CXP(—,BZ/,L,DK,LG/’_“)]
Regarding (5.63), assume pr - = 1. Moreover, let
Sgi=2log(KL)(1 + 0%(0)) — Zg;, fori=1,...,R. (5.66)
For x € R, it holds
ALk (-0, x]) =P (G’;(,L,K’,L’ < X) (5.67)

1=

=B|[ [(1-P (ori(Yri +2log(KL)(1 - *(0))) > 210g(KL) — Zg,; + x)) IF*| .
i=1

A union bound on D = {min;<;<g 2log(KL) — Zg; > 0}, shows that limsup P () = 1. Thus, on the
KL—
event D and using (5.45), (5.46), (5.66), one deduces

P (0ri¥ri > 210g(KL)o(0) = Zg; + XF*) = By, e 2Sk+, (5.68)
Note that (5.68) tends to 0, as KL — oo. Using the fact that e < 1—x< e forx < 1, and

inserting for x the probability in (5.68), it follows that there is a non-negative sequence {ex r}k.1>0,

satisfying lim sup ex;, = 0, and such that
KL—

exp (=(1 + ex.L)By e 28 *) < P (r,Yri < 210g(KL)o?(0) — Zg,; + xIF°)
< exp(—(1 - g )Bjr e EF ). (5.69)

Plugging (5.69) into (5.67) yields (5.65). Combining (5.65) with Theorem 5.9 implies that there is a
constant 8%, such that

limsup |8 ;, =B = 0. (5.70)
(K", L')=>00
Set
R
Dgp= ) e, (5.71)

Combining (5.70) with (5.65), it follows that
. ALk 1 (=00, x]) o ALk, (=00, x])
im sup - —. = limin . —- =
(LKL K= I [exp(=B*Di re™>¥)] (LKL .K)=e IE [exp(-* Dk re™>")]
Theorem 5.9 and (5.72) imply that Dk ; converges weakly to a random variable D, as (L, K) = oo.

(5.71) shows that Dk ; depends solely on (KL)?> = R. Moreover, as Hxrk .1 1s a tight sequence of
laws, it follows that almost surely, D > 0. This concludes the proof of Theorem 2.1. O

(5.72)
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Note that the random variables {Dk 1}k >0, defined in (5.71), are the analogue of the “McKean
martingale” in variable-speed BBM (see [20, (1.14)]).

APPENDIX A. (GAUSSIAN COMPARISON AND COVARIANCE ESTIMATES

Theorem A.1 (Slepian’s Lemma, [52, Theorem 3.11]). Let T = {1,...,n} and X, Y be two centred
Gaussian vectors. Assume further that it exist two subsets A,B C T X T, so that

E[X;X;] <E[Y;Y;], (,j))eA (A.1)
E[X;X;] > E[Y;Y;], ((,j))€B (A2)
E[X,'Xj] = ]E[Yin], (l, ]) i AUB. (A3)

Suppose f : R" — R is smooth, with at most exponential growth at infinity of f and its first and second
derivatives , and

0iif =20, ((,))eA (A4)

0iif <0, (,j)€B. (A.S)
Then,

E[f(X] < E[f(D)]. (A.6)

Remark A.2. We use Slepian’s Lemma in a very particular setting: Assume that [£ [Xlz] =E [le] and
E [Xin] >E [Y,-Yj], for all i, j € T. Then, for any x € R,

P (max X; > x) <P (max Y > x), (A7)
ieT ieT
and
E [max X,] <E [max Y,] . (A.8)
ieT i€T

Theorem A.3 (Sudakov-Fernique, [38, Sudakov-Fernique]). Let I be an arbitrary set with cardinality
|| = n, {Xi}icr, {Yi}icr be two centred Gaussian vectors. Define yfi. = E[(Xi—Xj)z], yl.Yl. = E[(Y,-—Yj)z].

Let y = max; ; |yf§ - yl.yjl. Then,

|E(X*]1 - E[Y*]| < /ylog(n). (A.9)
IfyY < v} foralli, j then E[X*] < E[Y"]. (A.10)

In particular, if {X;};cs, {Yi}ies are independent centred Gaussian fields, then

E

max(X; + Y;)
i€l

> ]E[maxXi]. (A.11)
i€l
A.1. Covariance estimates.

Proof of Lemma 3.3. The proof of statement i. is a simple adaptation of the proof of the analogue state-
ment for finitely many scales [36, Lemma 3.3]. The third statement follows by a combination of i. with

ii.. In the following, we prove statement ii.. Let u,v € Vl‘f, and denote by by(u,v) = 1 — k)gfol—";,vuz th

“branching scale”. By the Gibbs-Markov property of the DGFF, increments V" (s), V¢! (s) beyond
by (u,v) are independent. By (1.5), one has

€

1 1
A f f o (s)o(E [Vl (5)Ve) (1)| dsdr. (A.12)
0 0

To compute the discrete gradients, it suffices to consider E [¢MN (s)gblvv (t)], for s,t € [0,1]. Let S be a

simple random walk with hitting times 794 = inf{r > 0: S, € dA}, forA c Z*. Letc : [-1, 11> - R?

be the continuous function, encoding the relative position on the boundary, such that, for x € (0, 1),
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ueZ?and z € O[xN + u] 1> 2= xN+u+c(@N =4 1n particular, the function c is in both components
absolutely bounded away from zero by 1/2 and from above by V/1/2. For 0 < s <t < 1, we have

E|o) 00 O] = > Pu(Swy, = 2)Pu(Se, = y)E[¢;V+C(X)Nl,x¢ﬁc(ywl,,]
o,
= > Pu(Sepy = X)Pu (e, =)0 (= v+ N (@) - cINT)
x€0[uls
yealvl,
+ 2 Pureonr=s (S, =2)ae—v - c(y)N“)} : (A.13)
z€0Vy

where a denotes the Potential kernel, which satisfies the asymptotics
a(x) = log|lxll2 + co + O(Ixll;?), (A.14)

as ||x|l, = oo. Using this asymptotics and the approximate uniformity of the harmonic measure away
from the boundary [15, Lemma B.5], the second sum in is about log(N) + O(1), and the first is about
log(Nl‘S)+O(1) if s < randif |lu—v|h < N'7%, i.e. by(u,v) < s—ey with ey = 4/ log N. In particular,

1
f B[4 (5)VeY (0] dr = 0, (A.15)
and, if [lu — v}, < N',
f B[V 90 0] ds = (¢ - e log(V) + O(1) (A.16)
0

where the constant order term is uniform in N. (A.15) and (A.16) imply that the integral in (A.12)
concentrates on the diagonal. Then, by independence of increments beyond the branching scale,

A f 1 T (S)E V) () Vgl (5)] ds = f ey T (S)E V) (5)VeD (5)] ds
0 0

b (u,v)
+ f T (S)E Vel (5)V) ()] ds. (A1)
by (u,v)—en
By Cauchy-Schwarz, the second integral in (A.17) is absolutely bounded by a constant C which de-
pends on o but is independent of N. To bound the first integral in (A.17) with s = ¢, note that in
(A.13) there are 27||u — v||; many pairs, x € d[u]s, ¥ € [v], that have distance less than ||z — v||; at scale
bn(u,v)—e€y. By [15, Lemma B.5] the harmonic measures evaluate to approximately 1/4|ju—v||o. Thus,
the sum over these particles is at most of order O (loﬁ;_”z;”) = 0(1). For summands x € d[u],, y € [v]s
and ||x — yllz = |lu — v|l>, we use (A.14) and [15, Lemma B.5], to deduce that the first integral in (A.17)
equals

_ log, (llu = vll2)

by (u,v)—en
log N fo o?(s)ds + O(1) = log NT (1 log NV

) + 0(1). (A.18)
This concludes the proof of the extension. O

Proof of Lemma 3.4. We start with the proof of the first statement. First note that by Lemma 3.3 ii.,
for xN + u,xN +v € V,‘z,, it holds that

E [0y ] = log(V) + O(D). (A.19)
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Thus, one has to show that, as N — oo, the constant order contribution may depend on u, v, but not on
x and apart from this, has fluctuations which vanish as N — oco. By (1.5), one has

1 Ao
B[t in] = [ POB[TON 0Tk 0] ds = [ 0B [T0l 070, 0] ds

1-44 1
+ f T (S)E [Vhy (VAR (9)] ds + f T (S)E [Vely (IR, (9)] ds.
Ao 1_/11
(A.20)

We choose Ag, 41 = O (loﬁ)lgo]%N), such that
-4

a?(0)Ay + o> (1A, + f o?(s)ds = 1. (A.21)
Ao

Note that we have by assumptions |lu — V||, < L, for L <« N and thus, we can assume by(xN +
u,xN +v) > 1 — 4. For the first integral in (A.20), we use a Taylor expansion of o at 0, i.e. o(s) =
a(0) + ' (0)s + o(c’(0)s), for s > 0 small. Thus, the first integral becomes

Ao
f T (OE|Vehy, ()78 (5)| ds + O(13 log No(0)” (0)
0

= () [¢hy.,,(A0)P}y.,,(10)| + O(43 log Nor(0)o” (0)), (A.22)

where the error term vanishes as N — oo, since /1(2) logN =0 (loﬁ)lgo,g\,N) . Similarly, by a Taylor expan-

sionof o at 1,1i.e. o(s) = o(1) — o’ (1)(1 — 5) + o(c” (1)(1 — )), for s < 1 close to one, the last integral
in (A.20) can be computed as

1
f (DB Ve, ()Y, (5)| ds + O(A] log Nor(1)o” (1)
1-4

= 2 (DE] (@11 = 61 = 20)) (@31, (D) = B3y, (1 = A1) + 0T Tog Nor(1)o (1).
(A.23)

Similarly as in (A.22), the error term vanishes as N — oo. In all three cases in (A.20), using (A.22)
and (A.23), it suffices to compute quantities of the form E [¢§CVN +M(s)¢£’N +v(s)]. The case when s = 0 is
trivial since, for any v € Vy, ¢ZVV (0) = 0, as the harmonic average of the value zero is zero. Note that

by [15, (B.5),(B.6),(B.7)] one has, for v,w € Vy,

E|)o)] = —av—w)+ > Pu(Sey, =w)az—w), (A24)
Z€0VN

where a denotes the potential kernel, with representation as in (A.14). First, consider the case when
0 < s < 1. Note that the discrete harmonic measure converges weakly to the harmonic measure
associated to Brownian motion [13, Lemma 1.23], i.e. to the measure II(x,A) = P, (BTa[o e € A),
where (B;):>0 is Brownian motion in R2 killed upon exiting [0, 1]2. Moreover, since the logarithm is
continuous and bounded in a neighbourhood of 90, 113, using (A.24) and the weak convergence of the
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discrete harmonic measure, one obtains

E [¢iVN+u(S)¢§cVN+v(S)] = Z PN+ (S TolaN+uly Z) Paney (S TolaN+vly, y) E [¢2V¢§V]

z€N[XxN+ul;

yeO[xN+v]s
_ _ _ 1-s5
= D> Paove(Staa, = 2)Paver (Sron, =) (-0l = v+ N c@) = 0))
ZEO[xN+u],
yed[xN+v]

+ Z PoNturnt-s (ST,WN = W) aw —xN —v - Nl_sc()’))}

WE(?VN

= —logNl_S +log N + f(x) + o(1) = slog N + f(x) + o(1), (A.25)

where f(x) = fz o011 M(x,dz)log ||z — x||>. In particular, f is continuous. Using (A.25) and (A.22),
the first integral in (A.20) can be rewritten as

a2(0) (A9 log N + f(x)) + o(1). (A.26)

For the remaining case, s = 1, call ¢; the i—th unit vector. By (A.24) and using weak convergence of
the discrete harmonic measure [13, Lemma 1.23],

E [0 (DN (D] = E[@hy 00| = log N + £(x) = a(u, v) + o(1). (A.27)
Using (A.23) and (A.27) allows to rewrite the third integral in (A.20) as
(1) (A log N — a(u, v)) + o(1). (A.28)
Inserting (A.26), (A.28) into (A.20), using (A.25), (A.21) and 7 ,»(1) = 1, one obtains,

B[yt | = 10g N + (00 £(x) + (1) ?g(u,v) + o(1), (A.29)

with g(u,v) = —a(u,v) and where o(1) — 0, as N — co. This concludes the proof of statement i. in
Lemma 3.4.

The covariances in the off-diagonal case, i.e. when x # y € (0, 12, [lx—=yll2 = 1/L, can be computed
similarly, now by Taylor expansion of the variance o(s) at 0. First note that, for A = ME%NN and N
large enough, A > by(xN, yN). Thus,

A
E[uivuny] = fo T (E | Vol (5)Vgl(s)] ds = 2O [, (Dl ()] + O (0)0” (0)2 log N).
(A.30)

By choice of 1, 0 (¢(0)o” (0)Alog N) = O (c(0)c” ()5 2™ = o(1).

