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Abstract. In this paper, we study a random field constructed from the two-
dimensional Gaussian free field (GFF) by modifying the variance along the scales in
the neighborhood of each point. The construction can be seen as a local martingale
transform and is akin to the time-inhomogeneous branching random walk. In the
case where the variance takes finitely many values, we compute the first order of
the maximum and the log-number of high points. These quantities were obtained
by Bolthausen et al. (2001) and Daviaud (2006) when the variance is constant on
all scales. The proof relies on a truncated second moment method proposed by
Kistler (2015), which streamlines the proof of the previous results. We also discuss
possible extensions of the construction to the continuous GFF.

1. Introduction

1.1. The model. Let (Wj)g>0 be a simple random walk starting at u € Z? with law
2,,. For every finite box B C Z?, the Gaussian free field (GFF) on B is a centered
Gaussian field ¢ = {¢, }yep With covariance matrix

Top—1

o T
GB(U, ’U) = ) -8y Z I{Wk—v}‘| , u,v € B, (11)
k=0
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where Tpp is the first hitting time of (Wj)x>o on the boundary of B,
0B = {v € B | 3z ¢ B such that ||v — z||2 = 1},

and || - || denotes the Euclidean distance in Z2. With this definition, B contains its
boundary. We let B® = B\0B. By convention, summations are zero when there are
no indices, so ¢ is identically zero on dB. This is the Dirichlet boundary condition.
The constant 7/2 in (1.1) is a convenient normalization for the variance.

In this paper, we consider a family of Gaussian fields constructed from the GFF
{¢v}vevy on the square box Vi = {0,1,..., N}2. These Gaussian fields are the
analogues, in the context of the GFF, of the time-inhomogeneous branching random
walks studied in Bovier and Kurkova (2004); Fang and Zeitouni (2012a); Bovier
and Hartung (2014); Ouimet (2015). We study the maxima and the number of
high points of this family of Gaussian fields as N — co.

The construction is very natural for any Gaussian field on a metric space and
bears strong similarities with martingale transforms. It is based on the modification
of the variance in neighborhoods around every point along different mesoscopic
scales. More precisely, for A € (0,1) and v = (v1,v2) € Vy, consider the closed
neighborhood [v]y in Vv consisting of the square box of width N1~ centered at v
that has been cut off by the boundary of Vi :

1 1
[v]) = ([ul — §N1_”\7v1 + 2N1_’\] X {vg — 5N 122 g + N1 AD (Vv -

By convention, we define [v]p = Vy and [v]; = {v}. We stress that square boxes
are not essential to the construction; any neighborhood centered at v containing
points at distance roughly N'=* would do. Let Fpj,, s = o({¢v,v & [V]$}) be
the o-algebra generated by the variables on the boundary of the box [v] and those
outside of it. Since the neighborhoods are shrinking with A, for any v € Vy, the
collection F,, = {]:.S[U]AU[U];})\E[OJ] is a filtration. In particular, if we let

¢v()\) =E bu | f@[v]ku[v];
then
for every v € Viy, (¢u(A))repo,1) is a Fy-martingale.
It is also a Gaussian field, therefore disjoint increments of the form ¢, (\) — ¢, (N)
are independent. These observations motivate the definition of scale-inhomogeneous
Gaussian free field, which can be seen as a martingale-transform of (¢, (A))xeo,1
applied simultaneously for every v € V.
Fix M € N and consider the parameters

o= (01,00,....00) € (0,00)M, (variance parameters)

A= (A, A, ) € (0,1)M (scale parameters)
where 0 = Ay < A1 < ... < Ayy = 1. The parameters (o, A\) can be encoded
simultaneously in the left-continuous step function

o(s) = o1l (s —|—Z:c7Z ao(8), s €]0,1] .

We write V; for the difference operator with respect to the index ¢. When the index
variable is obvious, we omit the subscript. For example,

V¢v(>‘i) = ¢v(>‘i) - (251)(/\1‘—1) .
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Definition 1.1 (Scale-inhomogeneous Gaussian free field). Let ¢ = {&, }yevy be
the GFF on Vy. The (o, A)-GFF on Vy is a Gaussian field ¢ = {1, },cv,, defined
by

M M
hy = Zaiwvw) = Zai (60 (X)) = Pu(Ni1)) - (1.2)

Similarly to the GFF, we define
Yy(A) =E {% | -/—-va[v],\u['u]i:| :

The field with two variances (M = 2) was presented in Arguin and Zindy (2015),
where it was used to prove Poisson-Dirichlet statistics of the Gibbs measure in the
homogeneous case (M = 1).

1.2. Main results. The main results of this paper are the derivation of the first or-
der of the maximum and the log-number of high points for the scale-inhomogeneous
Gaussian free field of Definition 1.1. The methods of proof are general and di-
rectly applicable to time-inhomogeneous branching random walks and to other log-
correlated Gaussian fields.

First, we need to introduce some notations. For any positive measurable function
f:[0,1] = R, define the integral operators

Jr(s) = f(r)dr and Jy(s1,82) é/ 2f(r)dr.
0 S1

It turns out that the first order of the maximum and the log-number of high points
are controlled by the concavification of J,2(-). Let J2 be the function whose graph
is the concave hull of [7,2. Its graph is an increasing and concave polygonal line,
see Figure 1.1 for an example. There exists a unique non-increasing left-continuous
step function s — &(s) such that

T2 (8) = Tp2(s) = /Os a2(r)dr for all s € (0,1].

The points on [0, 1] where & jumps will be denoted by

0=X <M< i<cAm=1, (1.3)
where m < M. To be consistent with previous notations, we set &; = &(\!).
Theorem 1.2 (First order of the maximum). Let {1, }vevy be the (o, X)-GFF on
Vv of Definition 1.1, then

. maXyev; ’l/)v
lim —2= N 7Y

N e Nz Jerse(1) =97 in probability.

In the homogeneous case where M = 1 and o1 = 1, the result reduces to v* =1,
as proved in Bolthausen et al. (2001), which corresponds to the first order of the
maximum of N? i.i.d. Gaussian variables of mean 0 and variance log N. Note that
the result of Theorem 1.2 can be written as follows :

* = 5 = ST a*(s) s = 163 s

This is simply a weighted average of homogeneous cases on the intervals [A\/=1, \!]
with variance parameter ;. We say that s — &2(s) act as the effective variance of
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FIGURE 1.1. Example of 7,2 (closed line) and 7, (dotted line)
with 7 values for o2.

the field. We stress that +* is strictly smaller than &, in cases where the concave hull
is not a straight line. In particular, the upper bound on the level of the maximum
cannot be proved by a simple union bound as in the homogeneous case.

The set of y-high points of the field v is defined as

Hy ={veVn |1, > ylog N2}, forall 0 <~ < ~*.
The number of high points will depend on critical levels defined by
\70'2 ()\l’ 1)

- 1<i<m, 4*=0. (1.5
gl

1 2
1 o a (5) l
= 7d == o )\
7 /0 s AN Jar/a(X)
Theorem 1.3 (Log-number of high points or Entropy). Let {¢, }vevy be the (o, A)-
GFF on Vi of Definition 1.1 and let =1 <~ < 4! for some | € {1,...,m}, then

— T2/ )\l—l 2
o jj(Z/\/l(l 0 ) =&, in probability.
o2 )

The homogeneous case where M =1 and 07 = 1 was proved in Daviaud (2006).
In that case, we have &, = 1 —~? as for N? ii.d. Gaussian variables of mean 0
and variance log N. The proofs of Theorems 1.2 and 1.3 are deferred to Section 3.
The method of proof is explained in Section 2. It is a refinement of the second
moment method based on the control of the increments of high points at every
scale. The method was used in Kistler (2015) to obtain a new proof of the first
order of the maximum in the homogeneous case. Here we extend this method to
the log-number of high points in all settings and to the first order of the maximum
in the inhomogeneous setting. In the scale-dependent case, as opposed to the
homogeneous case, it is necessary to truncate the first moment using the information
at every scale A\ to get the correct upper bound.

