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Thick points of the planar GFF are totally
disconnected for all v # 0*
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Abstract

We prove that the set of «-thick points of a planar Gaussian free field (GFF) with
Dirichlet boundary conditions is a.s. totally disconnected for all v # 0. Our proof
relies on the coupling between a GFF and the nested CLE4. In particular, we show
that the thick points of the GFF are the same as those of the weighted CLE4 nesting
field introduced in [24] and establish the almost sure total disconnectedness of the
complement of a nested CLE,, x € (8/3,4]. As a corollary we see that the set of
singular points for supercritical LQG metrics is a.s. totally disconnected.
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1 Introduction

The two-dimensional continuum Gaussian free field (GFF) first appeared in the
context of Euclidean quantum field theory to model the free massless bosons [32]. From
a mathematical perspective, the study of this object is motivated by its connections
to many other planar models. For example, its rich interplay with Schramm-Loewner
evolutions (SLE) and conformal loop ensembles (CLE) has led to a deeper understanding
of these objects, and vice versa [12, 28, 23]. Moreover, the two-dimensional GFF is
conjectured, and in some special cases proved, to be the scaling limit of a wide class of
lattice models at criticality, such as the height fluctuation of the dimer model [19], or the
Ginzburg-Landau model [21]. It also arises in the context of random planar maps via
Liouville quantum gravity [16] and plays a major role in the probabilistic construction of
certain conformal field theories, e.g., [8]. In fact, the GFF can be characterized as the
only scale invariant planar field that satisfies a natural domain Markovian property, [3],
which goes some way to explaining this ubiquity.
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Thick points of planar GFF

1.1 Thick points of the GFF and main results

In this work, we study the set of thick points of the GFF with Dirichlet boundary
conditions (Dirichlet GFF). A GFF h with Dirichlet boundary conditions in an open and
simply connected domain D C C is a centered Gaussian process indexed by smooth
functions that are compactly supported in D. Its covariance is given by, for f, g € C°(D),

El(h N)(9) = [ 1@)Go(r.p)g(s)dody
DxD

where G p is the Green function of the Laplacian in D with Dirichlet boundary conditions,
normalised so that AGp(z,-) = —6.(+). As Gp(x,z) = oo, the process (h, f) fec~(p) does
not correspond to integration against a pointwise defined function. It does, however,
almost surely correspond to an element of the Sobolev space H™¢(D), ¢ > 0, i.e. a
distribution, or generalised function. The conformal invariance of G implies that h
is itself conformally invariant in the sense thatif ¢ : D — D is a conformal map, then
h defined by (h, f) := (h,|¢'|2(f o o™1)), f € C°(D), is a Dirichlet GFF in D. See, for
example, [35] for proofs of these facts and further background.

For h a Dirichlet GFF in D, the set of thick points of h is a special set of points
at which, loosely speaking, h takes atypically high or low values. As h is not defined
pointwise, this set must be defined by regularisation. Let z € D and r > 0 and denote
by pZ the uniform measure on 0B(z,r) where B(z,r) is the ball centered at z of radius r.
We consider the random variable h,.(z) := (h, p?) which is well-defined, e.g. by taking
limits, since the integral [ Gp(z,y)pZ(dz)pZ(dy) is finite.

In fact, by [17, Proposition 2.1], if A is a GFF with Dirichlet boundary conditions
in the unit disc D := {z € C : |z| < 1}, then (h,(z)),. has a version such that with
probability one, for every a € (0,1/2),¢ € (0,1) and € > 0 there exists a (random) constant
M = M(a,,€) < oo such that for all z,w € D and s,r € (0,1] with 1/2 < r/s < 2,

Sz, 7) — (w, s)|*
r(2) = ha(w) <M(logi) lfz.r) = o7

(1.1)
In the rest of the paper, we will only work with this version of the circle average process.

For fixed z € D, a direct calculation shows that the process h.-:(z) actually evolves
as a linear Brownian motion in ¢. In particular, lim, o h,(2)/log(1/r) = 0 almost surely.
However, this does not rule out the existence of exceptional points at which this limit is
non-zero: these points are called the thick points of h. It is natural to define, for v € R,
the set of y-thick points of h by

_ e () v
To(h) =Lz € Dl = Jom

where the factor 1/1/27 comes from our choice of normalisation for the Green function.
Note that since we work with a Holder continuous version of the circle average process,
as in (1.1), there is an event of probability one on which we can determine the existence
(or not) of the limit in (1.2) for all z in D simultaneously. That is, the set 7, (h) is well
defined with probability one.