FOR[FNOINWD] = PO D Par (Segny, = 1) P (S, = v)E[N].  A3D
u€d[xN],
ved[xN],

Using (A.24) and previous notation allows to reformulate (A.31) as

O D Pav (St = 1) B (S, = v) (-0 =+ N7A(c() = c(v)))

ucd[xN1,
ved[xN],

+ ) Py Sy, =w)atw- yN)]. (A32)

WEBVN
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Using (A.14), we rewrite (A.32)

T20) > Pav (Seyry, = 1) Py (Srypng, = v) (~log N = Tog llx = yil2 = co + o(1)
ued[xN1,
VEB[)C]V])L

+ > Pov(Sey, =w)(logN +logllc(w) = ylla + co + (1))

wed Vi

= o2 (0)h(x,y) + o(1), (A.33)

where h(x,y) = —log|lx -yl + fa[o 12 II(x, dz) log ||z — yll>, by the weak convergence of the harmonic

measure to I1. In particular, /4 is continuous on [0, 112\ {(x,x) : x € [0,1]}. This concludes the proof
of the second statement and thus, of Lemma 3.4. O

Proof of Lemma 5.3. : We start with the proof of (7). Let i’ be such that u,v € By, ; € Bgr1s.v. By (5.9),
one has

SN =Sl = (She—s))+ (S-S + (SN = SNP) + O (ak1ra - akrrs)
= Siv’b - Slvv’b + @y (agrpa—akr s) - (A.34)

In particular, by (5.19), lak,v5 — a1’ 5| < enkr.x'17, and so
2 2
[E[(s - 52| - B[ - 2]

1y’ 1y’ 2 2
<devxrin + |POB[(08E,, -0, |- B[ - )] (A35)

Using the tower property of conditional expectation, conditioning { z,l/vv hvevy On O (¢v’\vj TwE [vi Lf,,-/]f{, L,)
and using (A.27) and Lemma 3.4 ii., it follows that

. 7 2 2
timsup  sup PO (655, - olE,, V|- E| (0 - ) ” =0, (A36)
(LKL K N)=o uveBy AV
1<i<(N/L')?

Statement i. follows from (A.36) together with (A.35). Next, we prove ii.. Let i’ # j be such that
u € By/kri, v € Byjkr,j and assume without loss of generality that N > K’ > L' > K > L >
1/6. Since vertices u and v belong to distinct boxes of side length N/KL and thus, also to distinct
K’L’—boxes, both E [S {,V’mS IVV m] = 0and E [S {,V’bS ZVVb] = 0. Using these observations, scaling the
DGFF from Vg to Viy and by (A.24),

E[sVS)] = B[Sy S)| = POE [¢5iest| = > OEe), ., 60, ., | + oD, (A.37)

Since || 2E=, |l = O (£7)

, [15, Lemma B.14] implies

lim sup sup |1E NS N] o (O)E [qbu d)f,v]
(LK.L' K" \N)=co  ueByxy. ,,mv*
VEBy k1 1NV, NG i'#j

(A.38)

On the other hand, the vertices u, v are at distance of order N/KL away from each other. Since con-
sidering limits of the form (L,K,L’,K’,N) = oo, one can assume that N/KL > N 1=4 "and thus
E [¢3;V ¢C’ ] =E [¢MN (/11)¢5{Y (/11)] . Therefore, by a Taylor expansion of o at 0 as in (A.30),

B[l ] - POE [ ) || = | OF ¢ gl )] - >O)E 4} 4|

as N — oco. (A.38) together with (A.39) implies statement ii.. Note that for statement iii., one has
[l — v|l, = O(N/L). This allows to approximate as in (A.39). Note that in this case, there is a constant

+0(1)—0, (A.39)
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L > c(u,v) > 0, such that the leading order of the first covariance is given by log(||u — V||, + N =y
log(|lu — v||2) = log (1 + I\C,—fl) In the following, we distinguish three cases:
(1) u,ve Bypi but u € By andv € BL’,j’
(2) u,ve BN/KL,i’ butu € BK/L/,f andv € BK’L’,]
(3) ue BN/KL,i N BLI,,'/ and v € BN/KL,j N BL/’]'/.
In case (1), SN¢ = §M¢ and ¥ = §M™ and so, using notation from the proof of Lemma 3.4, by
(A.24), (5.13), (5.17) and as in (A.27),

E[SNSY] = Var [s)es )| + Var [s)"] + B [S)PS)] + a1 aakrr 5 + o(1)

= log N + ﬂw(%) + (1) (—a(u —v)+ fam - H(%,dz)a(z - ))

+agaagpy +o(l). (A.40)

Since u,v € V;,’ s are away from the boundary, the integral in (A.40) is bounded by a constant Cs,
depending on . Thus, (A.40) can be written as log N — a(1) log, |lu—vll2 + O(1), where the constant
order term is bounded by 8a + Cs. By Lemma 3.3 ii., E [g.//uNgl/vv] =logN - a2(1) log, [lu—Vll2 + O(1),
where the constant order term is bounded by @. Thus, statement ii. follows in case (1). In case (2),
E [S f,v’bS {,Vb] = 0. Thus, there is a constant ¢; > 0, such that

E[SNsY] =E[shes)e] +E[shmsi™] + 1. (A.41)

To estimate the first covariance in (A.41), apply (A.24) and for the second, note that {S va,m}vevN is
a MIBRW, and thus, using Lemma 3.3 i. and ii., statement ii. follows, in case (2). In case (3),
E[S3"S)""] = 0and E[$}*"S "] = 0. By scaling the DGFF as in (A.37) and using (A.24),
E[SNSY] = E[sY<s)<] = 0?(0) (log(N) - log, (lu = v]l2)) + ¢ + o(1), (A.42)
where c is a bounded constant depending on 6 and where the error o(1) vanishes as N — oo. The
same reasoning applied to E [wf}’ Y ] as in (A.39), implies the claim in this remaining case and thereby
concludes the proof Lemma 5.3. O

ApPENDIX B. PrROOF OF LEMMA 5.5 AND LEMMA 5.6

We prove Lemma 5.5 in the case of the scale-inhomogeneous DGFF. The proof for the approxim-
ating field, {S}yey,, is essentially identical. This is due to Lemma 5.3, which allows to use Gaussian
comparison to reduce the proof to the one we provide.

Lemma B.1. Let {g) : u € Vy} be a collection of random variables, independent of the centred
Gaussian field, {1/_/5 . u € Vyl, and the 2d scale-inhomogeneous DGFF, {t//{tv . u € Vyl, such that

P(g) >1+y)<e™” VueVy. (B.1)

Assume further that there is some 6 > 0, such that, for allv,w € Vy, E [(ZIVV J/V\V’ ] -E [WVV t//VAV’ ] | < 6. Then,
there is a constant C = C(a), such that, for any € > 0, N € N and x > — </,

P | max (WVV + eglvv) >my + x| < P{max g’ > my +x— Ve (Ce_c_lf_l). (B.2)
veVy veVy
Proof. LetT'y :={ve Vy: y/2 <eg <y}. Then,

P(max(zﬁfy + Eglvv) > my + x) <P (max&lvv >my+x— \/E)
veVy

veVy

+ Z E [E []lmax,,erzi\f PN >my+x=21 /e FZ’ ‘EH ’ (B.3)
i=0 ‘
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By Proposition 5.1, the last sum in (B.3) can be bounded from above by

e 3 B0y /il e Y, (B.4)
i=0

with ¢ > 0 being a finite constant. By assumption (B.1), one has
_ai -1

E [ICy yel/IVil] < €97 (B.5)

Thus, (B.4) is bounded from above by ¢e2¢~ €™ This concludes the proof of Lemma B.1. O

Proposition B.2. Let {¢]VV hvevys {t,Z?C’ hvevy be two independent centred Gaussian fields satisfying the
covariance estimates in Lemma 5.3, and let {gg : B C Vy} be a family of independent standard
Gaussians. Moreover, let 6 = (61,07) € Ri and {t,o]vv’r’& : v € Vy}and {tp{,v’&’* : v € Vy} be two
centred Gaussian fields, given by

YT = o) + T 18, + 08BNy (B.6)
and
<12
P =+ ezl ®7)
forv € Vy. Set My, 5 = 13;% G127 and likewise, Myg. = Ivl;%)v( ONT* . Then, for any fixed
o € (0,00,
lim limsupd My, p,.o — mys Myg.e — my) = 0. (B.8)

F1,p—00 N—oo

Proof. Partition Vy into boxes of side length N/r; and denote by B the collection of these boxes. Fix
arbitrary 6 > 0, for B € 8B denote by B;s the box with the same centre as B, but with side length
(1 = 6)N/rp. The union of such restricted boxes, we call Vs = (J Bs. The maxima over these sets,

BeB
we denote by My, r, 5.6 = max @)% and My 5.5 = max ¢)°"*. By Proposition 5.1,
VEVN,(s veVns
lim lim P (MN,rl,rz,ﬁ',é * MNJIJZ,&) =lim lim P (MN’g-’*’(; * MN,(}-’*) =0. (B9)
6—0 N—oo -0 N—>oo

Thus, it suffices to show equation (B.8) with My ;, , 556 — My and My .. s — my. Next, we show that
the main contribution to the maximum is given by {¢" }vevy, While the perturbation fields only have a
negligible influence. For B € B, let z;, € B the maximizing element, i.e. max,ep, ¢ = <p§£. The claim
is that

lim limsup P (|My,, 5.6 — max gaévé”’rz’&l > —
FLIR—0 Moo BeB logn
—1; N,G* —
= limsup P (|My 5«5 — max 77| > =0. (B.10)
Neoo BeB logn

We first show how Proposition B.2 follows from (B.10). Assuming (B.10), conditioning on the pos-

itions of the maximum, {zg}gecg, one deduces that the centred Gaussian field {, /Ild’ll% / log N(,Z?g}
“) BeB,
has pairwise correlations of order at most O(1/log N). Thus, the conditional covariance matrices of

=112
{ A / lgg(%) 97’?1/9 and {7 8B, * d'ngZB’N/rz }Beg are within O(1/log N) of each other entry-wise. In

BeB
combination with (B.10) this proves Proposition B.2. It remains to prove (B.10). Suppose that on

the contrary, either of the events considered in the probabilities in (B.10) occurs. By (2.2) and Gaus-
sian comparison, we know that £ = E((C) = {w : My rnss € (my — Comy + O U {Myg.5 ¢
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(my — C,my + C)} has a probability tending to 0, i.e. hm limsup P (E;) = 0. Moreover, The-

Co0 N oo
orem 2.2 implies that also the event E; = {w : Ju,v € Vy : |lu = vl € (r,N/r) and min(¢Y, oY) >
my —cloglog r} cannot occur, i.e. lim lim sup P (E) = 0. Note that Theorem 2.2 is stated only for the

r—eo N—oo

scale-inhomogeneous DGFF. However, using the covariance assumptions and Gaussian comparison,
it is possible to replace {WVV hvevy With {golvv hvevy throughout the proof of Theorem 2.2. This allows to
assume the event E{ N ES. To show (B.10), we consider the following events:

— E3 = F3UE, where B3 = {w: v e Vy : golzv’r"rz’&MN,rl,rz,&,(s, @Y < my—cloglogr} and E; =

(w:IveVy: o =

~112
—Ey={w:veB,BeB: ¢ >my—cloglogrand ,/%(@’v\’—@g)z 1/logn}.

E3: LetT, = {v € Vy : o120 _ @Y € (x,x + 1)}. The idea is that, by localizing and conditioning
on the difference of the two Gaussian fields through the set I'y, one can use Proposition 5.1 to bound

max ¢ from above, i.e.
vel'y

= My g5, ¢ <my —cloglogr}.