. log[HY| -1
lim —2 N (g -
N log N2 (1=A7)
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1.3. Related works and conjectures. The scale-inhomogeneous GFF is the equiva-
lent of the time-inhomogeneous branching random walk (IBRW) where the variance
of the random walk is a function of time. In particular, Theorems 1.2 and 1.3 can
be proved for branching random walks using the same technique, see Section 2 of
Ouimet (2014). In fact, much more precise information is known about the maxima
of these models. In Bovier and Kurkova (2004), the authors introduce a continuous
version of Derrida’s Generalized Random Energy Model (GREM) Derrida (1985),
which is akin to a time-inhomogeneous branching random walk, for which they ob-
tain the first order of the maximum and the free energy. In particular, they noticed
the concavification phenomenon for the first order. This observation also appears in
Capocaccia et al. (1987) for the GREM. A model interpolating between the GREM
and the branching random walk was introduced in Kistler and Schmidt (2015) where
Poisson statistics of the extremes are proved. For Gaussian IBRWs with two values
of the variance (M = 2), the lower order corrections for the maximum and tightness
of the law were proved in Fang and Zeitouni (2012a). In this case, convergence of
the extremal processes and of the law of the recentered maximum have been shown
in Bovier and Hartung (2014). This is also proved in the case where the integral
of the variance remains strictly below its concave hull (for example, in the case of
increasing variances), see Bovier and Hartung (2015). For strictly decreasing vari-
ances, the lower order corrections for IBBMs exhibit a slowdown of the order /3 as
proved in Fang and Zeitouni (2012b); Maillard and Zeitouni (2016). Similar results
for non-Gaussian IBRWs and more general variances are proved in Mallein (2015),
though not at the level of convergence of the law. In Ouimet (2015), the second
order of the maximum for the Gaussian IBRW with a finite number of variances is
shown by generalizing the approach of Fang and Zeitouni (2012a) and the tightness
follows from Fang (2012).

In general, we expect that the scale-inhomogeneous GFF with a finite num-
ber of variances behave as the time-inhomogeneous branching random walk with
the same parameters for the lower order correction term of the maximum and for
its law. For the homogeneous GFF, the convergence of the law of the recentered
maximum was proved in Bramson et al. (2016). In Arguin and Zindy (2015), the
scale-inhomogeneous GFF with two values of the variance was introduced to prove
Poisson-Dirichlet statistics for the extremes of the homogeneous GFF. Actual Pois-
son statistics for local extremes was proved later in Biskup and Louidor (2016).

One interest of Definition 1.1 for the scale-inhomogeneous GFF is that it can be
extended to a piecewise smooth variance function o : [0,1] — [a,b] where a > 0.
Consider the two-dimensional continuous Gaussian free field ¢ = {¢, },e[0,1)2 on the
unit square [0, 1%, see e.g. Sheffield (2007) for a definition. The field ¢ cannot be
defined as a random function. However, averages over sets make sense as random
variables. In particular, for every v € [0,1]? and X € [0, 1], one can define ¢7(\) as

the average of the field over a circle of radius r* :
. O 1 2m
on(N) = 2 Goarreio db . (1.6)

The parameter r plays the role of N~! in the discrete setting. The continuous
scale-inhomogeneous GFF for the variance function A — o () can then be defined
in terms of these averages :

or / () dop(N), e [0,1]2
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The stochastic integral makes sense because (¢;,(\))eo,1] is a Gaussian martingale.
Following the definition in Duplantier and Sheffield (2011) (up to a factor 2), a point
v € [0,1]2 is called y-thick if
T
m DS
r—0 log(r—2)

where it is assumed that the continuous Green function on [0, 1]? associated to ¢ has
been normalized as in (1.1). This is the notion analogous to y-high points. It was
shown in Hu et al. (2010) that the Hausdorff dimension of the set of v-thick points
is 2(1 —+?) when ¢ = 1. In view of Theorem 1.3, it is reasonable to conjecture that
the Hausdorff dimension of the set of y-thick points of ¢ is

(= o s (A0))?
? ((1 M ) ’

where A, = inf{\ € [0,1) : 7 < f; 2 ds}.

(1.7)

2. Outline of Proof

As stated before, the results of this paper are applicable to time-inhomogeneous
branching random walks and, more generally, to any scale-dependent log-correlated
Gaussian field. The proof relies on two main ingredients: an underlying approxi-
mate tree structure present in log-correlated models and an adaptation of the mul-
tiscale refinement of the second moment method introduced in Kistler (2015). In
particular, the method requires understanding the increments of high points along
every scale to prove tight upper and lower bounds. In Kistler (2015), this method
was used to streamline the proof of Bolthausen et al. (2001) for the first order of
the maximum of the homogeneous GFF. Here, we adapt the method to deal with
scale-inhomogeneous fields and log-number of high points.

To see the tree structure, define the branching scale between v and v’ in Vi :

p(v,v") = max{\ € [0,1] : [v]x N [v]x #0} . (2.1)
This is the largest A for which the two neighborhoods [v]x and [v']y intersect. We
always have by definition that ||v —v’|| is of order N'=2(**) The branching scale
plays the same role as the branching time (normalized to lie in [0,1]) in branching
random walk. More precisely, let {¢, }yev, be a homogeneous GFF and consider
the increments ¢, (\) — ¢, (A) and ¢ (1) — ¢ (1) for some choice of A < A" and
w < p'. The Markov property of the Gaussian free field (see Section A) implies
that for A\, u > p(v,v’),

u(X) = ¢,(3) s independent of (') — pu (1),
because the neighborhoods [v]) and [v'], are disjoint, see Figure 2.2. This means
that the increments after the branching scale are independent.
On the other hand, if A < p, it can be shown using Green function estimates
(see e.g. Lemma 12 in Bolthausen et al., 2001) that

V(¢o(A) = o (A) =0(1) .
In other words, the values of ¢, () and ¢,/ (A) must be close. This suggests that the
increments before the branching scale are almost identical. In particular, without
losing much information, we can restrict the field {¢,(A)}yevy to a set Ry C Vi
containing | N* |2 v’s with neighborhoods [v] that can only touch at their boundary
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and are not cut off by V. To remove any ambiguity, define Ry in such a way
that max,ey, min,cg, [|v — z||2 is minimum. We call Ry the set of representatives
at scale A and define Ry = V. For instance, if N = 2", A € [0,1) and An € N,
then divide Vi into a grid with N?* squares of side length N'=*, the center point
of each square is a representative at scale .

0 T scales

? v| V| /J)\ )\’\"né
scales J v

Is = distance of N1~

FI1GURE 2.2. The branching structure of the GFF.

Of course, the branching structure here is not exact as in branching random
walk. In particular, nothing precise can be said on the increments ¢, (\') — ¢, ()
and ¢, (N)— ¢y (A) in the case where A < p < X'. However, the contribution of such
increments can be made negligible by considering a large number of increments, as
we shall do. This branching structure holds also for the (o, A)-GFF, since it is
defined in terms of the increments of ¢, see (1.2) and Lemma A.1.

For 0 < v < 7*, the ~-high points are such that 1, > vlog N2. It is reasonable
to expect that for these points, there exists a unique optimal path A — L7 (\) such
that 1, (X) > L} ()\) at each scale \. We write L%, for the corresponding optimal
path in the case of the maximum level v*. It is the information on these paths along
the scales that is crucial for the method to yield tight upper and lower bounds. We
explain heuristically how to determine these optimal paths using first moments.

Consider the set of v’s for which the increments of the field 1 reach level V~;
between each scale \; :

Anar = {v € Vy | Vo (\i) > Vyilog N2 for all i € {1,2,...,M}},

where 79 = 0. By construction, |An | is a lower bound on the number of points in
Vi reaching a height of s log N2. We also consider the corresponding quantity at
intermediate scales A\, < Aps. In this case, because of correlations, we can restrict
ourselves to representatives at scale Ay :

Ang = {v € Ry, | Voo (M) > Vyilog N2 for all i € {1,2,...,k}} .
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There are O(N?**) representatives at scale Ay and the variance of the increments
is V(Vb,(\;)) = 02V log N + O(1) if we ignore the boundary effect. Therefore,
using the independence between the increments and standard Gaussian estimates

(see Lemma A.7, it will be used repeatedly) :
ko (Vr)?

NZ)\;CN72 =1l 62V x;
(log N)*/2 ’

k
E[|An k] < N []P(Veo(Ai) > 2Vilog N) <
=1

where < means that the ratio of the two sides lies in a compact interval bounded
away from 0, for NV large enough. In other words,

_logE[Ans]) & (V)
1 IS S L 1A F DA R .
N log N2 ; Vi o2V

Since there should be representatives at each scale A\, that ultimately yield a high
value at scale Aps, it is intuitive that the level of the maximum can be found by
maximizing

M k
. (Vy:)?
= V~; under th traint Vi — >0, 1<k<M.
Y ; ~; under the constraints ; < SIVN
This optimization problem can be solved using the Karush-Kuhn-Tucker theorem
(see Lemma B.2). We write (vf,43, ..., v4;) for the unique solution. We will make
extensive use of the polygonal line L% (-) linking the points (0,0), (A1, log N?),

(A2, 75 log N?), ..., (A, 74 log N?) to prove Theorem 1.2 and 1.3 :
* . [T o%(r) 2 2
Ly(s) = 0 drlog N* = J,2/5(s)log N*, s € [0,1]. (2.2)

This is the optimal path for the mazimum. Figure 2.3 shows an example of such a
path. In particular, it is important to note that the optimal path coincides with its
concave hull at each scale \!, namely

Ly(\) = Ly (W) = Joz /s (A) log N2 = T;(X) log N2, 1<1<m.  (2.3)
L2 O e ,j/; =7
D O L 2
"

51105} AURNE—— < AU v
S e .