By [17, Corollary 1.4], the set ﬂ(h) set is also conformally invariant in the following
sense. If o : D — D is a conformal map, then almost surely for any v € [-2,2],
©(T,(h)) = T,(h) where h (defined as the image of h under ¢ as above) is a GFF with
Dirichlet boundary conditions in D. Moreover, as shown in [17], if |y| > 2, this set is
almost surely empty and if v € [—2, 2], it almost surely has Hausdorff dimension 2 — v2/2.
In particular, if v = 0, then 75 (h) almost surely has Hausdorff dimension 2: 0-thick points
are typical, as discussed above.

} (1.2)
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Here, we prove another geometric property of 7, (h). Recall that a set U is said to be
totally disconnected if for each point x € U, the connected component of z in U consists
of just that point z. By [13, Proposition 3.5], a sufficient condition for a set to be totally
disconnected is that this set has Hausdorff dimension strictly less than 1. In particular,
observe that if |y| > /2, then T, (h) has almost sure Hausdorff dimension strictly less
than 1, which therefore implies that 7, (%) is almost surely totally disconnected. One
may wonder whether this property extends to the full range v € [-2,2] \ {0}. The
answer to this question is positive and this is the main result of our work. By conformal
invariance, we may restrict ourselves to the case where h is a Dirichlet GFF in D = D
where D := {z € C: |z| < 1} is the complex unit disc.

Theorem 1.1. Let h be a GFF with Dirichlet boundary conditions in D. Then almost
surely, T,(h) is totally disconnected for all v € [-2,2] \ {0}.

Theorem 1.1 is stated for a GFF with Dirichlet boundary conditions in D. However,
one can deduce from this result that a similar statement holds for a GFF with other
boundary conditions. For example, if f is a distribution on the boundary of D such that
its harmonic extension to the interior of D, denoted by F', exists, then almost surely, for
any v € [—2,2] \ {0}, the set of thick points of i + F is totally disconnected, where h is a
GFF with Dirichlet boundary conditions in D. This is simply because for any ¢ > 0, h + F
is absolutely continuous with respect to & when the fields are restricted to (1 — ¢)D.

Further, combined with the decomposition of [18, Theorem A], Theorem 1.1 also
yields the following corollary on the geometry of the set of thick points of a certain class
of log-correlated Gaussian fields, where thick points of such fields are again defined via
circle averages.

Corollary 1.2. Let X be a centered Gaussian process with covariance kernel C'x and
assume that X is an element of H,,; (D) for some s > 0. Assume also that Cx € Lot (pxD)

and that for some ¢ > 0, Cx — Gp € H3 (D). Then almost surely, T,(X) is totally
disconnected for all v € [—2,2] \ {0}.

The proof of Theorem 1.1 is based on a coupling of the Dirichlet GFF with a nested
version of CLE,. This coupling, and the construction of nested CLE,, will be described
precisely below, but let us simply say for now that it gives rise to a different, but natural,
definition of the set of y-thick points for the GFF, ®.,(h), defined via its so-called weighted
CLE,4 nesting field, as studied in [24, 25] and that we recall in equation (1.7) below. It
will follow rather immediately from the total disconnectedness of the complement of
nested CLE4 (the result of Theorem 1.5 of this paper) that <I>A,(h) is almost surely a totally
disconnected set. Theorem 1.1 is then a consequence of the following result, that is of
independent interest, and can be thought of as a universality statement for different
notions of GFF-thick points. Results of this kind have also been obtained in [7] where
it was shown that the thick points of the GFF defined via various approximations of
the field - convolution with a smooth mollifier, white noise approximations and integral
cut-offs of the covariance - agree, provided the approximations satisfy some regularity
and second moment assumptions.

Theorem 1.3. Let h be a GFF in D with Dirichlet boundary conditions. Then, with
probability one, T, (h) = ®.,(h) for every v € [—2,2] \ {0}.