P(EfﬂEB)SP( max max )27 > my - C| < Z IP(manoN”’Z‘T>mN C)

x>clog(n)—C vel'y 3¢ logtm)—C vell
< ) E[P(mawv > my - x — CIF) <¢ > BTNl (B.11)
x>clogn)—C vel. x>clogn)—C

By a first moment bound for Gaussian random variables, one has
E [T/ 1Vl 2| <E[Itv € Viv : 6188,,, + 6288,,,, € (x,x+ DI /IVI'?
. . 12 2
<P (a'lglgw1 + 0288, y),, € (X, X+ 1)) <e /c, (B.12)
for some constant ¢’ = ¢ (0,6) > 0. Thus,

lim sup lim sup lim sup P (E(C) N E3) = 0. (B.13)

C—ooo r—o00 N—ooo

In the same way, one can prove an analogue estimate for E7 in place of E5, which gives

lim sup lim sup lim sup]P (EC(C) N E3) 0. (B.14)

C—o0 r—o0 N—

E4: Let F; ={veVy: t,o,l,v > my — cloglogr}. In Vi, there can be at most r? particles at minimum
distance N/r, and around each of these, one can find approximately > particles in Vy which are within
distance r. Thus, on E;, one has |F;| < 2/*. Further, for each v € BN F', and in the event of ES, one has

lv = zgll» < r. Thus, by independence between the Gaussian fields {¢},ey, and {galvv ’/}vevN, and using
2nd order Chebychev’s inequality,

=112
llo s ( N N’,) S 1 < (@, d)logr + c1) (log logN) (B.15)
logN loglog N log N
where ¢, c; > 0 are finite constants. Therefore, and by a union bound,
log log N)?
lim sup lim sup IP (E4 N E‘) < limsup lim sup 2r*[&(o, 6) log r + ¢ ]w =0. (B.16)
r—o0 N—oo r—o00 N— 10g N
This concludes the proof of equation (B.10) and thereby, the proof of Proposition B.2. O
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Proof of Lemma 5.5: We prove Lemma 5.5 in the case of the scale-inhomogeneous DGFF. Lemma 5.5

ll113
210g2N z,bﬁ’, for v € Vy, and set

for the approximating field follows from Gaussian Define ¢V = (1 +

_ _ . _ ~112
My = maxyey, :,l/vv and Mygs = m{;}x ng"’. One has My s = (1 + %)MN. Using (2.2), this gives us
veVN
both

E[Myg| = E[My] + 2513 + o(1), (B.17)

and
Jim d(My - E[My], Mys - E[Myz]) = 0. (B.18)
Further, let {y"** : v € Vy} be defined as in (B.7) and set Mygs. = maxyey, YN In the dis-

N,G %

tributional sense, {wv }v can be considered as a sum of {:,l/v }vev and an independent centred
N

Gaussian field with variances of order O((1/log N )). Thus, by Gaussian comparison, it follows that
E[Myg| = E[Myz.] + o(1), (B.19)
as well as
lim d(Myg —B[Mys|. My — E [Myg.]) = 0. (B.20)

By (B.20), Proposition B.2, and using the triangle inequality, one concludes the proof of Lemma 5.5.
|

Proof of Lemma 5.6. Recall that we want to prove asymptotic stochastic domination. The basic idea
is to use Slepian’s Lemma. Let @, {CDIVV hvevy be independent standard Gaussian random variables and
for some €* > 0, set

yvme = (1 = N)"/’V + e D (B.21)
~N,up,e* N 7" N
=1 - — ¢V + 0 B.22
Yot < (1= sy ot s el ®.2)
where € = (e, €*) and €' = €' (e, €*) are chosen such that
. \2
€ ’
Var [y | = (1 = logN) Var |y | + (€)= Var[y))] + € (B.23)
and
e\’
= N,up,e* - N2
Var [§)7€| = (1 - @) Var [ + (€)= Var [y]/] + €. (B.24)
Solving for ) in (B.23), gives
(V) = logNVar o] +e. (B.25)
Moreover, for u # v € Vy,
2
B [y <yt ] = (1 ~ o8 N) Bl )] +ele” (B.26)

and by (B.24),

* 2 * 2
B [ g | :(1_ o ) B[] < (1_(;_1\]) E['J’{y“/’y]+€(l_loegN) . (B27)
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We want that, for all u,v € Vy, E [%N’lw’f* ’vv’lw’f*] > E [&MN’”” o€ g Nup 6] Considering (B.26) and
(B.27), this holds, provided

&

2
N eV > 6(1 - IOGgN) . (B.28)

Combining (B.28) with (B.25) and as € — 0, one sees that it is possible to choose first €*(¢) and then
both {e"' (e, €)hev, and (€N (e, €")}hevy, such that € — 0, and that at the same time, all requirements
(B.23), (B.24) and (B.28) hold. Observe further, that in this case, by (B.23) and (B.24), max,ev, eﬁv g

0, as well as max,cy, e~ — 0. With this choice, one can apply Slepian’s lemma to obtain

d (max YNy max g < mN) =0. (B.29)
veVy veVn
As € — 0, the distribution of the Gaussian field {y/ ’IW’E*}VevN tends to that of {¥)},ey,. Applying
< N,up,e*
Lemma B.1 to {y, }vevy . one deduces

_N, , * _ _ ‘ 1\(,// —1
P |max g, """ —my > x| < P|max Y —my > x— [max e)”’ (Ce (€ maxyevy &™) ) (B.30)
veVy veVy weVy

N,

Since m%/X €, — 0, as € — 0, this allows to conclude the proof of (5.28). (5.29) can be proved in
wevy

the same way, by switching the roles of {;l/vv hvevy and {J/VV }vevy in the proof above. Further details are

omitted. O

AprPENDIX C. PrOOF OF PROPOSITION 5.8

We outline the strategy of the proof: First, we localize the position of S2", for particles v € Vyy that
satisfy SY > my +z. This reduces the computation of the asymptotic right-tail distribution to the com-
putation of an expectation of a sum of indicators, which is significantly simpler, as it essentially boils
down to computing a single probability. In the second step, we prove that the asymptotic behaviour
of the right-tail of the maximum of the auxiliary field does not depend on the parameter N, so that
any possible constant also depends only on the remaining parameters, K’, L’ and z. In the third step,
we investigate how the limit scales in z, which allows us to factorize the dependence on the variable
z in the above obtained constants, reducing the dependence of the constants to the parameters, K’, L'.
We further show that the constants can be bounded uniformly from below and from above, which then

concludes the proof. Recall that S C]’f =SN-§ N forv € Vy. For the entire proof, fix the index i along

with a box By, k. ;. The field {S IVV S }veBy k. 18 constructed in such a way (see (5.9)), that it is independ-
ent of the integers K, L and i. In particular, the sequence {8}, ;,}x’1- does not depend on these. For a

fixed v € By/kr;, and for S {,V"”, consider Xév as the associated variable speed Brownian motion. To be
more precise, recall the definition of § iv ™ in (5.6). To each Gaussian random variable bgvj 5 10 (5.6),

associate an independent Brownian motion bfvj p(0) that runs for 272/ time with rate o (%) and ends
at the value of 0'(?) bfvj - Each variable speed Brownian motion, {XéV (O}o<r<n—k—i—k—r, 18 defined
by concatenating the Brownian motions associated to earlier times, which correspond to larger scales.
Until the end of the proof, in order to shorten notation, simply write N = N/KL, n* =n—k—1-k' -1’
and analogously, i =n—k—1laswellas[ = ' + k', k = k+ . Asin (5.5), we consider the partitioning
of By/kr,; into a collection of K’L’-boxes Bk, and refer to Bx:1/(v) € Bkr as the unique K’'L’'—box

that contains v. The set of all left bottom corners of these K’L’—boxes is called Z5. We further write
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Mok, 1) = 2log@)T 2 (&, £)n — WADID) for s ¢ [ ). Let

E,n@) = {XV(0) = My(k. 1) € [ (1, n"), max(i"(t.n"), 2)], VO < 1 < ",

k _
max YV > 2log(2)7,, (;, l)n —log(n)/4 -k +z - XﬁV(n*)} , (C.1)

MEBK/L/ (V)

where YV g N_ghe_ghm_ g N.F _ §Nm is an independent Gaussian field. The first restriction
is that all particles have to stay within a tube around 2log(2)7 > (5, I‘T”) n, which is due to Proposi-
tion 4.2. Moreover, it ensures that at the beginning, particles cannot be too large. The second event
ensures that there are particles reaching the relevant level. We consider the number of particles satis-

fying the event E, y(z), namely

An(2) = Z 1E, v (C.2)

VEZyY

and claim that

]P( max SN > M,(k,n)+z -k

VEBN/KL,

limsup limsup =1. (C.3)

500 (LKL K ,N)=oo £ [An(2)]

This reduces the analysis to compute the asymptotics of the expectation, which is much simpler, as
this only needs precise right-tail asymptotic of a single vertex. We start proving the claim (C.3). By a
first moment bound and using Lemma 4.4, one obtains

limsup ~ limsup n»( max SCV’szna'c,nHz—zzv)sE[AN@], (C.4)
z—00 (LKL ,K',N)=co VEBN/KL,i

which implies that the quotient is bounded from above by 1. In order to obtain equality, one shows

limsup limsup T [AnG)|/E[AnG)] = 1. (C.5)
z—oo (LK, L' ,K',N)=co

Assuming (C.5) and using the Cauchy-Schwarz inequality, one has

113( max SN > M,k n) + z) > E[An(G)], (C.6)

veBN/kLi

which, together with (C.4), then implies (C.3). Thus, we turn to the proof of equation (C.5). First,
decompose the second moment along the branching scale, by(v,w) = max{d > 0 : [v], N [w]) # 0},
beyond which increments are independent, i.e.

E[Av@?| =EIAN@I+ ) P(Eun@ N Ewn()

V,WEEY
n*-=1

=EAN@I+ ). > P(Ew@ N Ewn@) (&%)

t;=0 vwid(v,w)=t,
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Note that, for v € Ey fixed, there are 22(n"~(k+15) many w € Z5 with d(v, w) = t,. The probabilities in
(C.7) can be bounded from above by

P (Evn(2) N Eyn() < D P (X (1) = Ma(k1,) € [xs = 1, x,])

xy€[—i7 (k+tg,n*),max(i? (k+5,n*),2)]
x1,x0e[-1,1"]

P (XY (") = X () = My(teon =) + K + x; € [x1 = 1,x1])
( max YN > 210g(2)0' (Dl +z - x1)
MEBK/L/(V)
P (XN (n*) = XN(t) = My(ts,n =D + & + x; € [x = 1, x2])
x P ( max Y,ﬂv > 2log(2)oX(1) + z - xz) (C.8)
uEBK’L’(W)
Similarly, one can expand E [Ax(z2)], i.e.
B [An(2)] = 22 2 P (X (1)~ Ma(Ro1) € [xs - 1,x,])

xs€[—iY (k+tg,n*),max(i¥ (k+t5,n"),2)]
x1,026[- "]

X P (XN(n%) = XD (t) = My(k + ten =) + K + x € [x) = 1,x1])
X IP( max YV > 2log(2)c* (1) + 7 — xl) (C.9)
MEBK/L/(V)

For each summand, there is an additional factor appearing in (C.8) compared to (C.9). If one can show
that all these vanish uniformly over x;, when summing over 7, and then taking the limits, (z, L, N) =
oo, one obtains (C.5), and thereby (C.3). Thus, one needs to estimate the additional factors,

D P(XNG) = XNt - Mk + t,n =D+ K + x, € [x1a = 1, 351])

xe[-D,I7]

XP( max YLI,VZZlog(Z)O'Z(l)l_+z—xz)

MGBK/L/(W)
e 2log(2)lo(1) + £22 _ sy
< 020 ~(Ebiy) _ o) exp[_z log@)(E + 1, - Igz( + A)n)]
w71 27 l0g(2) 2 (K2, ;1) nTlog2 n
_ k—1-
xexp|-2log(2)l -2 (z - X5 — n- ) (r(l)
4( —k- 2log(2)]
. . l_ )
(x2 - X5 — ts log(n) )
Xexp|— AV . (C.10)
210g(2)IUz (TS 7)”

Note that there are 22" ~®+12) yertices w € E 5 with d(v,w) = ¢, for fixed v € E , which cancels with
the prefactor in (C.10) when taking the sum in (C.7). To show that the sum in ¢ is finite, first note that
the relevant term in (C.10) is given by exp [—2 log(2)(k + ty — I ;2 (k”‘) n)] Recall the assumption

I 2(x) < x, for x € (0,1). In particular, for any 6 > 0, there exists € > 0 such that 7 2(x) < x — €,
for x € (8,1 — §). Since one is interested in the limit, as (z, K’, L', N) = oo, it is possible to assume

M <¢€/2 and M < €/2. In this case it holds, for #, € (0,n — k — I),

Ia.z(k+[s)< kit C.11)

n n
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Using (C.11) in (C.10), implies that (C.10) is summable in #; € (0,n — k — 1), when considering limits
(z, K’', L', N) = oo. The sum in x; in (C.10) is bounded by its number of summands, i.e. one gets a
prefactor of leading order 4 log(2)l_7+1/ 20-(1), where one can choose y € (%, 1). Note that there is still
the term exp [—2 log(2)l_] which ensures that (C.10) tends to zero, as (z, K’, L', N) = oo. Altogether,
this proves (C.5). In the second step, we show that it is possible to choose the sequence of constants
independently of N. More explicitly, in the following, we show that there are constants Sx 1/, > 0,
such that

A E[A . ;
lim limsup EANOL_ p fiming ZIAN@T _ 2logokc0)-1) 20 (C.12)

220 (1 k' Ny=oo BKIL 2 zoo (UK \N)y=eo Bgr 1,

Since Xﬂv (n*) ~ (O log(2)7 ;2 (n m ) ), and using Lemma 4.4, which allows to ignore the restriction
to stay below the maximum at all times, I [Ax(z)] reads

22n-k-D1p (Xiv(fl) —My(k,n=T) e [-P, "], max YN >M,(k,n)-XN@n") -k + Z)
MGBK/L/(V)

f 22n—k-1) l (M,,(l_c, n—10)+ x)2
\/2nlog(2)faz (£, 2= 2log) T2 (1. %) n

’
n n n

><]P( max YN>210g(2)ZO' (1)+z—k7—x)dx

MEBK/L/ (V)

k 7 2
f 22k(0’2(0)—1)22l(g-2(1)—1) \/— oxp| 2 (x _ 10g4(n))
X —2X — Z _
J2rlog@)T (E=D) n 210g(2)(n — 2(0)k — a2(1)])

x 113( max YN > 2log(2)locX(1) +z -k — x) dx. (C.13)
LIGBK/L/(V)