/(\)0 )\1 )\2 iig )\4 ig ig )\17 S

/\0 )\4

FIGURE 2.3. Example of L}, (bold line), L%, (thin line) and its con-
cavified version I:}‘V (dotted line), with 7 values for o2 and 4! < v < 72
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The same heuristic can be used to determine the optimal path L) (-) for 4-high
points, 0 < v < 4*. Setting now vy, = 7, we get

M—-1
oy SEEL) S (), <w>2) (9~ <v—w1>2>' o)

N—oo log N2 p LAY o2, Vm

A lower bound for the log-number of «-high points can be found by maximizing (2.4)

with respect to v1, 72, ..., vm—1 and under the constraints
k
(Vi)?
VA — >0, 1<k<M-1. 2.5
Z ( O—ZZV)\i = — v = ( )

i=1

The unique solution to this problem is found in Lemma B.3 using again the Karush-
Kuhn-Tucker theorem. The form of the path will always depend on the critical levels
defined in (1.5). Whenever v/~ <~ < ~!, the optimal path for ~v-high points is :

11 (g 2 [ Tora(8)loa N7, 0<s <AL
(S) = (jaz/a()\l_l) + m(v T 2/0()\l 1))) logNQ, A1 <s<1.
(2.6)

The path coincide on [0, \'!] with the optimal path for the maximum. Also, note
that L}, is continuous and converges uniformly to L%, as v — ~* (which yields that
Ly is continuous as well).

3. Proofs of the main results

3.1. Preliminaries. For all A € [0, 1], recall that ¢, (\) = E[¢), | Fap),ujc]- By the
Markov property of the GFF (see Lemma A.1), it is not hard to show that for any
partition 0 = sg < 81 < ... < sx = 1 of [0, 1] such that {\;}M, C {sj}JKZO, we have
foralll1 <Ek<I<K:

l
¢() ¢v5k1=ZUSJV¢v83
j=k

In particular, the independence of the increments of 1 follows directly from the one
for ¢. Moreover, using standard estimates on Green functions, Lemma A.2 shows
that

—C1(6) SV (Yu(s1) = o(s6-1)) — To2(sk—1, 51) log N < Cy (3.1)
for all v € Vlf, and N large enough (depending on ¢), where

Ve ={veVy| min fJo—2[lz > 6N}, 0€(0,1/2] .

The set Vzé/ contains the points that are at a distance at least § N from the boundary
of Vy. Lemma A.3 proves that the upper bound in (3.1) holds on Vi, that is

max V(v (s1) — Yo(sk-1)) < Jo2(sk-1,51) log N + C (3-2)

for N large enough.

Throughout the proofs, ¢ and C' will denote positive constants whose value can
change at different occurrences and might depend on the parameters (o, A). For
simplicity, equations in the proofs are implicitly stated to hold for N large enough
where it is needed.
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3.2. First order of the maximum. Theorem 1.2 is a direct consequence of Lemma 3.1,
which proves that v*log N2 is an upper bound on the first order of the maximum,
and Lemma 3.3 which shows the corresponding lower bound.

Lemma 3.1 (Upper bound on the first order of the maximum). Let {1, }yev, be
the (o, A\)-GFF on Vx of Definition 1.1 and v* as in Theorem 1.2. For all € > 0,
there exists a constant ¢ = c(e,0,X) > 0 such that

P <max Uy > (7" + me) log N2> <N~° (3.3)
veVN

for N large enough.
Proof: Recall the definition of the optimal path L%, from (2.2) and define
Ly (s) = Ly(s) + zlog N*, s€[0,1] .

Recall the definition of A7 in (1.3) and the notation Ry; for the set of representatives
at scale A7. Consider the set of representatives whose value reached just over the
optimal level at A7 :

HyG = {ve R [w) 2 Ly (V)}, 1<i<m.

The idea of the proof is to split the probability that at least one point in Vi reaches
just over the optimal height by looking at the first scale A7, 1 < 7 < m, where the
set ”H;VEJ is not empty. This provides the appropriate constraints along the scales
to get the correct upper bound. For 0 < 7. < £/m, define

A = {[p(V) =y, (V)| < melog N? for all j € {1,....,m} and all v € Vv }

where vy denotes any representative in R that is closest to v. Here we introduced
the event A, to approximate the branching structure of the field 1. Since Rym = Vi
by definition and L™ (A™) = (v* +me) log N2, a union bound gives the following
upper bound on the probability in (3.3) :

P(1HN] = 1) < P(AD) + Y P({IHAG] = o = MRS = 0,1HR3 = 1} nAL)
=1

Jve Ry Ny s.t.

Yo(N) > L(M) and

o, (V) < L5 (V)

foral 1<j <[ —-1

m

<P(AY)+ ) P

=1

N A

< Ce=cne)(log N)?

m l Yy (AL > LR}Z‘_S_"E(/\Z) and
+D N max S, (M) < L CT () (3:4)
=1 RN A\ forall1<j<i—1

The bound on P (A¢) follows easily from a union bound (with m - (N +1)? terms),
Gaussian estimates (Lemma A.7) and the variance estimates of Lemma A.6.

It remains to consider the terms in the sum in (3.4). We look at the case [ = 1.
Since maxyev, V (¢, (A1) < Maflog N+ C from (3.2) and Ly (A!) = A&y log N2,
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a Gaussian estimate shows that
- V(o (A1)) (L™ (Ah)?
P (,(A\) > L= (0\N) < X2 ) _MEN AT
W) 2 LVEO0) = Ty o\ avion)
< C 72>\1 _4(5;?5)
~ Vlog N

After multiplying by N2*', we conclude that the { = 1 term in (3.4) goes to 0 like
N~%), We now show a similar estimate for a fixed I € {2,...,m}. To simplify the
notation, denote (X}, ..., X!) = (¥,(A!), ..., 1, (\!)). By conditioning on the value
of the vector X = (X[, ..., X}\71), the probability in (3.4) is equal to

/LE1(5+I;E)(A1)/L1*\;U1)(s+na)()\l—1) l e 77( l)| ( )
P(X) 2 IO | X = 2) fu(@) da

where f, is the density function of X. By independence of the increments, the last
integral is equal to

L;\;I(E+T/5)(>\1) L;\;(Zfl)(s+ns>(>\171)
P (VXf, > L) — xl,l) fola) dz . (3.5)

—0o0 —0o0
Since le —n. = (e — Ine) + (I — 1)(e + n.), a Gaussian estimate and the bound
max,evy V (VX)) <52VAlog N + C from (3.2) give

P (vxg > LR () - xl_l)

V(VX!) exp —(VLE\) + LG (A — 2y)?
TLYETE) — 2 2V (VX))

c N2 exp _2(LJ*\}Z€_HE(/\Z_1) —T-1)
log N 01

e—ine 15— (e+n:) ALY
= ¢ NN A exp (—2( N ( ) =211 . (3.6)

a1

Vlog N

To get the second inequality, we bounded the ratio using
LY (N) =221 > VLA (M) = 5V log N?

from the integration limits of x;_; in (3.5). It is convenient to do the change of

variables Y, ; = (e+1n.)log N2+ VL% (M) — VX! for all j € {1,...,l—1}. Equation
(3.5) is then bounded, using (3.6), by

((wj—(e4ne) 108 N2~V Ly (0D))?