1.2 Application to Liouville quantum gravity

The exponential of the GFF first appeared in the physics literature in the context
of Euclidean quantum field theories [15], where it is used to describe the exponential
interaction. It has also been used in the description of fluctuating strings, and in relation
to 2D toy models of quantum gravity [27]. The exponential of the GFF now plays
a major role in random conformal geometry, where it is used to give a probabilistic
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construction of Liouville Conformal field theory (LCFT), solve random welding problems
and investigate the continuum limit of random planar maps, to mention only a few
applications. One of the most important objects in these contexts is the Liouville
quantum gravity (LQG) measure. It depends on a parameter « € (0,2) and can informally
be defined as pi(dz) = ¢?"*)dz where h is a Dirichlet GFF. As h is not defined pointwise,
the rigorous construction of y, involves a regularisation procedure. When performed
appropriately, it has been shown that this yields a limiting (atomless) measure for every
~v € (0,2); see [6] for an elementary exposition. This measure is intimately connected
to thick points of the underlying field. Indeed, if one samples a point according to the
normalised LQG measure p, with parameter v € (0, 2), then this point is almost surely a
~-thick point of the field used to construct p..

Another object of interest in the context of Liouville quantum gravity (and thus ran-
dom planar maps) is the so-called LQG metric which can be thought of as a conformal
perturbation of the Euclidean metric by the exponential of the GFF. Although the con-
struction of the LQG metric is more involved than that of y,, it has now been succesfully
carried out in a series of works, [9, 14, 10, 11].

For a parameter ¢ > 0, the LQG metric in a disk D is formally defined by

1
D (z,w) = inf / eEMPW)| P! (1) dt, (1.3)
P:z—w 0

where the infimum is over all continuous paths from z to w inside ID and h is a GFF. The
definition (1.3) is purely formal as & is not defined pointwise. To properly construct the
LQG metric, one defines rescaled approximations of Di using a regularised version of i
and then shows tightness of these approximations in an appropriate topology. The final
step is to prove that any subsequential limit must satisfy a natural set of axioms that
uniquely characterises the metric.

The properties of the LQG metric crucially depend on the parameter £ in (1.3). In
particular, by [10, 26], there exists a unique &.-;; > 0 such that if ¢ > &..;;, then the
metric with parameter £ almost surely does not induce the Euclidean topology on D.
Instead, such a metric, called supercritical, admits a set of singular points: these points
are at infinite distance from every other point. We denote by S’fl(]D) this set of singular
points of Di' that is

SS(D):={zeD:Di(z,w) =00 YweD)\/{z}}

This set is intimately related to thick points of h. Indeed, [26, Proposition 1.11] shows
that there exists Q(¢) € (0,2) such that

. hy(2)
S$(D) = {z €D :limsu
(D) ={ Tﬁoplogl/r

> Q(€)} almost surely.

A consequence of the proof of Theorem 1.1 is the almost sure total disconnectedness of
S (D).
Proposition 1.4. Let £ > £.,;+. Then Sfl(ID) is almost surely totally disconnected.

1.3 Outline of the proof and further results

Let us now discuss the proof of Theorem 1.1. As mentioned above, it relies on a
coupling of a nested CLE,, I, as the set of so-called level lines of a GFF h with Dirichlet
boundary conditions. Non-nested CLE, are a family of probability distributions on
ensembles of non-nested loops (closed curves) in open and simply connected domains
of the complex plane [30, 31]. They are well-defined for x € (8/3,8), and connected
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to the Schramm-Loewner evolution with parameter « via the so-called branching tree
construction [30]. The geometry of the loops depends on the value of x: when « € (8/3,4],
these loops are almost surely simple loops that do not intersect each other or the
boundary of D; on the contrary, when « € (4,8), they are almost surely non-simple but
non-self-crossing and they may touch (but not cross) the boundary of D and each other.
A nested CLE, is constructed from a non-nested CLE, by iterating the construction of
non-nested CLE,, in each loop. That is, when « € (8/3, 4], at each iteration, one constructs
a non-nested CLE, in the interior of each loop drawn at the previous iteration, while
when ~ € (4,8), one constructs a non-nested CLE,; in the interior of each connected
component of each loop drawn at the previous iteration.