By definition of S (see (5.9)), max,ep,,,, (v Y has the same law as max,ev,,,, S5 +ax 1 z®; and is
therefore independent of N (cp. (5.5) and (5.9)). Note further that # " 1, and by Borell’s

I 2(% "TI)n

inequality for Gaussian processes (see [52, Lemma 3.1]),

|
(C.14)

As o(1) > 1, (C.14), together with (C.13), implies (C.12) and thus, the third claim. In particular, one
can read off (C.13) that the sequence {5k’ 1’} depends only on the very last variance parameter and
on k7. In the last step, we analyse how the right tail probability scales in z, namely we want to show

e PE[An)] _ e E[An(z1)]

max YV > 2logQ)lo?*(1) +z - x -k

uEBK/ 124 )

)<c2 e ()-1? -3 -1 XP[ (121) @=k)|.

lim limsuyp ———=— lim liminf —r—— - = (C.15)
a0 1o e FIE [An(22)] T aa-w IN)=e e X E [Ay(z2)]
For v € Vi, set v, n(-) be the density, such that for any interval / C R,
f ven(dy = P(XVN (n*) eI+ Myk,n— z‘)). (C.16)
I
Using this notation, we can rewrite
24
P(E,n(2) = va,N(Z + x)IP( Enax( YN > 2log(2)lo(1) — kY — x) dx. (C.17)
UEDbK 1/ V

_Ir
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Note that in (C.17) only v, x(z + x) depends on z. For zj,z2 > 0, one has to compute the quotient
E [An(z1)] /E [AN(z2)], for which we use the reformulation in (C.17). The strategy is to compute the
asymptotic limit of the integral involving z; in terms of the integral involving z; and an additional
correction factor. As [ — oo, prior to z1,z0 — o, there is no need to shift the limits of the integrals.
For the remaining factors in both integrals, one obtains the relative density with respect to zj, 22, i.e.

2_ 2 log(n)
-5 - (@ —2)—5— -

2z —z2) — L 2 A (@1 = 2) —|. (C18)
210g(2)I(,z(n, =Nn log)I, (L 2d)n

vyn(Z1 + X)
vyN(22 + X)

= exp

Thus, we can rewrite P (E, y(z1)) as

4
f vyn(z2 + x)ez(Z‘_ZZ)lP( max YV > 2log2)lo*(1) - k¥ - x)
_ UEBKr 1/ (V)

log(n)
2

)
—_ —_ + —
X ex {Zl i @1+ 22) (21~ 22) dx, (C.19)

210821, (. =) n xlog(z)f(,z (5 =0)n

n’> n n’> n

where the last factor tends to 1, as (L,N) = oo. Computing the quotient E [Ayn(z1)] /E [An(z2)]
using (C.19) and summing over all vertices, one obtains, when turning to limits, that (C.15) holds.
Combining the above steps, in particular (C.15) with (C.12), completes the proof of (5.43), with some
non-negative sequence {8k’ 1/ }x’.1->0. In the final step, we show that this sequence is bounded. Using

Lemma 5.7, one has for some € > 0, being at most of order O (e‘y_‘h_l/ 20?0 log 2)),

kY k
1
Col < f % N(x)ZZkP( max S\ >2log27 . (k )n L x) + € (C.20)
e n

VGBN/KL, 4

Using the asymptotics (C.13) for the probability in the integral in (C.20), one can instead compute the
integral

L ex [_(ZIOgZI ok )m)z]

210g27 5(£)n

fky \/Zﬂlog 27 (E)

o i

X —

2212/3 =224 210g 2k 0)-1) g . — B e f 210g27 (5 )n dac
b \/27r10g2102( )

(C.21)

The integral in (C.21) is bounded by 1 and thus, when considering the lower bound in (C.20), one can
deduce that ¢, < Bk’ 1/, for K’, L’ > 0. The upper bound, i.e. Bx ;s < Cy, for K’, L’ > 0 and for some
constant C,, > 0, follows from a union and a Gaussian tail bound, i.e.

k 1 -
P( max S, f>210g2] ( )n— 0§n+z—k7)
n’

VEBN/KL;

22n=h) k . 2k -
< C, exp —210g2]02(—,1)n—2(z—k7+ ogn) ( )
n 1

T n 4] 2log2r,.(£.1)n
< Coexp [210g2)k(%(0) - 1) + 2K - 2¢], (C.22)
This concludes the proof of Proposition 5.8. O
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EXTREMES OF THE 2D SCALE-INHOMOGENEOQOUS DISCRETE GAUSSIAN FREE
FIELD: EXTREMAL PROCESS IN THE WEAKLY CORRELATED REGIME

MAXIMILIAN FELS, LISA HARTUNG

ABsTRACT. We prove convergence of the full extremal process of the two-dimensional scale-inhomogeneous
discrete Gaussian free field in the weak correlation regime. The scale-inhomogeneous discrete Gaussian
free field is obtained from the 2d discrete Gaussian free field by modifying the variance through a func-
tion 7 : [0, 1] — [0, 1]. The limiting process is a cluster Cox process. The random intensity of the Cox
process depends on the 7’(0) through a random measure Y and on the 7(1) through a constant 5. We
describe the cluster process, which only depends on 77(1), as points of a standard 2d discrete Gaussian
free field conditioned to be unusually high.

1. INTRODUCTION

Log-correlated processes have received a lot of attention in recent years, see e.g. [1, 6, 27, 10, 15,
36, 32, 35, 2, 3]. Prominent examples are branching Brownian motion (BBM), the two-dimensional
discrete Gaussian free field (DGFF), cover times of Brownian motion on the torus, characteristic poly-
nomials of random unitary matrices or local maxima of the randomized Riemann zeta function on the
critical line. One of the key features in these models is that their correlations are such that they start to
become relevant for the extreme values of the processes. In particular, one is interested in the structure
of the extremal processes that arises when the size of the index set tends to infinity. In the case of the
2d DGFF, one considers the field indexed by the vertices of a lattice box of side length N, where N is
taken to infinity. In this paper, we study the extremal process of the scale-inhomogeneous 2d DGFF in
the weakly correlated regime. The model first appeared as a tool to prove Poisson-Dirichlet statistics
of the extreme values of the 2d DGFF [8]. In the context of the 2d DGFF, it is the natural analogue
model of the variable-speed BBM or time-inhomogeneous branching random walk (BRW). We start
with a precise definition of the model we consider in the following.

Definition 1.1 (2d discrete Gaussian free field (DGFF)). Let N € N and Vy = [0, N)?> N Z2. Then, the
centred Gaussian field {q&vN hvevy With correlations given by the Green kernel

TéVN_l

T
E[o)o)] = Guy(vow) = ZBy| D Ls,m]. forvw e Vy (1.1)

is called DGFF on Vy. Here, E, is the expectation with respect to the SRW {S ;}x>0 on 77 started in v
and 74y, denotes the stopping time of the SRW hitting the boundary dVy.

Definition 1.2 (2d scale-inhomogeneous DGFF). Let {(/)1VV hevy be a DGFF on V. For v = (vi, 1) €
Vyand A € (0, 1), set

1 1
W=Dl = ([\q — N7y + N x

1 1
_ N 4 SN2
5 ) 2= 35 V2

2

)ﬂ V. (1.2)

M.F. is funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) - project-id 211504053 -
SFB 1060 and Germany’s Excellence Strategy — GZ 2047/1, project-id 390685813 — “Hausdorff Center for Mathematics” at
Bonn University.

Keywords: Gaussian free field, inhomogeneous environment, extreme values, extremal processes, branching Brownian
motion, branching random walk.
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EXTREMAL PROCESS OF THE SCALE-INHOMOGENEOUS 2D DGFF 2

We set [v]) = Vy and [v]} := {v}. We denote by [v]} the interior of [v]. Let Fopjupr =

0'({¢]VV ,v ¢ [v]i}) be the o—algebra generated by the random variables outside [v]}. For v € Vy,
let

o)D) =B[N Foppunr |, 21011, (1.3)

We denote by nglvv (4) the derivative (9,1¢1vv (1) of the DGFF at vertex v and scale A. Moreover, let

s +— o(s) be a non-negative function such that 7 .(1) = foﬂ o%(x)dx is a function on [0, 1] with
7 ,2(0) =1and 7,2(1) = 1. The 2d scale-inhomogeneous DGFF on Vy is a centred Gaussian field,
N = YN} ,evy, defined as

1
Y = f a(s)VeN (s)ds. (1.4)
0
For 6 > 0, let Vj‘f, = [6N, (1 —8§)N)?> N Z?. [31, Lemma 3.3 (ii)] shows that it is a centred Gaussian field
with covariance given by

log N —log, |lv—wl»
log N

E[u)y]l] = logNT 2 ( ) +0(1), forv,weVy, (1.5)

with log, = max {0, log(x)}.

Assumption 1. In the rest of the paper, (Y} ey, is always a 2d scale-inhomogeneous DGFF on Vy.
Moreover, we assume that I ;2(x) < x, for x € (0,1), and that I »(1) = 1, with s — o(s) being
differentiable at 0 and 1, such that 0(0) < 1 and o (1) > 1.

Under Assumption 1 we proved in [30, 31], building on work by Arguin and Ouimet [7], the sub-
leading order correction, tightness and convergence of the appropriately centred maximum. More
explicitely, there exists a constant, 8 = (0 (1)), which depends only on the final variance o(1), and a
random variable, ¥ = Y(0(0)), depending only on the initial variance o(0), such that, for any z € R,

lim P NV <my-z|=E —BYe * L.
Jim Pt < <) <o v
where my = 2logN — M. In particular, the limiting law solely depends on o(0) and o(1)

and is therefore universal in the considered regime. Note that my is also the maximum of N? i.i.d.
N(0,log N). Moreover, we proved in [31, Theorem 2.2] that under Assumption 1, points whose height
is close to the maximum are either O(V) apart or within distance O(1). In particular, there is a constant
¢ > 0, such that

N
lim lim ]P(Elu,v e Vywithr <|ju—-v|p £ — and gbuN,in > my — cloglog r) =0. (1.7)
r

r—o00 N—oo

To state our results, we introduce some additional notation. Let A c [0, 1]> and B c R be two Borel
sets. For v € Z? and r > 0, let its r—neighbourhood be A,(v) = {w € Z? : |[v — w||; < r}. Then, define

MrAXB) = D Ly Lvealyoyes: (1.8)
veVy

1N, 1s a point measure encoding both position and relative height of extreme local maxima in r—neighbourhoods.
To study distributional limits of these point measures, we equip the space of point measures on
[0, 11> x R with the vague topology.

Theorem 1.3. Let (' },cy, be a scale-inhomogeneous DGFF satisfying Assumption 1. Then, there
is a random measure Y(dx) on [0, 11> which depends only on the initial variance o (0) and satisfies
almost surely Y([0, 1]%) < oo and Y(A) > 0, for any open and non-empty A C [0, 112. Moreover, there
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is a constant B = B(o (1)) > 0, depending only on the final variance o (1), such that, for any sequence
ry withry = ocoand ry/N — 0, as N — oo,

N—oo
Mnsy — PPP(Y(dx)®Be"dh), (1.9)
where convergence is in law with respect to the vague convergence of Radon measures on [0, 1]> x R.

As the field at nearby vertices is strongly correlated, around each local maximum there will naturally
be plenty of particles being close to it. Together with location and height of r—local maxima, we
encode them in the point process

B =D Ly sy ) SN ® Oy ® Oz (1.10)

veVy

These are Radon measures on [0, 17> X R x RZ’. We consider this space equipped with the topology of
vague convergence. The following theorem shows convergence of uy ., the full extremal process.

Theorem 1.4. There is a probability measure v on [0, oo)Zz such that for each ry with ry — oo and
rv/N — 0, as N — oo,
finry — PPP(Y(dx) ® Be " dh @ v(dd)). (1.11)

. . . = 72
The convergence is in law with respect to the vague convergence of Radon measures on [0, 11>xRxRZ%".
Moreover, v is given by the weak limit,

v(-) = lim ]P(gbzz\m} +20(Da € 162N L 20 (1)a(w) = 0, Vwll; < r), (1.12)

r—0oo
with a(w) = A}im Gy,y [(N,N),(N,N)] = Gy, [(N,N),(N,N) + w] being the potential kernel. In ad-
dition, 8y = 0 and |{w € Z* : 6,, < ¢}| < o0, v—a.s. for each ¢ > 0.

As a consequence of Theorem 1.4, we obtain convergence of the extremal process

N = D SN @Sy (1.13)

veVy

Corollary 1.5. Let {(x;, h;) : i € N} enumerate the points in a sample of PPP (Y (dx)® Be_Zhdh) . Let
{9&? . w € Z%), i € N, be independent samples from the measure v, independent of {(x;,h;) : i € N}.

Then, as N — oo,
N = Z Z 6(x,-,h,-—9£f?)' (1.14)

ieN wez?