_pe—lne 1—1 —
CNTYF e [ [ e )
ON 7 2 // / 2 dy.
N2 /log N 0 Joy Jo ;;gy]};{l 27V (Y, 5)

(3.7)
After multiplying by N”‘i the [-th term of the sum in (3.4) has the right decay if we
show that the integral in (3.7) is bounded by CN~2""" From (3.2), we have

0<V(Y,;) <5:VNIogN +C

for all v € V. If the variances were all equal to 5]2V)\j log N + C, the argument
would be simpler. Extra work is needed to take care of the boundary effect of the
GFF. We gather the result into a lemma for later use in the proof of Lemma 3.4. [
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Lemma 3.2. Let 2< < m and z= (zj)é;ll be such that 0 < z; < 5]2V)\jlogN+ C.
For all € > 0, consider the integral

o) 00 o] -1
I:(z) é/ g1(y1) / —_— 912(1/12)/21 ) e 2 Zj:”’”glq(qu) dy
0 — j;‘lyj - j;lyj

where a; > 1/5,_1 and

2z

o) = exp (1 ((y — £log N?) — vmw‘))?) C1<i<i-1.
J

Then I:(z) < CN-2A""

o VLYy(MN .
Proof: Let B; = Lzsz ), 1<j<l-1. Whena — -1 > 1/,/z1—1, the first
integral with respect to y;—1 in Iz(2) is equal to

_ o 1 ~ 2 1-14)\2
o 2m S22 y/ e—2as L o (o —Elog N3 =YL (N TY) s
-2 V2mz-1
-2 1 1 x (3 1—1\)2 oo
< o2 =1 Y = e 757 (VIR (AT) / . e_Q(a’_B“l)y“ldyl_l
-1 ->2%y
_ 1 1—1\\2 _
2Ty L s (VIRTY) 1 2la—B-) Ty,
Zi-1 2(ar — Bi-1)

Since z;_1 < 5?_1V)\l*1 log N + C and VL}‘V()J*I) = ;-1 VA" 1log N2, the above
is smaller than
Ce 21 Zimivs N =292 (3.8)

When a; — 81 < 1/,/2z1—1, we have by completing the square :

—2a, 2y / V )
e j=1Yi - ¢ [ dyl—l
-TiSy VETAS

2
e—2ayi1 (wi—1-clog N2)—vLi (A~ D)

-2
< e 2miTiY;

. _1.0\2
/00 e—2al(yl,1—§logN2) _((yz,l—éIOgNz)—VLN(,\l 1))
2z
< e 1-1 dyi—1
1—
-Yy VIATEA
l— * —
— o2 T s g2 VLN (NTY) 207z

2

o0 1 7((yl,lfglugN2>7(VL;\,(AL*1)72¢LZZL,1))
- e dyi—1
=

-2
< exp ( —2q Z y; — 20 VLN (AT + 2a12zl_1) .
j=1

In the regime a; — 3—1 < 1/,/zi_1, note that 2a?z,_1 < a;VLy (A1) + 2a;,/z11.
Since z;_1 < 6?_1V)\l_1 log N + C, the above is smaller than

1-2
exp ( — 2ay Zyj — VLAY + C\/logN) :
j=1

By assumption, a; > 1/3;,_1. Therefore, the above is smaller than

6—2(11 Zi;21 Yj ]\]—QV)\F1 . (39)
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The second integral with respect to y;—2 in Iz(2z) is evaluated similarly using (3.8)
and (3.9) by taking

aj—1 = min{a;, Bi-1}
and considering whether a;_1 — 8;_o > 1/\/@ or not. Note that a;—1 > 1/5,_
holds since a; > 1/5,-1 > 1/3;_2 (because the steps of  are decreasing in height)
and B;_1 > 1/5,_1 — O((log N)™1) > 1/5,_5 from the bounds on z;_;. This recur-
sive reasoning shows that Iz(z) is smaller than CN-22"7", O

Lemma 3.3 (Lower bound on the first order of the maximum). Let {¢, }vcv,, be the
(o,A\)-GFF on Vy of Definition 1.1 and v* as in Theorem 1.2. For all0 <e <1,
there exists a constant ¢ = c(e,0,X) > 0 such that

P (max Py < (1 —e)y*log N2> <N°€ (3.10)

vEVN

for N large enough.

Without loss of generality, we can assume that A; € Q for all ¢ € {p, .y M}. To
see this, define \; = \; + 1; where 0 < 1; < min; V; and such that \; € Q for all
1€{l,....M — 1}. Now, define a new scale—inhomogeneous Gaussian free field :

M
= ZJZV¢U( 'l/}v + Z p Uz+1 st(j‘ ) ¢7j()‘z)) .
=1

As a particular case of Lemma A.3, note that

maXV(¢U( ) — ¢v(Ai)) < (i —A)logN +C =nlogN +C .

veV]

If we can show Lemma 3.3 when the A;’s are rational numbers, then a union bound
and a Gaussian estimate yield

P <max Py < (1 —2e)v* log N2> <P (m%x Yy < (1 —)y* log N2)

veVN ve
M—-1
+ Z Z ]P(‘O’ifdi_i_ﬂ

vEVﬁ =1

¢v(5\i) - (bv(}\z)

> (¢/(M = 1))y log N?)

—c(e,0,A) 2 _ _ ((6/(M - 1))7* log N2)2 )
= N N (M 1)exp( 2maxi |O'i_0'i+1‘2(77i10gN+0) ’
The second term can be made O(N’é(s’”)‘)) where ¢ > 0 is arbitrarily large, by
choosing the 7;’s small enough with respect to €.

The proof of Lemma 3.3 is based on a coarse-graining of the scales introduced
in Kistler (2015). Consider ay = 4, 0 < k < K. The parameter K € N will
be chosen large enough depending on € during the proof. By the argument above,
we can assume that \;K € Ny for all 7 € {0, ..., M}, so that the ay’s form a finer
partition of [0, 1] than the \;’s. The bounds in (3.1) imply that for all k € {1,..., K}

and for all v € V]‘\S, :
|V (Vi (o)) — 02 (ar)Vay log N| < C(6) . (3.11)

The parameter 6 € (0,1/2) remains fixed to an arbitrary value in the rest of this
section. For all 0 <e <1, denote by L} _ the following sub-optimal path :

Liy.(s) =1 —¢e)Ly(s) = (1 —&)Tp25(s)log N*, s €[0,1].
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The proof relies on the Paley-Zygmund inequality (see Lemma A.8) applied to
a modified number of exceedances. In fact, we consider only points in fo whose
increments are almost optimal. Moreover, and crucially, we drop the first r incre-
ments. We will choose r during the proof. This allows more independence between
the variables of the field, which is needed to find a tight lower bound using the
Paley-Zygmund inequality. More precisely, define

N =" 14, where A, ={Vi,(a;) > VLY (ay) Vje{r+1,..,K}}.

UGVf,

For a fixed € > 0, there is the following inequality for ¢ = ¢(e) > 0 :

P (max y > (1 —3e)y* logNZ) >PWN>1)—O(N°). (3.12)

veVN

Indeed, on the event {N* > 1}, we have

max ¥, — () > (1 —)T52/5(ar, 1) log N?
vevy
=(1—e)y*logN? — (1 — €)JT»2 () log N2
> (1 —2¢)y* log N*?
where we take K large enough that (1 —¢)J,2/5(cw.) < ey*. Furthermore, the
probability P(max,cys 1y — thy(ar) = (1 — 2¢)7* log N?) is equal to

P (mmg Yy — Py () > (1 — 2¢)y* log N2, mir}; Uy () > —ey* log N2>
veVy

veVy

+P <ma>§ Yy — Yy () > (1 — 2e)vy* log N2, minﬁ Uy () < —ey* log N2> .
veVy

veVy

The distribution of ¥, () is symmetric, so the second term is smaller than

max; o2,

* 21 N2
P (Hel?/}g Py () > 7" log N2> < N%exp <—M) (3.13)
veVn

where we used a union bound, a Gaussian estimate and (3.2) to get the inequality.
This is O(N~¢) by choosing K large enough for a fixed € and r. On the other hand,
the first term is smaller than P(max,cys 1 = (1 — 3¢)y* log N?). Since Vy 2 V2,

this implies (3.12) as claimed.

Proof of Lemma 3.3: In view of (3.12), it suffices to show P(NX > 1) = 1-O(N~¢).
The Paley-Zygmund inequality implies

\ (ENZ])?
P22 e
‘We show
E[(NV2)?] < (1+O(N == (-0 (BAZ])2, (3.14)

which proves the claim.
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The first moment is easily evaluated by the independence of the increments :
K
EWNC = D B = 3 ] P(Veulay) 2 VIN(ay).
vevy veVy j=r+l

Using Gaussian estimates and the variance estimates in (3.11), the probabilities are
for every j and v € V]‘\S, :

Poj =P (Vipy(oy) > VLY ()

= ﬁ exp (—(1 - 5)2;28;;Vaj log N2> . (3.15)

Write e; for the exponential term on the right-hand side of (3.15). The first moment
satisfies

K
C(5a5) 5
E[NI] = P(A,) > ——2———— x V| x e . (3.16)
ugf:f, (log N)z =) j=111 ’

Now, we compare this with the second moment :
E[N)?]= ). PA,NAy) .
1;,v’€V1f,

We divide the sum depending on the correlations between v, and ,,. More pre-
cisely, recall the definition of the branching scale in (2.1) :

p(v,v") = max{\ € [0,1] : [v]x N[V']x #0}, v, € Vy .

Write the second moment as

K-1
STP(ANAY) + > D P(ANA) + Y P(A,NAy). (3.17)
v EVY k=r+1 4o eVy v EVY
p(v,v")<a, ag_1<p(v,0")<ag p(v,v)>ax 1

In particular, the first term in (3.17) is equal to

Y P(A)P(Ay) < Y P(A)P(Ay) = (EN]) (3.18)
v €V v, €V
p(v,v")<an

It remains to show that the second and third term in (3.17) are negligible com-
pared to (E[NZ])2. We write the details for the second term since the last term
is done similarly and is easier. By Lemma A.1 (following the Markov property of
the GFF), note that if ax_1 < p(v,v") < aj for some k > r + 1, then Vo, (o),
j' > k+1, is independent of Vi, (a;) for j < k—2 and j > k + 1. Therefore, for

v,v" € V{} such that a1 < p(v,v') < ay, we have

k—2 K K T, e k-1
j=1"~J
]P)(A'UOA'U/)S H DPuv,j H DPv,jPv’ 5 < H 6? (6;162> Hej
—1€f, ol

j=r+1 j=k+1 Jj=r+1

where we dropped the conditions on j € {k — 1, k} for v as well as the conditions
on j < k for v in the first inequality. We simply rearranged the probabilities and
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eliminated the log terms to get the last inequality. The number of pairs v, v’ € Vlﬁsf
such that a1 < p(v,v") < ay is at most [V§| x N2(1=@x-1) " Therefore, by (3.16),

ZPAQA & « N—20k-1(1-(1— ))(1_[;_16g>

v (1og N)—K ek—_1€3
k1 p(0,0 )< N—20k-1(1-¢)” (3.19)
.
R—1
Hj 16

The right-hand side of (3.19) is separated in three factors by x. The third factor is

bounded by 1 because .
2
/ Uz(s)d <t te(0,1],
0 0%(s)
by definition of . To bound the second factor, set » > 3 independently of any other
variable. Note that if r depended on K, the bound in (3.13) would not necessarily
tend to 0. There are two cases to consider : ai < A1 and agi > A;. When ai < Aq,
the ratio of exponentials is bounded by 1 because ejeses = e 16% and we have

N—2ak-1(1=(1-2)%) < N-x(1-0- ©)*) since o 1 > ar > 1/(2K). When ay > Aq,
the ratio of exponentials is bounded by N*t1(1~ ) by choomng K large enough
for a fixed £ and we have N —2%-1(1=(1=¢)%) <N~ 2’\1(1 (1-2)*) because ap_1 > M.
Since \; > 1/K, the right-hand side of (3.19) is always bounded by

(EINZ])? (log ) x N-# (=02
With (3.18), this shows (3.14) and concludes the proof of the lemma. O

3.3. Log-number of high points. The proof of the upper bound for the log-number
of high-points uses an argument based on the path at every scale A! similar to the
one in Lemma 3.1. Recall the definition of the critical levels 4/ and the entropy &,
in Theorem 1.3.

Lemma 3.4 (Upper bound on the log-number of high points). Let {¢,}vevy be
the (o, \)-GFF on Vy of Definition 1.1 and v* as defined in Theorem 1.2. Also,
let /=1 < 4 < Al for somel € {1,...m}. For all0 < e < (y—~'"Y)/m, there
exists a constant ¢ = c(vy,&,0,A) > 0 such that

P(|Hy| > N*6Fe) < N~¢ (3.20)
for N large enough.

Proof: Recall the definition of the optimal path L}, from (2.6) and the notation
R,; for the set of representatives at scale M. Consider

Wy = {v e R 6,0 2 L7500}, 1< <m.
Since Rym = Vj, note that
H'y 77_[')/0 77{7 mse'
This is useful because the hypothesis ¢ < (7 —~'~!)/m implies 7/~! < v — je <!,
which means (in particular) that for all j € {1,...,1 — 1},
the paths L% and L}, 7% coincide on the interval [0, \]. (3.21)

The idea is to split the probability that at least N2¢v+¢ points in Vi reach the
optimal height by looking at the first scale 7, 1 < j <1—1, where the set H}_ 75 c
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is not empty. As for the maximum, this yields the appropriate constraints along
the scales to get the correct upper bound. A union bound in (3.20) gives

P(MR| 2 N2) = P (]3] 2 NP5
- —({—-1)e,e -1
‘ 718,52...:|H7(£1),|:0 .
<P Nl N,i-1 + IP’(\H’Y JEE| > 1>. (3.22)
( and [H}, 97| > N2&te ; N.j

Because of (3.21), the probabilities in the sum are bounded by N —<() in exactly
the same manner as P(\H;}fm| > 1) in Lemma 3.1. The first probability in (3.22)
is bounded by

Yo > Ly (1) and ¢y, (M) < L (V) 28, +e
P(H”EVM forall1<j<i—1 =N
, ¥y > L™ (1) and
< Ce—c(ne)(log N) + N—EN—2€WN2 m?}}g P wy(}\j) < L'VN+J?7€ ()\j) (323)
veN forall1<j<i-1
using Markov’s inequality and using the event A, as in (3.4), where we impose
0 < ne < min{y, Jp2(1)e/(4y), 51-1e/(4lcy),e/m}

this time around. See (3.26) for the definition of ¢,. See just below and also (3.27)
for the justification of the constraints on 7.. When [ = 1, a Gaussian estimate and
the bound max,cv,V (¢,) < T52(1) log N + C from (3.2) yield

—17e V(@) (L% ™ (1))? C/(y)N—2+2 .
Flgo 2 2 (0) < Ly <_ 2V (¢by,) ) =T VN N

because L}, "*(1) = 2(y — n:)log N and &, = 1 —42/J,2(1) in this case. This
proves that the second term in (3.23) decays like N =) as needed.

It remains to show a similar estimate for a fixed [ € {2,...,m}. To simplify the
notation, denote (X}, ..., X!=1 X™) = (1, (A1), ..., (A71),40,). By conditioning
on the value of the vector X = (X}, ..., X!~1), the probability in (3.23) is equal to

L7V+1n5(/\1) L;(]Jr(lfl)ne()\lfl)
/ P(XP > L (1) | X =) fuo(z) de

— 00 —00
where f, is the density function of X. By independence of the increments, the last
integral is equal to

L’]YV'Fl"Ia()\l) L}-F(l—l)ns(/\lfl)
/ P(X] = X0t > L™ (1) —221) folz) dz . (3.24)
— 00 — 00
The bound max,cv, V(X" — X71) < T2(A71,1)log N 4+ C from (3.2) and a
Gaussian estimate show that
P(X = X0 > L™ (1) —2-q)
=P (X" = X, > LN (1) = Ly + L (V) = a0)

(=T 2,072
2

c BTG Y= Tozse(NT)) B
S A <_2< T RO )
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where we introduced L};(A'~1) and used (2.6). By definition of £, and the definition

of v!=1 in (1.5), this is equal to
CN225 onim (=" 1 eyl
e N exp [ —2 ANy + P (L7 —a-1)
—2+2E&, alc
= SO e N e (2 ) ) (029
Vv 10g J1—1
where
. (v =1"Nai
O T Zeety o (320

Putting the bound (3.25) in (3.24) and in (3.23), we get that the first term in (3.22)
decays like

4lc
N (=) (3.27)
provided that

((vj—ne 108 N =vLL 0))?

0o oo 0o -1 c - v(Y, ; 1
/ / / [Te - dy < CN,
0 J-uy - 2rV (Y, 5)

j=1Yi j=1

where Y, ; = n.log N2 + VL) (M) — VX{. Similarly to (3.7), the integral has the
right decay as a consequence of Lemma 3.2, with a; = ¢,/6;-1 > 1/5,_1, because
L% and L}, coincide on the interval [0, \'~1]. O

Lemma 3.5 (Lower bound on the log-number of high points). Let {¢, }vev, be the
(o,A\)-GFF on Vx of Definition 1.1 and v* as in Theorem 1.2. Let v > 0 be such
that /=1 < v <Al for somel € {1,...,m}. For all0 < ¢ < min{1/4, (v'—v)/(47)},
there exists a constant ¢ = ¢(vy,e,0,A) > 0 such that

P(|HY| < N5 ) < N~¢

24(v*)?
a2, VaAm

for N large enough, where € = €.

We use the same notations as in the proof of Lemma 3.3. As before, we can
assume, without loss of generality, that A\; K € Ny for all {0, ..., M'} so that the ay’s
form a finer partition of [0, 1] than the \;’s. The parameter K € N will be chosen
large enough depending on v and ¢ during the proof. Again, we restrict ourselves
to V¥ to ensure that for all k € {1,..., K} and for all v € V)3 :

|V (Vihy(ar)) — 0 (au)Vag log N| < C(6) . (3.28)

The parameter ¢ € (0,1/2) remains fixed to an arbitrary value in the remainder of
this section. Next, define the path :

L .(5) = (1—e)L}"™(s), selo,1].