The convergence is in law with respect to the vague convergence of Radon measures on [0, 1]> X R.
Moreover, the measure on the right-hand side of (1.14) is locally finite on [0,1]* X R a.s.

1.1. Related work. Choosing o(x) = 1, for x € [0, 1], in (1.4) gives the 2d DGFF. Its maximum
value was investigated by Bolthausen, Bramson, Daviaud, Deuschel, Ding, Giacomin and Zeitouni
[12, 24, 13, 21, 26, 28, 20], which culminated in the proof of convergence of the maximum [20].
Biskup and Louidor proved convergence of the extremal point process encoding local maxima and the
field centred at those, to a cluster Cox process [9, 10]. The random intensity measure is identified
with the so-called Liouville quantum gravity measure [11]. The cluster law of the 2d DGFF admits a
closely related formulation to the one we obtain in Theorem 1.4, namely

voorr = lim P(¢Zz\{0} +2a € =\ L oawy > 0, Viwll; < r). (1.15)

The slight, however important difference, is that the factor o<(1) in (1.12) is equal to one. This causes
the conditioning in (1.15) to be asymptotically singular. There is another possible regime in the scale-
inhomogeneous DGFF, i.e. when 7 2(x) > x, for some x € (0,1). When x — 7 2(x) is piecewise
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linear, the leading and sub-leading order of the maximum, as well as exponential tails of the centred
maximum, in particular tightness, are known [7, 30].

Variable-speed branching Brownian motion (BBM), which first appeared in a paper by Derrida
and Spohn [25], is the natural analogue in the context of BBM of the scale-inhomogeneous DGFF.
It is a centred Gaussian process indexed by the leaves of the super-critical Galton-Watson tree, and
covariance given by tA(d(v,w)/t), where d(v,w) is the time of the most recent common ancestor of
two leaves v and w. A(x) = 1 corresponds to standard BBM. Its extremal process was investigated in
[1, 6, 17, 22, 34, 4, 5, 23]. In [1, 6], the cluster process was shown to be BBM conditioned on the
maximum being larger than V2z, or alternatively given as the limiting distribution of the neighbours
of a local maximum. The extremal process of variable-speed BBM was investigated in [15, 16, 35, 29,
18]. In the regime of weak correlations, i.e. when A(x) < x, for x € (0,1), A’(0) < 1 and A’(1) > 1,
Bovier and Hartung [15, 16] proved convergence of the extremal process to a cluster Cox process.
The cluster law can be described by the law of BBM in time ¢, conditioned on the maximum being
larger than V2A’(1)t, which is a perfect match to the one in the weakly correlated regime of the scale-
inhomogeneous DGFF in (1.12). In the regime when A is strictly concave, Bovier and Kurkova [19]
showed that the first order of the maximum depends only on the concave hull of A. Moreover, Maillard
and Zeitouni [35] proved that the 2nd order correction is proportional to ¢'/3.

Note that there are other models such as the BRW [37] or first passage percolation [33] where it
was proven that the extremal process converges to a (cluster) Cox process.

1.2. Outline of Proof. We start to explain the proof of Theorem 1.3. First, we deduce tightness of
iy, from (1.6), (1.7) and a uniform exponential upper bound on extreme level sets, which is proven
in Proposition 2.1. Then, we characterize possible limit laws as a Cox processes using a superposition
principle as in [9]. Finally, we need to show uniqueness of the random intensity measure. This follows
from the convergence in distribution of multiple local maxima over disjoint subsets (see Theorem 2.5).

Next, we explain the proof of Theorem 1.4. By (1.7), we know that extreme local maxima have
to be separated at distance O(N) and, due to correlations, are surrounded by O(1) neighbourhoods
of high points. We need to show that the O(1) neighbourhoods of extreme local maxima converge to
independent samples of a cluster law. Using (1.7) we know that also the O(1) neigbourhoods must be at
macroscopic distance, i.e. at distance of O(V). To obtain independence of the clusters, we decompose
the field into a sum of independent “local fields” that are zero outside the O(1) neighbourhoods and a
“binding field”, which captures the contributions from outside the neighbourhoods. The requirement
of being a cluster around a local maximum then translates into the local field being smaller than the
value at its centre. We then show convergence of the laws of the local fields conditioned on a local
maximum at their centre. In particular, we deduce that the clusters are i.i.d. samples of a common
cluster law. Together with convergence of the extremal process of local maxima, Theorem 1.3, this
yields Theorem 1.4.

Structure of the paper: In Section 2, we prove Theorem 1.3. The necessary ingredient, convergence
of multiple local maxima over disjoint subsets, i.e. Theorem 2.5, is proved in Section 4. The proof of
Theorem 1.4 is provided in Section 3. The appendix recalls Gaussian comparison tools.

2. Proor oF THEOREM 1.3

It turns out that we are able to follow and use large parts of the proof for the DGFF by Biskup and
Louidor [9]. As depicted in [9, 14], the fact that the limiting point process takes the particular form
of a generalized Poisson point process, is a consequence of a superposition property, which is due to
its Gaussian nature along with certain properties of the field such as the separation of local maxima
[31] and tightness of extreme level sets. The main ingredient we need, in order to apply the machinery
from [9] to obtain the distributional invariance and thus Poisson limit laws, is tightness of the point
processes, which is a consequence of the following proposition and previous results in [31]. Fory € R,
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we denote by
TnG) ={veVy: gl = my -y}, 2.1)
the level set above my — y.

Proposition 2.1. There exists a constant C > 0, such that, for all z > 1 and all ,

sup P (ITy(y)| > €9) < Ce® ™. (2.2)
N>1

Proof. By a first order Chebychev inequality and a standard Gaussian tail bound,

~ yIog N (my —y)*
Pl )< CX—=—_N? -——|<C 2y — R 2.3
(1> ) < CXE RN exp | -T2 < Cexplay - @3
which shows (2.2). i

Proposition 2.1 together with [31, Theorem 2.1] implies tightness of {5y, }nen, as the right-hand
side of (2.2) tends to zero as N — oo

2.1. Distributional Invariance. Let (W,);>¢ be an independent standard Brownian motion started in
0. Given a measurable function f : [0, 1] X R — [0, o0), let

£6h) = —log B [e—f <x’h+Wf—%f>], £ 0, 2.4)

where E° is the expectation with respect to the Brownian motion (W;);>0.

Theorem 2.2. (cp. [9, Theorem 3.1]) Let p be any sub-sequential distributional limit of the processes
NNy IN=1, for some ry — oo with ry/N — 0. Then, for any continuous function f : [0, 1’ xR —
[0, 00) with compact support and all t > 0,

E [e_<"’f >] -E [e_<'7’f’>] . 2.5)

Proof. The proof of Theorem 2.2 is a rerun of the one in the case of the 2d DGFF [9, Theorem 3.1]. We
therefore omit details here. It essentially uses convergence of the maximum obtained in [31] together
with expontential bounds on level sets, see Proposition 2.1. O

Remark 2.3. As we think that the interpretation of the statement by Biskup and Louidor in [9] is
enlightening, we reproduce it here. Picking a sample, 7, of the limit process, we know by tightness
that 7(C) < oo almost surely for any compact C. This allows us to write

n= " St 2.6)

ieN

where {(x;, h;) € [0, 1] X R U {—o0} : i € N} enumerate the points. Let {Wt(i) : 1 € N} be a collection of
independent standard Brownian motions, independent of 7, and set

M= ) S w1y 120, 2.7)
ieN
Using Fubini and dominated convergence, we have for all non-negative functions f,

E [e_<'7’f’>] -E [e_<'7”f >] . 2.8)

Theorem 2.2 then implies,

n; 4 n, t=0. 2.9
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We borrow from [9] a short heuristic argument why Theorem 2.2 should hold. Let y be a scale-
inhomogeneous DGFF on Vy satisfying Assumption 1 and let ¥, be two independent copies of it.
Fix some ¢ > 0. Then,

d t t t t
= [J1- "+ "=y - "+ [——=y" +o(1), 2.10
v logNw logNw i 210gNw logNw o) (2.10)

where we have used a Taylor expansion of the first square root, which has an error term O(2/ log> N).
Using the fact, that the first order of the maximum of the scale-inhomogeneous DGFF is log N, we
obtain an error o(1). If we take v € Vy away from the boundary, where ¢, > my —y or ¢, > my —y
and consider the r—neighbourhood A,(v), we first note that, for w € A,(v), ¢, — ¢/ = O(1), and so by
the prefactor, we may write,

d ., ! ’ ’ ! 1
(ﬁw = lﬁw — mlﬁw + @lﬂv + 0(1), w e Ar(V). (211)

Similarly, we know that ¥, —my = O(1) and ¢;, —my = O(1), for w € A(v), and thus, we may replace
ZIOIgNw;V by 210th(mN + O(1)) =t + o(1), to obtain

i ’r ! ’7”
Uy S0, — 1+ ,/—logN¢v +o(l), we AW). (2.12)

Finally, we see that /=" is asymptotically distributed as W;, where (W;);>0 is a Brownian motion.

og
Further, we know from [31, Theorem 2.2], that local extremes are at distance of order N and so the

field ¥/ in two such neighbourhoods has correlation of order O(1). The normalizing factor ,/@
then implies that two such neighbourhoods are asymptotically independent. Thus, for N large, we
have a one-to-one correspondence between local maxima of ¢ and local maxima of ¢’ by a shift in

their height through independent Brownian motions with drift —1.

2.2. Poisson limit law. Just as in [9], distributional invariance, Theorem 2.2, allows to extract a
Poisson limit law for every such subsequence, i.e. for any sub-sequential limit of the extremal process.
In our setting, we can directly apply [9, Theorem 3.2].

Theorem 2.4. [9, Theorem 3.2] Suppose that i is a sub-sequential limit of the process ny ., that is a
point process on |0, 11? X R such that, for some t > 0, and all continuous functions f : [0, I?xR -
[0, c0) with compact support, it holds, as in Theorem 2.2,

E [e_<'7’f >] -E [e_<'7’f’>] . (2.13)

Moreover, assume that almost surely ([0, 11> X [0, 00)) < oo and ([0, 11> X R) > 0. Then, there is a
random Borel measure Y on [0, 112, satisfying Y ([0, 11%) € (0, c0) almost surely, such that

n £ PPP(Y(dx) ® Be~2"dh). (2.14)
2.3. Uniqueness. In this section, we show uniqueness of the extremal process of local extremes, i.e.

of the limit ]\}irn nnry- In light of Theorem 2.4, we do this by showing uniqueness of the random

measure Y(dx). The proof is a generalization of the proof of uniqueness of the random variable Y in
[31, Theorem 2.1]. We show that the joint law of local maxima converges in law and that this law
can be written as a Laplace transform of the random measure Y(dx), which then implies uniqueness of
Y(dx). For aset A C [0, 1], we write ¢/, , = max {WVV cveVy, v/N e A}.

Theorem 2.5. Let (Ay,...,Ap) be a collection of disjoint non-empty open subsets of [0, 11%. Then the

law of (max{lﬂvV :veVy, v/INeA}- m]\/)f:1 converges weakly as N — co. More precisely, there are
random variables Yy,, ..., Ya, depending only on the initial variance o(0), satisfying Ya, > 0 almost
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surely, for 1 <i < p, and there is a constant 8 > 0, depending only on the final variance o (1), such

that
p
exp|—-B Z e 2N Yy,
=1

The constant 8 in Theorem 2.5 is identical to the one appearing in (1.6). Next, we prove The-
orem 1.3. The proof of Theorem 2.5 is given in Section 4.

JE&P(%AF”’NS"" I=1,....p)=E : (2.15)

Proof of Theorem 1.3 using Theorem 2.5. Let ry — oo with ry/N — 0 be now a fixed sequence.
Denote by 17 a corresponding sub-sequential limit of the extremal process {n7n,y}n=1. By Theorem 2.4,
there is a corresponding random measure ¥(dx) such that 5 < ppp (f/ (dx)® ﬁe‘Zhdh> . Note that, as
a trivial consequence of Theorem 2.5, for any open and non-empty A c [0, 112, Yy 4 — my 1s a tight

sequence. Fix an arbitrary collection, (Ay,...,A)), of disjoint, open and non-empty subsets of [0, 113,
with Y(0A;) = 0, for any / € {1,..., p}. By Theorem 2.5, there is a dense subset R C R such that, for
any xi,...,xp €R,

E :Al’i_r)lgop(w}k\,’Al—mNlez [=1,....p). (2.16)

P
exp (—ﬂ Z e 2 Y(Al))
I=1

Again by Theorem 2.5, the right-hand side of (2.16) is the same for all subsequences. Using continuity
in x of the left hand side, we can deduce from convergence on the dense subset R, convergence on
R. Along with a standard approximation argument of continuous functions on [0, 1]? via non-negative
simple functions, this implies uniqueness of the Laplace transform of the random measure ¥(dx) on the
disjoint collection (Ay,...,A,), regardless of the subsequence considered. As p € Nand Ay,...,A,
are arbitrary, it follows that ¥(dx) is the same for all sub-sequences. Therefore, we obtain a random
Borel measure Y(dx) whose masses of any countable collection of open sets Ay, ..., A, are given by
Ya,,.... Y4 » from Theorem 2.5, depending only on o(0). We conclude, that the law of the measure
Y(dx) also depends only on initial variance, o(0). Further, note that by Proposition 2.1,

P (n([0, 11 X [y, ]) > &) < Ce*2, (2.17)

In combination with Theorem 2.4, (2.17) implies that the total mass of Y is almost surely finite.
Moreover, Theorem 2.5 implies that, for any non-empty and open A c [0, 1]?, we have almost surely
Y(A) > 0. =

3. Proor orF THEOREM 1.4

In the following, we assume that Vy is centred at the origin. Let u be a Radon measure on [0, 1% x
R x RZ and f:10,1> xR x RZ - [0, o) be a measurable function with compact support. We write

wfy = f j(dxdhd6) £ (x, h. ). 3.1
Further, let
Oy, ={veVy: ¢\ = max y)} (3.2)
ueN,(v)

be the set of r—local maxima.