Since £ < (y! — 7)/(47) by hypothesis, we have /=1 < v < (1 + 4¢) < ~'. This
condition implies that the increments of the path L}, _ are always bounded by the
increments of the sub-optimal path L} (see Figure 2.3), namely

Ly o(s2) = Ly .(s1) < Ly (s2) = Ly (s1), 0<s1<s2<1. (3.29)
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Indeed, the paths LYV(IHE) and L% coincide on the interval [O,)\l_l]. Moreover,
when s € (A\'71, 1], we have by the definition of the critic levels 4! in (1.5) and the

optimal path L’]\,(H%) in (2.6) :

d (LX) ~ Ly (s) ( +4s> Tor W) o) ],
ds log N2 Al . Toz(N-1,1) " o) |
o?
< 5l - U(s) since y(1 4 4¢) < '
<0 since & is non-increasing.

This proves inequality (3.29). By hypothesis, we also have ¢ < 1/4, which yields
L} (1) = (1 —¢)(1+4e)ylog N* > (1 +2¢)ylog N . (3.30)

The proof again relies on the Paley-Zygmund inequality applied to a modified
number of exceedances where we consider only points in ng whose increments are
almost optimal. We drop the first r increments to allow more independence which is
needed for the second-moment method to work. We can choose r > 3 independently
of any other variable as in the proof of Lemma 3.3. The case [ = 1 is easier to deal
with, so we omit the details. Assume [ € {2,...,m} and define

= Z la, where A, ={Vi,(a;) > VLY (o;) Vje{r+1,.,K}}.
vevs
Note that for a fixed € > 0, there is the following inequality for ¢ = ¢(v,e) > 0 :
P(|Hy| > N?678) > P (N2 > N?57¢) —O(N~°). (3.31)
Indeed, the probability P (N2 > N267¢) is equal to

(N’Y > N%#—¢, min ¢y (o) > —sylogN2>

vEN

(3.32)

+P (J\/’Y > N?6=¢ min ¥, () < —sylogN2>
veEVS

To simplify the argument, assume from now on that K is large enough to en-
sure a,, < A1, The first probability in (3.32) is smaller than P (|H},| > N267)
because the points v € VN that are contributing to the sum N7, on the event
{min,cys () > —eylog N?2}, are also in H}. Indeed, when 14, =1,

Yy = u(ar) > (1= )L (1) = (1= &) Liv(ay)
=(1—¢e)(1+4e)ylog N* — (1 — &) Tp2 /5 (e, ) log N?
> (14 ¢)ylog N? (3.33)
where we take K large enough that (1 —¢)J52/5(ar) < ey and use (3.30) to obtain

the last inequality in (3.33). The distribution of v, () is symmetric, so the second
probability in (3.32) is smaller than

2log N?
P (max Pu(ar) > €’ylogN2> < N?exp (M)

veEVY max; o2,
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where we used a union bound, a Gaussian estimate and (3.2) to get the inequality.
This is O(N ) by choosing K large enough for a fixed ¢ and r. Therefore, we have
(3.31) as claimed.

Proof of Lemma 3.5: In view of (3.31), it suffices to show that P (N;’ > Nzgv’é) =
1 — O(N~°). The Paley-Zygmund inequality (Lemma A.8) implies

NQS’Y_é 2 E ny 2
- 5 ) (E} 2]) . (3.34)
ENTT ) E[NV)?]

First, we make sure that N2¢>=¢/E[N2] — 0 as N — oo. By independence of
the increments and the variance estimate (3.28), Gaussian estimates yield for some
constant ¢ = ¢(v,¢,8) >0 :

EW = Y Pa) = > T B(Venlay) = VL (o))

veVE vevy j=r+l

P(N > N*7¢) > (1

L (K—r) A 2= (1=0)2)+2(1=2)*E (1 a0 +2(1—2) [0 Z5&ds
>c-(logN)~ 2 N K 0 32

2 N2(1_(1_8)2)+2(1_5)25'7(1+45). (335)

By the definition of £, in Theorem 1.3, and because v/~ < < (1 + 4¢) < 4,

Ernny — & = (4 = oo NP = (0= Tooyg V)
v(1+4¢) oy ey
16e22 + 8ey(y — jgz/ﬁ()\lﬂ)) 204
= T2 (N1 1) < 53‘,1V/\m€ =£/2 (3.36)

where we used ¢ < 1/4, v < v* and J,2(A'"1,1) > T2 (A1 1) = 62, VA™ to
obtain the inequality. By inserting the bound (3.36) in (3.35), we get

]E[J\fg] > N2(1—(1—a)2)+2(1—5)2(£7—5/2) _ stw—5N2(1—(1—a)2)(1—sw+5/2).

Since (1 —¢)? < 1 and &, < 1, it proves the assertion that N2¢»=¢/E[N?] — 0 and
also justify the use of the Paley-Zygmund inequality. In view of (3.34), it suffices
to show, like in Lemma 3.3, that

E[(V)?] < (14 ON~2R1=0-2%) (BN7])2

to prove the lemma. The proof is almost identical to the proof of Lemma 3.3.
Indeed, by Gaussian estimates and the variance estimates in (3.28), the probabilities
on the increments in A, are for every j and v € VJ :

€j
Vlog N

where the €;’s are the corresponding exponential factors. The proof is exactly the
same up to (3.19) with é;’s instead of e;’s. From there, the third factor in the
decomposition is still bounded by 1 because of property (3.29), and the rest of the
argument follows if we choose K large enough for a fixed € and «y. This ends the
proof of the lemma. O

Bug = P (Vou(ag) = VLY (ay)) =
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Appendix A. Technical lemmas

The Markov property of the GFF, which is a consequence of the strong Markov
property of the simple random walk (in the covariance function in (1.1)), implies
that the value of the field inside a neighborhood is independent of the field outside
given the boundary, see e.g. Dynkin (1980). In particular, for theneighborhood [v]3,
where A € [0, 1], this implies

Pu(N) =E [¢v | f@[v]ku[v]i} =E ¢y | Fopl,] - (A1)

Let v,v" € Vi, A < X and p < /. Another direct consequence is the fact that for
A > p(u,0') or A > p(v, ') > 4,

du(N) — ¢p(N) is independent of @y (1) — o (1) - (A.2)
This is because the shell [v]x N [v], does not intersect the shell [v'], N [v]f, in

both cases, see Figure 2.2. We stress that, in general, the field ¢ does not have the
Markov property. However, by working with increments of the field v, the property
analogous to (A.2) can be proved.

Lemma A.1. Let v,v' € Vy, A < X and p < p/. If we have \,u > p(v,v’) or
A > p(v,v') >y, then

Pu(X) = u(A) s independent of pur (') = Yo (1) -

Proof: Let v € Viy and A < \. By Definition 1.1 of the field 1) and its conditional
expectation, we have

Uw(\) =) oiE [wvw) | fa[vhu[v]ﬂ = > 0 (A AN) = du(Xic1)) - (A3)
1<i<M 1<i<M:
Aic1<A
For the last equality, note that, when \;_; < A, the increments ¢, (AAN;) — &y (Ai—1)
are linear combinations of variables inside the set O[v]\ U [v]§ and, when A; > A, we
have E[p,(A;) — o (AV Ai—1) | fr?[v]xu[v}i] = 0 by the tower property of conditional
expectations. By applying the same argument to v, (\’), we get

(V) = h(N) = D 03 (du(N AX) — ¢u(AV Xiz1)) - (A.4)
1<i<M:
A< Z1< or A< <)
or i1 <A< <\

The conclusion of the lemma follows from (A.2). O

In the remainder of this section, we always assume, without loss of generality,
that N = 2" for some n € N and An, N'n, \;n € Ny for all 5 € {0, ..., M}

Lemma A.2. Let § € (0,1/2] and A\i—1 < A < XN < \; for some i € {1,..., M},
then
= C1(6,0:) < V(1 () = o (A)) = (N = N)of log N' < (o) (A.5)

for allv e VJ‘\S, and N large enough depending on 6. The constant Cy only depends
on § when A = 0.

Proof: The Markov property (A.1) yields E [gby — (M) .Fa[q,]k,] = Py (N)—dy(N).
Using the conditional variance formula and V(X | F) = E[(X —E[X | F])? | F|,
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we can compute the variance of (A.4) in the special case A\;_1 <A <N < A;:

V(%()\/) - wv(A)) = 0'1‘2 V(E [¢v - ¢v()\) | }—8[1)]}/])
=07 (V(do = ¢o(N) = E [V (b0 — ¢0(N) | Fopy,,)])
=07 (V(do — (V) = V(dy — 00 (V) - (A.6)
But, it is well known that {¢, —E[¢. | FoB]}luep is a GFF when B C Z? is a finite
box, see e.g. Zeitouni (2014). Simply choose B = [v]s, s = A, X', in (A.6), then by
the variance definition in (1.1),

V(ﬁ}v()‘/) - %(A)) = 02'2 (G[U]A(Ua ’U) - G[,Uh, (Uv ’U)) . (A7)

Using standard estimates for the discrete Green function, we can now evaluate the
last expression. For every finite box B C Z2, Proposition 1.6.3 of Lawler (1991)
shows that (keeping in mind our choice of normalization by 7/2 in (1.1)) :

GB(x’y): [Z <@w(‘/VTaB :Z)a(z_y) —a(y—x), z,y € B, (A8)

z€0B

where

a(w) = { log(||w]|2) + const. + O(||lw]|5?) if w € Z*\{0} (A.9)

0 ifw=0

and 2, is the law of the simple random walk starting at x € Z2. Using (A.8), we
can rewrite the difference of Green functions in (A.7) as

Z Py (WTB[U]/\ = z) a(z —v) — Z Py (WTa[U]N = Z) a(z—wv). (A.10)

z€0[v]a z€0[v] s

When ) = 1, we have ||z — v||z = 0 for z € d[v]y. Otherwise, we assumed v € V7,
so take N large enough (depending on §) that [v]y is not cut off by V. We have
|z —v|ls < V2N~ for z € 9[v] in general and ||z — v||o > %Nl_’\/ for z € Ov]x
when A # 1. We deduce the following bound on the variance in (A.7) :

ma V (1, (V) = 1, (V) < 03((1 = 0) = (1= X)) log N + o2C

= (N =XNoZlog N + Co(oy) .

Similarly, we have ||z — v|l2 > dN for z € 9[v]y when A = 0. Otherwise, take N
large enough (depending on §) that [v]y is not cut off by the boundary of V. We
have |z — v[|s > $N'7* for z € 9[v]x when A # 0 and [z — v[|s < %le)‘l for
z € O[v]x in general. We deduce the following bound on the variance in (A.7) :

min V (¢, (X) = 9p(A) 2 07 (1 = A) = (1 = X)) log N — 7C(6)
veVR
=\ =XNollogN — Cy(d,09) .
This ends the proof of the lemma. O

Since the upper bound in Lemma A.2 is only valid for N large enough depending
on ¢, we cannot immediately conclude that it holds for all v € Vjy. We show in the
next lemma how to extend the bound.
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Lemma A.3. Let \i_1 <A< XN < \; for a certain i € {1,..., M}, then

max V (1, (X) = ¢y(A) < (A = Mo log N + C(o3) (A.11)
for N large enough.

Proof: When v € OV, the bound is trivial because 1, = 0. Therefore, let v € V.
To obtain the upper bound on the difference of Green functions in (A.7), we only
used the fact that [v]y was not cut off by 9V for N large enough depending on §.
Hence, we only need to show that when [v]y is cut off, there exists u € Vg such
that [u]y is not cut off and for which

G[U]A(v,v) - G[U]A, (U,U) < G[u]x(u,u) — G[u])\/ (u,u) + é(o‘l) . (A.12)

Assume that [v] is cut off by OV and choose u to be the center of Vyy. Clearly, the
neighborhood [u]y: is not cut off by the boundary of V. When X = 1, inequality
(A.12) is trivial because G|, (v,v) = Gy}, (u,u) = 0 and G|}, (v,v) < Gy, (v, u)
since [v] is cut off and [u]y is not. Now, assume X' < 1. Denote 6(z) =z +u — v
the translation function that moves v to u, see Figure A .4.

Vi

[uly

[v]v

FIGURE A.4. The grey area 6([v],) is the translation of [v]y.

For the rest of the proof, redefine [v]g as the square box of side length N centered
at v that has been cut off by V. Since 0([v]y) C [u]x, we have

_Ta[vb\ —1

&y Z 1{Wk:v}1{7_8['u])\/<7—6[v]/\/ﬂ8VN}

_k/':T@[v]

G[U]A (U7 U) - G[v]A/ (’U7 ’U) =

[N

A

Toe([v]y) ~1

§ : l{Wk:u}1{78[1t]>\/ <To(s[v],,noVy) }

L k=Ts[u

S

NN

)\I
[ Toru;, —1

Z Liwi=u} | = Gy (ws 1) — Gy, (u,u)

_k‘:‘ra[u]

IN

NN
:%

NG
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This proves (A.12) when XA # 0. Since [v]g = Vy throughout the article and we
defined [v]o differently in this proof, it remains to show that

max Gy (v,v) — G, (v,0) < C(0;) (A.13)

veVN
for (A.12) to be true when A = 0. By the strong Markov property and (A.8) :

Gvy (v,v) = Gy, (v,v) Z iz ( ol —z) Gyy (2,0)
z€0[v ]oﬂV"

Z P (WTQ[U]O = z) Z 2, (WTavN = w) (a(w —v) —alv—2)) .

z€0[v]oNVE wedVn
But ||w — vz < V2N for all w € Vx and [|lv—z|2 > %N for all z € J[v]o N V.
We get the desired conclusion using (A.9). O

In order to approximate the branching structure of the (o, A)-GFF in Lemma 3.1
and Lemma 3.4, we need to show that the variance of 1, (X) — ¢, () is bounded
by a constant, where vy denotes any representative in Ry that is closest to v. Our
final goal here is to show Lemma A.G. We start by proving a more general version
of Lemma 12 found in Bolthausen et al. (2001). We define

¢U(A) =E [(bv | -FB(AOVN)}
and d(z, A) = min,e 4 ||z — wl|2 for any non-empty set A C Z2.
Lemma A.4. Let B C Z? be a square box of width smaller or equal to N/2 such

that BN Vy # 0. Moreover, let 0 <n <1 and L € {1,2,..., N/4}, then there exists
a constant C' = C(n) > 0 such that

max V(6,(B) ~ ¢,(B)) < C . (A.14)

u,veE BNV
d(u,0B)=L
lu—vll2<nL
Proof: Let u,v € BN Vy be such that d(u,dB) = L and ||u — v||2 < nL. Denote
B = BN Vy. Using the conditional variance formula as in (A.6), we have
V(¢u(B) = ¢o(B)) =V (E[¢u — ¢v | Fyp])
= V(¢u - ¢v) - E[V(gbu - d)v ‘ ]:BE)]
= (GVN (ua u) - GVN (ua U) + GVN (’U’ U) - GVN (Uv u))
- (Gp(u,u) — Gg(u,v) + Gg(v,v) — Gz(v,u)) . (A.15)
For this proof, redefine [u] as the square box of side length N centered at u that has
been cut off by V. From (A.13), we know max,cvy Gvy (v, u) — Gy, (v, u) < C.
Using the exact same method, we can also easily show that
max GVN (”U, v) - G[u]o (”U, 1}) < 0(77)
veEVN
lu—vll2<nN/2
because we would have ||[v—z||s > (1—n)N/2 for all z € Jlu]o NV in the reasoning
below (A.13), where n < 1 by hypothesis. Finally, —Gv, (u,v) < =Gy, (u,v), so
proving (A.14) boils down to the proof of the following inequality :

o [ (Gl () — Gy (0, 0)) — () — Gu,v) | _ A~
(“‘{+«muuw—q%wm»—wgmm—agumﬁ50“”(Am>

To show (A.16), we consider two cases : d(u,0Vy) < L and d(u,0VxN) > L
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’Case 1:d(u,d0Vy) < L‘

Since B C [u]g (recall that B is a square box of width smaller or equal to N/2
and contains u), then we always have

(®) < (G (u,u) = Gg(u,u)) + (G, (v,v) = Gg(v,v)) . (A.17)

Note that the box B is cut off by 9V in Case 1. By translating w, v, B together
in such a way that u doesn’t get closer to 0V with respect to both axes, each
difference of Green functions in (A.17) can only increase (see the argument below
Figure A.4). Therefore, it is sufficient to bound (A.17) when d(u,0Vy) = L.
Assume d(u, 0Vy) = L for the rest of Case 1. Since d(u,dB) = L by hypothesis, we
have d(u,dB) = L and we get d(v,0B) > [(1—n)L] > 1 by the triangle inequality.
Consequently,

(W) < G (1,10) + Gy, (v,0) — 2log L+ C (1) (A18)

using (A.8) and (A.9).

By the symmetries of the square, we can assume, without loss of generality, that
the minimum in d(u, 0Vy) = L is achieved on the bottom edge of Vy (which lies
on the z-axis). Define the half-space H = {z = (21,22) € Z? | 25 > 0}. Since we
have [u]o € H and d(v,0H) < (1 + n)L, by the triangle inequality, then

() <2 max Gu(z,z) —2log L+ C(n) . (A.19)
(- L] (oM< (1)L

From Proposition 8.1.1 of Lawler and Limic (2010),
A9
Gaulz2) = alz — 7) "= log(||2 — 2||2) + const. + O(||z — 2||52) (A.20)

where z = (21, 22) and Z = (21, —23). The conclusion for Case 1 follows from (A.19)
because 2 < 2[(1 —n)L] < ||z — Z||2 < 2(1 4+ n)L in (A.20).