Lemma 3.1. For any ry — oo with ry/N — 0 and any continuous function f : [0, 1> xR x RZ with
compact support,

lim limsup max
r—00 N oo Mir<M<N]r

E [e—</1N,rN >] -E [e_<llN.va>:|| =0 (3.3)
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Proof. Let A > 0 be such that f(x,h,0) = 0, for h > A. If {unry, f) # {Un,m, f), for some M with
r <M < NJ/r, then Oy, A®y y N Tn(A) # 0. Thus, there are u,v € I'y(4) such that min(M, ry) <
|l — v|l, < max(M, ry). For N being so large that ry > r and ry < N/r, this implies

max (B[e 4l | - B|e4nmS >]| <P@Auvely): r<llu—vih <N/, (34
M:r<M<N/r
which by [31, Theorem 2.2] tends to zero. This shows (3.3). O

We set M := min{k : 2 > r}. In light of Lemma 3.1, we work with uy 5 instead of uy . Suppose
that the local maximum is taken at v € Vy. We decompose into two fields. The idea is, for fixed
v € Vy, to use the Gibbs-Markov property of the underlying DGFF to write the field into independent
components. One that captures the field inside Aj(v) and another that captures the field outside, i.e.
in Af,(v). v € Vy later plays the role of a local maximum. Thus, we write

Y = oMY L gAY for we Ay(v), (3.5)

where
- log M+llug.;v||v7wH2 1
og .
<D€“/’Lv = f O'(S)Vqﬁx(s)ds + f N o(s)VE [Qleo' (qﬁ)],v cyedwly N Ajw(v))] .
0 - og +lz§;rvllv wllp
(3.6)
and where
1
TAMO0V) _ Ap(v)
) = f1 ey T, (37)
og N

The field in (3.6) encodes the increments when conditioning outside the local maximum v € Vy and
its M—neighbourhood, A/(v). The field in (3.7) encodes the remaining increments within Ays(v). The
following lemma points out the key idea behind the definitions in (3.6) and (3.7).

Lemma 3.2. Suppose v € Vi such that Ay (v) C Vy and let M = 2%, Consider the sigma-algebra

Fuaw =0 (o) : we ) UAu)). (3.8)

Then, for Lebesgue almost every t € R,
Pyt - @0 € (Fan) = B(0 € 100 = - @), onyl =1} (3.9)
Proof. It is an immediate consequence using (3.5). O

The following proposition is used to localize the initial increments, (D,],W’V, of a local maximum at
ve Vy.

Proposition 3.3. Let r € R. There is ry € N such that, for any 6 € (0,1), r > ro, N € N, sufficiently
large, M € (r,N/r) and y € (0, 1/2), there is a constant Cs > 0, depending only on 6,

log M
P(Elv eVy: oy >my—1,0M —2logNI,- (1 - %) ¢ [~ log”(M), logV(M)])
<G Y K exp [—k”z;l]. (3.10)
k=|log M]
Proof. Asin (3.5),
yl = oM g (3.11)
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where the fields on the right hand side are independent. Using [31, Lemma 3.1 (i)] for the first and the
last field in (3.11), as well as by Green function asymptotics, see e.g. [10, (3.47), (B.5)], we deduce
that, for any & > 0, there is a constant ¢s > 0, such that

log M
sup Var [®MV| < 21og NT (1 - —) + cs. (3.12)
vev;@ [ ! ] 4 IOgN

Moreover, {CDS/[’V}VGVN is a centred Gaussian field. Thus, we can rerun the proof of [31, Proposition 4.2],
where the constant on the right of [31, (4.13)] may now depend on 6. This concludes the proof of
Proposition 3.3. o

The following lemma allows us to reduce the local field defined in (3.7) to a usual DGFF with a
constant parameter.

Lemma 3.4. Letv € V]‘z, and let { ~$M M.y e Ap(v)} be the centred Gaussian field defined in (3.7).
Then,

Jim gV — (D)™ =0 as. (3.13)

Proof. Note that for some € > 0, by an Taylor expansion at s = 1, we have o(s) = o(1) — o’(1)(1 —
s) + o(o’(1)(1 — s)), for s € (1 — ¢, 1]. In particular, for any v € Vy and w € Ap(v),

1
JAMO) _ (1) f

1 log M+log. [[v-wll»
logN

o (1)(1 = )V I (s)ds + o(1), (3.14)

which is a centred Gaussian and where the error term vanishes, as N — co. By Cauchy-Schwarz and
asymptotics of the potential kernel, e.g. [10, (2.7), (B.6)], the covariances of the field on the right-hand
side of (3.14) is bounded by a uniform constant times log? M/ log*>? N, which tends to zero uniformly,
as N — oo. This shows (3.13) O

Remark 3.5. With regard to Proposition 3.3, the cluster law around around a local maximum v €
V4 can be written in the form P(&AM(V) € [P = 210g NI - (1 - lli’)gT%, 1) + 1,0 < lZ/,j,\M(V)).
Lemma 3.4 shows that this has the same weak limit, as M — oo after N — oo, as
() = P (ar(1) (g = 6™ @) € o (g™ = 207 (1) log M + 1,0(1)e™ @ < (1) ?).
(3.15)

In the following lemma we show that the the cluster limit of the law v**!) exists in a suitable sense.

Lemma 3.6. Fixr, j > 1 and let c; € (0, 00). For M = min{k : 2k > py, uniformly in f € Cp (RAJ') and
t = o(log M),

Jim By [£]= B, [£]. (3.16)
where v(-) := lim v,(-),
V() = P(qﬁzz\m} +20(ha € 62\ £ 20(Daw) 2 01 My < r) (3.17)

and a being the potential kernel.

Proof. Convergence of the finite dimensional distributions of the measures v,(-) is a simple con-
sequence of the DGFF satisfying the strong FKG-inequality, which implies that  — v, is stochastic-
ally increasing. Thus, lim v,(A) exists for any event A, depending on only a finite number of coordin-

ates. Next, we prove that {v,}, is tight, which then implies that v is a distribution on RZ. By a union
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and a Gaussian tail bound, for any r > kg > 0, there are constants C, C > 0 such that

.
1
P(Hv, ko <Ml <7 629 5 20(1) log Ilvll) < Z 4kP( sup 2\ 5 20(1) logk + 3 log(Z)]
k=kg [Ivlli =k

S 4k i R o
chl:f) logkexp[a'(l)logk+co]scé) \/@exp[ [o2(1) l]logk].

(3.18)

As the sum converges and vanishes, as ky — oo, we deduce tightness of (v,),en and so V(RZZ) =1.In
the last step, we show that it takes the particular form as in (3.17). We have that ** conditioned on

¢6\M O _ 20 (1) log M shifts the mean of ¢6\M ©_ ¢ © by a quantity with asymptotic

Qo(Dlog M + t)(1 — gy (v)) — 20(1)a(v), (3.19)
as M — oo, and where g,(x) is discrete harmonic with g»,(0) = 1 and gy;(x) = 0, for x ¢ A(0). In
particular, the law of v — ¢6\M o _ ¢CM @ conditioned on ¢56\M O~ 20 (1) log M converges in the sense
of finite dimensional distributions to

Z\O) L 2 (1a(v), (3.20)
where {gb%z\{O}}vezz\{o} is the pinned DGFF, which is a centred Gaussian field with covariances as in
[10, (2.7)]. This concludes the proof of Lemma 3.6. O

Having weak convergence of the auxiliary cluster law, v,, we are now in a position to prove conver-
gence of the full extremal process.

Proof of Theorem 1.4. First note that by Lemma 3.1 we can work with M instead of ry. Let f :
[0,1]%> xR x RZ > [0, o0) be a continuous function with compact support. In addition, assume that,
for any x € [0, 11?2 and 7 € R, f(x,t,¢) depends only on {¢, : y € Ay(x)}. Let Vy = UEIZVI/M)Z Vum,ibea
decomposition of Vy into disjoint shifts of Vj,. Moreover, let ¢ € (0, 1) and set

pnms = DL Lo OuN @ O @Sy en2)- (3.21)

vw*

(N/M)2 {5
veUici ™ Vi

By Proposition 3.3, [31, Proposition 5.1] and [31, Theorem 2.2], it suffices to compute

; ; ; —unms.f)
\m him jim B [e LNl 48:vweOnar L is 2 10g NI, 5 (1- 1023 el - og? (M) log? (M): ve@w}] ’
(3.22)

Set

fam(V/N, 1) =
—logE|exp [-f (x.1. () — @) =y, + @) : we Z2))| Wl =my +1.veOyu|.  (323)

2
Conditioning on position, x;N, and height, my + ¢;, of local maxima in Ug]/ M) Vl‘f/“ and on the sigma-
algebra o (qﬁa’ s w € UOAy(x;N )), using Lemma 3.2 and the Taylor approximation for the cluster pro-
cess as in Remark 3.5, we can rewrite (3.22) as
(N/M)*

—fnm(xiti)
E 1—[ e ]lN||xj—xk\|2>4M:xjN,kae®N,MIl{q)zvv,v_ZIOgNI(rz(l_ﬁizxe[_logy(M),logy(M)]): veOnl |- (3.24)
i=1
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On {®)" - 21og NI, (1 - ﬁ%) € [~log’(M),log"(M)] : v € Oy}, Lemma 3.2, Lemma 3.4,

Remark 3.5 and Lemma 3.6 imply
Jimlim fyy(e0) = fix0) = ~logE, e /0] (3.25)
In particular, the convergence in (3.25) is uniform in x € Ul(.iVl/M)z V/@,i and r € R. Using (3.24) and
Proposition 3.3, we can rewrite (3.22) as
E [e—<77N,M,fu>] +o(1). (3.26)
Applying Theorem 1.3 to (3.26), we obtain

lim lim E [e‘<"N~M’fV>] =FE [exp [_f Y(dx) ® Be *"dh (1 — e—fv(x,h))”
[0,112xR

M—o00o N>

-E [exp [— f Y(dx) ® e dh @ v(dg) (1 - e~/ 0@’%‘”)” . (3.27)
[0, 12 XRXRZ?

Noting that the last line in (3.27) is the Laplace transform of a Poisson point process with intensity
BY(dx) ® e >"dh ® v(d¢), concludes the proof. O

4. ProoF oF THEOREM 2.5

First, we recall the 3—field approximation used in [31] to prove convergence in law of the centred
maximum.