’Case 2: d(u,0VyN) > L‘

For Case 2, we follow the argument from Bolthausen et al. (2001). We give the
details for convenience. For all k € Ny, define [u]f C Z? the square box of side
length 28 N centered at u (not cut off by anything). For instance, [u]o = [u]] N Vy

in this proof. Note that [u]o C [u]§ C [u]3 C ... and [u]o U s, [ulf = Z2, so
(G[u]o(uvu) - G[u]o (uv U)) (G (u7u) -G (u U))
w<{{ <quvv»—GMAvu» Boio i)
= G (u,0)) = (G (u, u) — G[u]lg—l(u,'l/))
+ Z { G[u]k v U) G[“]o k(v,u)) — (G[u]g 1(v,0) — G[u]ga(’v,u))

o0 o0

™ i
= 5 &, Z (I{szu} — 1{Wk=v}) + 5 &, Z (I{szv} — 1{Wk=u}) .

k=ToB k=ToB
The inequality comes from the fact that each pair of braces in the infinite sum is
equal to Vi, (E[dy — v | Fa[u}’g“]) > 0 by steps analogous to (A.15). The equality
follows because the infinite sum is telescopic.
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By conditioning on the point z € 9B where the simple random walk starting
at u or v will be when hitting the boundary of B, and using the strong Markov
property, we deduce

() < Z (‘QU(W%@:Z) - @U(W%E:z)) ' g & Z(I{Wk:u} - l{Wk—v})‘|
2€0B k=0
=S (PuWryy=2) — Po(Wr,=2)) - (av — 2) — alu — 2)) (A.21)
2€0B

where “ a 7, the potential kernel (see p.37 in Lawler, 1991), is defined by

> (Lwi=o} — 1{Wk—w})] :
k=0

Theorem 1.6.2 in Lawler (1991) shows that this is the same function as in (A.9).
Therefore, we can evaluate (A.21) :
lo = =l2

a(v—z)—a(u—z)zlog(n P

By the triangle inequality, we have

o (1 0 g (Lol gy (1 Il
=15 ==l =22

Now, notice that

. T
a(w)zi'é’o

)+omv—a2%—ouu—du%.<A2m

e |lu — |2 < nL by hypothesis ;
e |[u— 2|2 > L for all z € B by the assumption of Case 2 ;
o |[v—zll2 > |lu—z|2 — ||lu—2v|l2 > [(1—n)L] for all z € OB, from the first
two bullets and the triangle inequality.
Using the three bullets in (A.22) and (A.23), we have

& < (A.22) <log(l+n)+

Cs
log(1 =) = rr— 5z <

[(1—n)L]?
for appropriate constants Cy,Cy > 0. Since L > 1 and [(1 —n)L] > 1, inequality
(A.16) follows by regrouping (A.21), (A.22) and (A.24). O

(A.24)

Lemma A.5. Let 0 < N <1 and d > l/ﬂ For all v € Vi, define Sy 4 to be the
set of finite boxes B C Z2 such that [v]y € BNVy and max,cop |[v—2z|l2 < AN,
then there exists a constant C = C(d) > 0 such that

max max V(go(N) = ¢u(B)) < C

for N large enough.

Proof: This follows directly from the calculations in Lemma A.2 and Lemma A.3
where B NV plays the same role as [v]. O

The next lemma is used in equation (3.4) of Lemma 3.1 and equation (3.23) of
Lemma 3.4 to show that the error coming from the approximation of the branching
structure of ¢ is small enough that the problem of finding the upper bound for the
maximum and the log-number of -high points is the same (modulo the additional
hurdle caused by the decay of variance near the edges of Vi) as in the context of
branching random walks.
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Lemma A.6. Let \j_1 < X < \; for a certain j € {1,..., M}, then there exists a
constant C = C(o1,...,05) > 0 such that

max V(o (A) =1, (V) < C
for N large enough.

Proof: The lemma is trivial when A = 1 since v = v;. Therefore, assume 0 < A < 1.
Choose vy € Ry, any representative that is closest to v (there may be more than one).
For all u € (0, ], the square box B,, C Z? of width 2[ N'~#] centered at vy contains
both [v], and [v)], because [[v — vx[loo < $N'*. Then, by Jensen’s inequality :

V(¢u() = ¢u(By)) X
V(d’v(/‘) - (bw\ (:u)) S 3- + V((bv(Bu) - ¢v>\ (B/t)) S C. (A-25)
+ V((bv,\ (BM) - ¢U)\ (M))

To see the last inequality, bound the first and third variance term inside the braces
using Lemma A.5 with d = 3/v/2 and bound the second variance term inside the
braces using Lemma A .4 with n = 1/v/2 (since [[v—vy|l2 < N'7*/v/2 < N1=#/\/2),

u=wvy and L = [N17#]. Now, from (A.3) and Jensen’s inequality, we get
U(va()‘) — v ()‘)) )
\Y% A) — A))=V 50 A

(500 =9 = (L S0 00 — )
< _7 . { UJZ ,V1(¢v ()‘) - (bv,\ ()‘)> } )

- + 20100 (05 = 0i11)? V(9 (M) — o, (Ni))
Simply use (A.25) to bound each variance term inside the braces by a constant.
This ends the proof of the lemma. O

Lemma A.7 (Gaussian estimates, see e.g. Adler and Taylor, 2007). Suppose that
Z ~ N(0,02%) where o > 0, then for all z > 0,

o2 o 22 o 22
1-Z) 2 ep (- ) <Pz>2) < _Z2).
< Zz) QWZeXP( 202) <P(Zzz)< \/Qerxp< 2‘72)

Lemma A.8 (Paley and Zygmund, 1932 inequality). Let 0 < X € L?(P) be such
that P(X > 0) > 0, then for all0 <6 <1,

(E[x])?
P(X >60E[X]) > (1 — Q)QW .

Appendix B. Karush-Kuhn-Tucker theorem and applications

In this section, we state the Karush-Kuhn-Tucker theorem and the solutions
to the two optimization problems posed in Section 2. The optimal path for the
maximum, A — L% (\), comes from the solution to the problem stated in Lemma
B.2 while the optimal path for v-high points, A — L} ()), comes from the solution
to the problem stated in Lemma B.3. The Karush-Kuhn-Tucker theorem only gives,
a priori, necessary conditions for local optimality. However, the conditions are also
sufficient for global optimality here because the objective function f., below and the
constraint functions g are continuously differentiable and concave (f« is linear),
see Hanson (1981). The proof of the two lemmas can be found in Appendix A of
Ouimet (2014) and are direct applications of the theorem.
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Theorem B.1 (Karush-Kuhn-Tucker, see e.g. Delfour, 2012). Let f : R™ — R be
an objective function and let

U= ={x cR™ | gi(x) >0 Vk e {1,...n2}}
be a set of constraints specified by the constraint functions gp: R™ — R, 1 <k <ns.
Furthermore, assume that

(a) f attains a local mazimum at ** € UZ with respect to U= ;
(b) f is Fréchet differentiable at x*;
(c) the gr’s are Fréchet differentiable at x*.

When the constraints qualify (they do in Lemma B.2 and Lemma B.3 because the
gr’s are concave and 0 € U, see Slater’s condition in Delfour, 2012), then there
exists (41, .-y fn,) € R™ such that the following points hold for all k € {1,...,n2}
(V is the gradient here) :

(1) Vf(x*) +>32, meVar(*) = 0;
(2) gr(z*) = 0;

(3) 1223 Z 0;

(4) prgr(z*) =0.

Lemma B.2. (Optimal path for the mazimum) Let

M
f’Y* (xla a'rM) = Z‘ri
=1

be the objective function to maximize under the constraints

k
Gr(@1, ey 2ar) = ; (wi - O;;A) >0, 1<k<M,
then there exists a unique global maximum. The solution is given by
;] =VI52/5(N), 1<i<M,
and the maximum is given by
Sy (@1 2hy) = To2y6(1) =77

Lemma B.3. (Optimal path for ~y-high points) Let ¥\~ < v < 4! for a certain
1€ {1,...,m}, where the critical levels ' are defined in (1.5). Furthermore, let

M-l 2 M-
fy(xl,...,ajMil)é Z <v)\i_ i )+ (V)\M— (v 2Zi'=1 Tr) >

2 .
P o: VA

be the objective function to mazimize under the constraints
k 2

91T 1, ooy Tai—1) = Zl (wi - a;ﬂw> >0, 1<k<M-1,
then there exists a unique global maximum. The solution is given by
. { VVJ;Q /([—;()/\i) when \; < A1
v T2 (0;17111) (’y — ._702/5()\[_1)) when \; > A1

for alli e {1,...., M — 1} and the maximum is given by

_ (7 - ja{"/&()‘lil))Q o

Solat, i) = (1= A Tz (N1, 1)

£, .
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