4.1. 3—field approximation. We first decompose the underlying grid V. Assume N = 2" to be much
larger than any other forthcoming integers. Next, pick two large integers L = 2/ and K = 2¥. Partition
Vy in a disjoint union of (KL)? boxes, Bnkr = Byjkri t i =1,..., (KL)?}, each of side length

N/KL. Let vy/kr; € Vi be the left bottom corner of box By,kr; and write w; = ;(,V/’IK{LL’ . We consider

such that K’L’ divides N. Let Bx;y = {Bgrpyi: i =1,..., [N/(K’'L)]?} be a disjoint partitioning of
Vy with boxes Bk;. j, each of side length K’L’. The left bottom corner of a box Bk+;/; we call vg ;.
We take limits in the order N, L, K, L’ and then K’, for which we write (N,L,K,L’,K’) = oo. The
macroscopic field, {S C]’C}VGVN, is a centred Gaussian field with covariance matrix X, with entries given
by

3¢, = 02 (OB|gkLekE].  foru € ByjkLi v € Byjkujs (4.1)

where {¢X%},cy,, is a DGFF on Vk. It captures the macroscopic dependence. The microscopic or
“bottom field*, {S 1vv ’b}vevN, is a centred Gaussian field with covariance matrix X? defined entry-wise as

2 K'L 1y .
sh . {0' (DE [%—VK,UJ%—VK,L,J] » ifuveBgpr,
u,y "

4.2
0, else, 2

where {¢§’L' bvevr,, 18 @ DGFF on Vi /. It captures “local” correlations. The third centred Gaussian
field, {S va "} evy, approximates the “intermediate” scales. It is a modified inhomogeneous branching
random walk, defined pointwise as

n—I-k ] n—j

shme= > 31 27 log2hY, f ‘
J=K'+1" BeBj(vgrys 1) n—j-1
with {bﬁVj s B € UBivgry)i=1,..,(KL? j=1,...(N/KL) }being a family of inde-
pendent standard Gaussian random variables and where 8;(vk+; ;) is the collection of boxes, B C Vy,

of side length 2/ and lower left corner in Vy, that contain the element vgrr.- In order to avoid
boundary effects, we restrict our considerations onto a slightly smaller set, which is defined next.

o (f) ds, forve€ BykriN Bgr s 4.3)
n
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Consider the disjoint union of N/L— and L-boxes, that is By/, = {By/; : i = 1...,L% and
Br={Br;:i=1...,(N /L)?}. Analogously, let vy,r; and vy ; be the bottom left corners of the
boxes By, i, By containing v. For a box B, let B° C Bbe the set B’ = {v € B : min,gp |lv—2zl| > 63},
where /5 denotes the side length of the box B. Finally, let
Vie={ U B, in{ U B, .. in{ U BN u B, ). 4.4
N.é {ISISLZ Ll {1515(1@)2 wikLi) {lsis(N/L)z L) {19'5(1\//1@)2 kLil @4)
The next lemma ensures that the sum of the three fields, {S C’ “Fevys {SC’ M evys {SCJ ’b}veVN, approxim-
ates well the scale-inhomogeneous DGFF, {v,biv hoevy -

Lemma 4.1. [31, Lemma 5.2, Lemma 5.3] There are non-negative uniformly bounded sequences of

=1,...,

mod K'L’, i.e. V = v — vgrps j, and when setting

S{,V = S{,V’C +Siv’m +S11,V’b +ak1r,;0], 4.5)
we have
limsup ~|Var($2) - Var(y)') - 4a| = 0, (4.6)
(N,LK,L’ K"y =00
for some a > 0. Further, there exists a sequence {61,\/, xLxp = 0} with — limsup 61/\,’ xLxp =0and
(N,LK,L' K'Y= 00
bounded constants Cgs,C > 0, such that for all u,v € V;:, 5"
2 2 ’
(1) If u,v € By, then [ [(S{)’ - s) ] -E [(w{y —yl) ] < €y xixon
(2) Ifu € ByjLi» v € Byyrj with i # j, then |IE [SNSN] - B [ul vl ]| < ey xrron-

(3) In all other cases, that is if u,v € Byyr; but u € By, and v € By, j for some i’ # j', it holds
that [E[SYSY] - B [yl < Cs + 400

The field, {S IVV }vevy, defined in (4.5) is the approximating 3—field we work with.

4.2. Reduction to approximating field. In the following, we generalize the approximation results
from [31] to the case of countably many local maxima. We show that the local maxima of {I,I/VV hevy
are well approximated by those of {Slvv hvevy- As we need to compare probability measures on R”, we
use the Lévy-Prokhorov metric d(:, -), to measure distances between probability measures on R”. For

two probability measures, u and v, it is given by
d(u,v) =inf{6 > 0: u(B) < v(B‘S) + ¢ for all open sets B}, 4.7
where B° = {y € R? : |x —y| < &, for some x € B}. Further, let

d(u,v) = inf{6 > 0 : u((x1,0),. s (Xp,00)) < V((x1 = 6,00),...,(xp = 6,00)) + 6, V(x1,...,xp) € R},
4.8)

which is a measure for stochastic domination. In particular, if d(u,v) = 0, then v stochastically
dominates u. Note, unlike d(, ), d(-,) is not symmetric. Abusing notation, we write for random
vector X, Y with laws uy, iy, d(X,Y) instead of d(uy, uy) and likewise for d. Fix r € N and let B,
of V|n/r)r into sub-boxes of side length r. Let 8 = U,en ,<nB, and {g5}pes be a collection of i.i.d.
standard Gaussian random variables. For v € Vy, denote by B,(v) € 8B, the box containing v. For
ri,r €N, ri,rm <N, A C[0,1]% s1.50 € R, we write

— N
= max + 5188, + S28B,n s 4.9
lﬂN,A VEVNZV/NEA lﬁv g v.ry g v.N/ry

and for a general field { glvv hoevys

% N
‘= max . 4.10
gN’A veVy:v/NeA &v ( )
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Fix p € N and disjoint, open, non-empty, simply connected sets Ay, ...,A, C [0, 112
Lemma 4.2. For s = (s1,52) € Ri, it holds

lim sup lim sup (W », = my)i<isps @i = mn = lIslB)1<i<p) = 0. 4.11)

r1,lp—00  N—ooo

For the proof of Lemma 4.2 we need some additional estimates.

Lemma 4.3. Let {/¥},cy, be a centred Gaussian field and ¢ > 0 a constant, such that, for any
v,w € Vy, |E [&VNI,/_/ﬂ -E [W(//y” < ¢. Moreover; let A C [0, 1]? be an open, non-empty subset and

{glvv hevy be a collection of independent random variables, such that

P(g]vv >1 +y) <e forv e Vy. 4.12)

Then, there is a constant C = C(a) > 0 such that, for any € >0, N € N and x > —€l/2,
P N+ o) > my + x| <P W > my +ox - Ce €'y, 4.13
s Oz <2 ms Bz Ry

Proof. Setl'y ={veVy:v/NeA,y/2< eglvv < y}. Then,

TN N > < TN > _
g (vevrﬁs‘;;wv +egy) zmy+ ) < P(m/ Bz my e x *ff)
+ ZE[P[ max ¢ > my +x—2! \/E|r2,~ﬁ]l. (4.14)
=0 VEFZi\E

By [31, Proposition 5.1], the second term on the right hand side in (4.14) is bounded from above by

ZE[P( max (Z/C’ZmN+x—2"\/EIF2,-\/g)

veVy:v/NeA

(o8]

< e Y B[IDy el/lv € Viv : v/N € A}l] eV,

i=0 i=0
(4.15)
where ¢ > 0 is a finite constant. By assumption (4.12), one has
E I, el/ltv € Viy : v/N € A}f] < e7¥(©97 (4.16)
Thus, using (4.16), (4.15) is bounded from above by
ge e O, (4.17)
This concludes the proof of Lemma 4.3. O
Lemma 4.4. Let {},cv, be a centred Gaussian field satisfying
[Var g\ — Var /| < e. (4.18)
Further, fix some p € N, and disjoint open, non-empty sets Ay, ..., A, C [0, 1% If
E|0 ] <Eluduy] +e (4.19)
then
1i]1;1 1 sup A(Wra, = myse s Wa, =N Wy g, =5 Wna, = mw)) < L6, (4.20)
and else if,
B[gYo] +e2 E[u)vl]. (@21
then
lim jipd((&;,, Ay =N U, =N, W g, = s Wy g =) < 1), (4.22)

where l(€) — 0 as € — 0.
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Proof. Let {yN}yevy, (W }ey, satisfy relations (4.18) and (4.19). Let @, {®"},cy, two independent
standard Gaussian random variables, and €*(¢) > 0. For v € Vy, set

N,Iw,€* € N ’
dwe _ 12 & + Mo, 4.23
e =1 o .
~N,up,e* * NN N
, =(1- Ty, 4.24
N N P wan
where we can choose, as in the proof of [31, Lemma 5.6], €*, € = €. (¢, €") and € = €' (e, ")
all non-negative and tending to 0 as € — 0, such that
Var |y | = Var [§]"7€ ] = Var[y]| +e  WveVy (4.25)
and
E [u <yl 2 B[dy gyt Yvw e V. (4.26)
An application of Slepian’s lemma for vectors (Theorem 5.2), gives
dN(('J’;kV,lW,E*,Al - mN, ey ¢;V,1W,E*,Ap - mN), (l;&}kv,u[),f*,Al - mN, ceey QZ;,MP,E*,AI - mN)) = 0. (4.27)
By Lemma 4.3, we obtain, for xi,...,x, € R,
P(lz}kVupe*A- —my = x;, 1 SiSp)SP(w}k\,A,—mN > x; — maxgvly" 1 SiSp)
SUPLE A ) weVy
% Co—(€maxueyy )" (4.28)
Since hII(l) Mmax,eyy ew = 0 this implies (4.20). (4.22) can be proved the same way by switching the
€E—
roles of {z//v hvevy and {z//v hvevy. We omit further details. O
Proposition 4.5. Let & € (0,0)2, r = (r1,r2) € (0,0)% and {y"""7 : v € Vy} as well as (g7 :
Vn} be two Gaussian fields given by
g = N G18B,,, + 028B,y,,» JorveV, (4.29)
and
Yo =yl 4 715 — 2 gN forveV (4.30)
T = or v .
" log(N) N

where {:,b1 bveVys {&v hvevy are two independent scale-inhomogeneous DGF'Fs, satisfying Assumption 1,
and where {gp}peg is a collectlon of independent standard Gaussians. For a set A C [0, 11, we write

Myar e = max Yo" and likewise, Mysg. = max 27" Then, for any p € N, and any

veVy:v/NeA veVy: v/NEA
collection of disjoint, open and non-empty Ay, ..., A, C [0, 113,

lim sup d ((MN,Al,rl,rz,d' =My, My A, e —MN)s (MNA G =N, - s MN A, G — mN)) =
N>
431)

asry,rp — 0o,

Proof. The proof is a straightforward adaptation of the proof of [31, Proposition B.2]. Decompose
Vy into boxes B of side length N/r, and call their collection B. Further, for 6 € (0,1) and B € B,
let Bs be the box with the identical centre as B, and reduced side length (1 — 6)N/r,. Then, we

set Vs = UpegBs. The corresponding maxima over are called My 4, 66 =  Max Y7 and

VEVNA v/NeA
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N,G,*
Myags = max i’
veVysv/NeA

slightly smaller sets, i.e. one has

. [31, Proposition 5.1] shows that it suffices to consider the maxima on the

lim lim IP](]WNA1 71,2070 * MNA| r1,2,05 ¢ ’MN,Ap,m,rz,é',(S * MN,A,,,m,rz,ﬁ')
0—>0N—>oo
= lim lim P(MNA1 Gus EMNA G s MNA, G 25 F MN,AP,G-,*) =0. (4.32)
6—0 N—oo

Next, we claim that the maximum is essentially determined by the maximum of the unperturbed scale-
inhomogeneous DGFF, {l,l/vv hvevy. For B € B, let zp be the unique element, such that

= ) 4.33
uh = max wy (4.33)
The claim is that
1
li lim P(|Mna, r,.r b= 1<i<
1, rlzlgooNl—IEo (l NAurirn6.8 = BEZIBHI??NA ;[/N | logn ! P)
= li P(IMN A58 = Nor > c1<i<p|=0. 4.34
im sup (l NAZwo = p MAX Wy | Togn i P) (4.34)
In the following, we show that none of the events in the probabilities in (4.34) can occur. It suffices to
show that none of the following events can happen. Fori € {1,..., p}, let
E(l) =MNA.r .6 &My — Comy + Oy UMy, 556 € (my — Comy + C)} (4.35)
EY =(Fu,v € Vi : u,v/N € A llu— vl € (r, N/r) and min@,yY) > my — clogn) (4.36)
EY =EV UEY, where £\’ = {w: Iv € Vy, vIN € A; 1 Y} = My a,py 50 WY < my — clogn),
EY ={w:3veVy, v/N € A; 1Y) = Mya, 505, ¥ < my — clogn) (4.37)

o o 2 1512
E,”={dve Be BC NA; : ¢, > my —clogn and Iog v, — Iog Nl//ZBZI/logn . (4.38)

The events E,, E3 and E4 in the proof of [31, Proposition B.2] include the corresponding events,
Eg ), Egi), Eg), we are considering here, and so we know that the probability of their occurrence tends
to zero. So, we are left with bounding the events Egi). First note that it suffices to consider the scale-
inhomogeneous DGFF, as the other terms are centred Gaussians with uniformly bounded variance.
Since maximizing over a subset, we have, forany i € {1,..., p},

N N
P may, 0> m ) <2 maut >y ). (439)

By tightness of the centred maximum [31, (2.2)], (4.39) tends to 0 as C — oo, uniformly in N. Hence
to show (4.34), it suffices to prove, for any i € {1, ..., p},

C—00 N> veVy:v/NEA;

Jim lim ]P’( max ¢ <my— C) =0. (4.40)

Assume otherwise, then there is a subsequence {Ny }ren, a sequence Cy — o0 as N — oo and a constant
€ > 0, such that, for any k € N,

P Ne < my, — Cy. | > €. 4.41
(vevN?:lilfkae Ail//v < my; Nk)—f (4.41)

We can further assume that A; c [0, 1]? is a box, othc_erwise pick the largest box that fits into A;. We
can decompose [0, 1]? into disjoint translations of Al(.]), that we possible need to cut with [0, 1]>. For

120



EXTREMAL PROCESS OF THE SCALE-INHOMOGENEOUS 2D DGFF 16

each Afj )N we consider an independent copy of {WVV hvevy, called {w/vv’j hvevy. By translation invariance,
for each of these (4.41) holds. By Gaussian comparison, independence and (4.41), we have

P(max ;l/lvvk <mp, — CNk) > P(max max (//Ivvk’j <mp, — CNk] > 0. (4.42)

VeV, J veAij)Nk

By tightness of {max,cy, WVV — mp}yen, the left-hand side of (4.42) tends to zero, which is a contra-
diction. Thus, this yields (4.40), which concludes the proof of Proposition 4.5. O

Lemma 4.4 and Proposition 4.5 allow us to prove Lemma 4.2.

Proof of Lemma 4.2: Define for v € Vy, J’va 7= (1 + (I)Ig(lfl))wév , and for A c [0, 11> open and non-

empty, M, NAG = MaXyeVy:v/NeA va 7 and set M, N,A = MaXyeVy:v/NeA 1,//]VV . (4.39) together with tightness
of the centred maximum [31, (2.2)] and (4.40) implies,

E[Mya.c| = E[Mya] +2153 +o(D). 4.43)
and

lim d(Mya, ~B[Mya]. My~ E|Myac)) =0. (4.44)

Next, we consider the field, {:,.//Ivv’&’*}vev,v, defined in (4.30). For i € {1,...,p}, set Mya, 5+ =
MAaXyeVy: v/NeA; ¥N* In distribution, {¢/" 7"} evy can be written as a sum of W ““}evy and an inde-

pendent centred Gaussian field with variances of order O((1/ log N )*). Thus, by Gaussian comparison,

E[Mya,c| = E[Myaze] +o(1) (4.45)

and
A}i_lgod((MN,Ai,ﬁ- -E [MN,A,-,&])ISI.SP , (MN,AI-,&,* -E [MN,A,-,&,*])lgsp) = 0. (4.40)
Combining (4.46) with Proposition 4.5 and applying the triangle inequality, one concludes the proof
of Lemma 4.2. O

Finally, we are able to deduce the key result in this subsection.

Lemma 4.6. Let p €N, and Ay, ...,A, C [0, 11? be disjoint, open and non-empty. Then,

limsup — d(Wha — mW)isicp (S ka, = My = 4@)1<izp) = 0. (4.47)
(N,LK,L' K")=c0

Proof. We refrain from giving the proof, as it follows in complete analogy to [31, Lemma 5.4]. Instead
of using [31, Lemma 5.6] in the proof, one replaces it by its multi-dimensional analogue, Lemma 4.4.
O

This reduces the proof of convergence in law of multiple local maxima of the scale-inhomogeneous
DGFF to the structurally simpler field, {S"},cy,, as it decouples microscopic and macroscopic de-
pendence.

4.3. Coupling to independent random variables. Recall A = (Ay,...,A)) is a collection of disjoint
open, non-empty, simply-connected subsets of [0, 1]?, for some fixed p € N. Further, we have tiled
Vn with boxes By, of side length N/KL. Instead of considering the maximum over the sets {v €

Vn : v/N € A;}, we want to work with the By,gr-boxes. Thus, for any i € {1,..., p}, let Tl.(KL) C
{1,...,(KL)?*} denote the maximal index set, such that jE€ Ti(KL) implies By/kz,;/N C A;, i.e.

UjeTi(KL)BN/KLJ‘/N C A;. (4.48)
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Further, it is immediate to see that forall 1 <i < p
INAI\ U jepkn Bkl
INA

as we let N, K, L tend to infinity in this order. In particular,

-0, (4.49)

P max LpN >my+2z|< Z INA; \ U ET(KL)BN/Kle sup ]P(WN > my + z)

) vev,
veU;i=17 Ai\UjET(KL) Bk, =1 !
i

INA; \ UjeT(KL)BN/KL Jjl

Zp: e, (4.50)

i=1

which, by (4.49), converges to zero as N — oco. Next, we construct random variables that do not depend

on N and that we couple to the local maxima of {SC’}%VN on UjeTiKL)BN/KL’j, U T[()KL)BN/KLJ. We

Jj€
set A” = UjeTfKDBN/KL,j, and Siv’f =8N —§N<y forv e Vy. Let {og; : 1 <i < R} be a collection of
independent Bernoulli random variables with

Pori=1)= ﬁ}»,yezpemgz(m_l), 4.51)

where, by using [31, Proposition 5.8], the constants 5%, ,, are such that they satisfy,

lim limsup e2log(z)l_‘(l_‘72(0»6_27‘ye21P( max S, f>mN(k n) — k""‘z) By | =0.  (452)

T2 (17 K/ N)=0c0 veBw/KkL

Moreover, there are constans c,, C, > 0 such that ¢, < ,BK, , < C,, where « is as in Lemma 4.1, and
the collection {8y, 1}k >0 depends on the variance only through o(1). In addition, we specify an
independent famﬂy of exponential random variables, {Yg; : 1 <i < R},

P(Yg; = x)= e—zxezia’ for x > —k”. (4.53)
Also, let {Zg;}1<i<k be a centered Gaussian field with correlation kernel . For eachi € {1,..., p},
set
G(L’)K UKk = .g?lé)(YR,j + 2log(KL)(1 - (72(0))) + (Zg,j — 21og(KL)). (4.54)
JeT,;
or,j=1
We collect these in the vector
* . (1) (p)
Girxvw =(Cxpxm Gk (4.55)

We denote the law of the random vector defined in (4.55) by fi; k1’,k’.4, which does not depend on N.
Next, we show that ji; x ;- k' o converges to the same limit as uy 4, the law of

(maxS —-my,.. .,maxS’vV - mN). (4.56)
veA/,

’
veA »

Set my(k, 1) = 210g NT 2 (&, 1) = LAUIER for k< and 1 € [k, n].

Theorem 4.7. It holds that

lim sup d(ﬂNA,,L_lL,K,Lf’Kf,A) =0. 4.57)
(N,L,K,L' ,K")=>c0

In particular, there exists lie 4 such that Al’im d(UN A, Hoa) =0
A m A A
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Proof. We follow the proof of [31, Theorem 5.9] that deals with the global maximum. Denote by
T; = arg maXyegy ;. S év , the a.s. unique point where the local maximum is achieved. By [31, (5.50)],
we have, for 1 <i < p,

lim sup P(Sl\f’f > my(k,n) — 7(7) = 1. (4.58)
(NLK,L’,K")=00 T

Moreover, we know that the fine field values cannot be too large, i.e. let

& = Ui<icg{ max S > myk,n) + KL+ &), and & = Uy<icp{Yri > KL + k7). (4.59)
VEDN/KL,i
By [31, (5.51)] respectively [31, (5.53)], we deduce
limsup P(&)=0and limsup P(&)=0. (4.60)
(N.LK.L K= (N.LK.L K" )=c0

This allows to couple the centred fine field, Mﬁi = MaXyeByx, S ﬁv’f — my(k, n), to the approximating
)

process G LKL K"

defined in (4.54). By [31, Proposition 5.8], there are 61’:,’ KLK'L > 0 with

limsup €y g, xpr =0, 4.61)
(NLKL K)=co

such that, for some Igl < ej{,’ KLK' 4
PR+ €< M, < KL+R)=P(oni = 1, Yay < KL+ R), (4.62)
and such that for all  with —k¥ — 1 <t < KL + k?,
P(QR,i = 1, YR,i S t— EX’,KL,K’L,) S P(_I_C’y + 2 S NIfV’l- S t) S P(QRJ = 1, YRJ’ S t+ EXI,KL’K/L//Z) .
(4.63)
Thus, by the same argument given in the proof of [31, Theorem 5.9], there is a coupling between
{Mlj:,l. : 1 <i<R}and {(or;, Yri) : 1 <i < R} such that on the event (6 U &')°:
OR,i = la |YR,i - M]{/,i| < E;],KL,K'L/, if M]{[’i > E;:/,KL,K’L’ (464)

Yri = M| < €y krone if ori = 1. (4.65)

As {Zg i} 1<i<r and {S]vv’c}vev,v have the same law, one can couple such that Siv’c = Zg;, forv € By/kri
and 1 <i < R. Using [31, (5.63)], we deduce

limsup Porz =1)=1, (4.66)
(N.LK.L' .K")=00
and thereby exclude that the local maximum is achieved in a box T](.KL) when at the same time pg ; = 0.

Thus, there are couplings, such that outside an event of vanishing probability as (N, L, K, L', K’) = oo,
we have

1 *
((maxSC]—mN)—G(L)KL,K,,...,(maXSJVV—mN)—G(Lpz(L,K,) <2en gLkl 4.67)
VEAII WL, VEA;, SLL, - B >
which proves Theorem 4.7. O

Next, we prove Theorem 2.5.

Proof of Theorem 2.5: By Lemma 4.6, (4.50) and Theorem 4.7, we can reduce the proof to proving
convergence of the laws fi; g’ k4. Recall that we write R = KL. In the following, we construct
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random variables {Dg(A;) : 1 <i < p}k >0 that are measurable with respect to FC =0 (ZR’[)f: 1> SO
that for any xi, ..., x, € R, the following limit exists

fim Ar gk A((=00,x1], ..., (=00, x,])
(LKL.KD= B exp(~By, ;, T2 Dxr(A)e )]

(4.68)

and is equal to one. Regarding (4.66), assume ogrz,, for 1 <i < p. Conditioning on ¥, we have, for
any xi,...,x, €R,

ALk g (=00, x1], ..., (=00, xp]) = P(GZ?K’L,’K, <xiti=1,... ,p)

)4 ) i IT(KL),»\
=E|[ [ (1 =P (orj(Yr;+2log(KL)(0} = 1)) > x; + 2 log(KL) - Zg IF*)) . (4.69)
i=1

A union bound on D¢ = {minj<;<g 2log(KL) — Zg,; > 0}, shows that

limsup P(D) = 1. (4.70)
(LK) = oo

Thus, on the event D, and by (4.51), (4.53) and (4.73), one deduces
P(0r, Vx> 210g(KL)0*(0) = Zg j + x{F€) = By 1 e 220+ O oeKD)Z 430 (4.71)

In particular, note that (4.71) tends to zero as KL — oo. Using e <1l-x< e ¥, for x < 1, and
inserting for x the probability in (4.71) with K, L large, implies that there is non-negative sequence
{ex.L}k.1>0, With lim sup ek ;. = O, such that

(K,L)=00
exp (—(1 + ex)Bj e XHTONEKDZ0450) < P (o ;Y ; < 210g(KL)(0) = Z j + xAF)

2 L
< oxp (=(1 - ex )i e (T ONEKD L)

4.72)
Plugging (4.72) into (4.69) gives (4.68), with
DKL(AI) — Z 6—2(2(1+0'2(0)) log(KL)—ZRJ-)' (473)
jer®&b
(4.68) combined with Theorem 4.7, implies that there is a constant §* > 0, such that
limsup |8 ;, =B =0. (4.74)
(KL=
Inserting (4.74) into (4.68), we obtain
ALk A((=00,x1],. .., (=00, xp]) _ 475)

lim
(LKLK)== B lexp(-p" £I, Dr(Ae )]

Theorem 4.7 in combination with (4.75), implies that {Dgr(A;) : 1 < i < p} converge weakly
to random variables {D(A;) : 1 < i < p}, as K,L — oo. Moreover, as the sequence of laws,
ik x ALK K0, 1 tight, it follows that almost surely, D(A;) > O, for i € {1,..., p}. This con-

cludes the proof. O

5. APPENDIX

5.1. Gaussian comparison. We need a vector version of Kahane’s theorem.
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Theorem 5.1. Let f € C*(R"; R¥) with sub-Gaussian growth in every component of the second deriv-
atives. Further let {X;}1<i<n, {Yi}1<i<n be two centred Gaussian fields satisfying

af
E|vy;|>E[XX,| = ax,-axj(x) >0, xeR, (5.1)
where the inequality is to be understood component-wise. Then,
E[fN] <E[fX0], (5.2)

again to be understood as an inequality valid in each component.

Proof. The proof is an immediate adaptation of the original proof, as each component of f is a function
fi € C2(R™) with sub-Gaussian growth in its second derivatives, for which Kahane’s theorem holds. In
particular, each component of the map f can be treated separately. O

This allows us to deduce a vector version of Slepian’s inequality.

Theorem 5.2. Let T be a countable index set, {X;}icr, {Yi}ier be two centred Gaussian fields satisfying

Var[X;] = Var[Y;] Vie T and E|XX;|<E[vY;|. Vi jeT. (5.3)
Then, for any disjoint collection of subsets T1,...,Ty C T and real numbers x,...,x; € R,
P(max Yi<xy,...,maxY; < xk) < P(maxX,- < Xf,...,max X; < xk). 5.4)
ieT) i€Ty i€T) i€T,,

Proof. The proof is basically only a vector version of the original, which is why we just give a sketch.
Assume for simplicity |T| = n. One takes a sequence of maps f; : R” — R of the form

Tica, 8(x)
[Tica, &;(x)
1= ! (5.5)
[Tica, 8i(xi)
where gf(x ;) are smooth, non-increasing and converge from above to 1(—w,y;;. One notices that the
requirements of Theorem 5.1 are met, and an application of it finishes the proof. O
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