Here and in the sequel, when we say that I" is a non-nested or a simple CLE,, I
refers to the closed set defined by the closure of the union of all the loops. Iteratively,
CLE, nested up to level n is defined by I'™ = I'»=Y y |, T'(U) (which is equal to
rn=bH ylJ,;T(U) and thus also closed) and where in the countable union we have
iterated independent CLEs in each connected component U of D \1"(”_1). In other words,
'™ corresponds to the set of points that are surrounded by strictly fewer than n loops
(including none at all). Finally, when we say that I' is a nested CLE,, we mean the union
of all the I'("™) — this corresponds to the set of points in D that are not surrounded by
infinitely many loops. In this union we do not take the closure as that would just give the
full domain. There are many ways to put a topology on the collection of nested loops to
obtain a metrizable space (for example, extending the definition in [31, Section 2.1] to
also keep track of the nesting generation).

An important property of non-nested and nested CLE, is their conformal invariance
in law: if o : D — D is a conformal map between two open and simply connected
domains of C and I' is a non-nested, resp. nested, CLE, in D, then ¢(I") has the law of a
non-nested, resp. nested, CLE, in D.

The GFF with Dirichlet boundary conditions and nested CLE, are deeply connected,
[22]. As this result is at the core of the proof, let us now provide some more details; see
also [5, Section 4]. Set \ := \/m and let h be a Dirichlet GFF in D. Then a non-nested
CLE4 I in D can be coupled to h as a so-called local set [28, 23]. The key point is that in
this coupling, conditionally on ', we can decompose

h:ZhOf+H

J

where the h9 are independent GFFs with Dirichlet boundary conditions in each simply
connected component O; of D\T and H is a random distribution in D that is almost surely
constant when restricted to each O;, with P(H = —2Ain O;) =P(H =2Ain O;) =1/2
independently for each j. Moreover, the fields h“ and H are independent. This coupling
can then be iterated in each O; with respect to the field h9 and this eventually gives
rise to a coupling between h and a nested CLE,4 I' in D.

Another way of defining this coupling is as follows. Let I' be a nested CLE4 in ID. For
n > 1, let Loop™(T") denote the set of loops drawn at iteration n of I' and for z € D, let
" be the loop of Loop™ (T') surrounding z. Define also, for z € D,

Ho(2) =) & (1.4)
j=1

where (£, )1<j<n are independent and identically distributed random variables, one for
each loop surrounding z until iteration n, with for 1 < j < n, ]P@W; = —2)\) = ]P({d =
2\) = 1/2. As n — oo, the function z — H,(z) almost surely converges in the space
of distributions to a GFF h with Dirichlet boundary conditions in D, [22, 24, 5]. In the
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resulting coupling, for n > 1, conditionally on all the loops and their labels up to iteration
n, the field h can be decomposed as

h=>Y h%+H,

J

where the h®/ are independent Dirichlet GFFs in the interior O; of each loop of
Loop(") (T"), and H,, is the function defined in (1.4). The fields 19 and H,, are indepen-
dent and note that H,, takes values in {—2nJ,...,2nA} and is constant when restricted
to each O,. Moreover, it can be shown that I' and the labels (£, ¢ € Loop(I')) of the loops
of I' are deterministic functions of the field h [5].

In view of this coupling, heuristically, points in I" should almost surely not be thick
points of h. Therefore, understanding the connectedness properties of 7, (h) amounts to
understanding those of the complement of the nested CLE,. Provided this heuristic can
be made precise, the other key ingredient needed to prove Theorem 1.1 is the following
result, which asserts that the complement of a nested CLE, is totally disconnected. In
fact, since there is no extra work involved, we prove the result for arbitrary CLE,; with
k < 4. Here, we emphasise that the complement of a nested CLE,, in D is D \ U, ™,
where for n € IN*, T is defined as in the begging of this section. In words, the
complement of I" is the set of points that are surrounded by infinitely many loops.

Theorem 1.5. Let x € (8/3,4] and let I be a nested CLE,, in D. Then the complement of
I" is almost surely totally disconnected.

The proof of Theorem 1.5 uses the coupling between a non-nested CLE, and a
Brownian loop soup with intensity ¢ = ¢(x) [31] and this is why the result is stated only
for x € (8/3,4]. Section 2 will be dedicated to its proof.

With Theorem 1.5 in hand, the proof of Theorem 1.1 reduces to showing that thick
points of the Dirichlet GFF must be contained in the complement of its coupled nested
CLE, loops. We will in fact show something slightly stronger, as already explained
informally in Theorem 1.3. Namely, that the set of thick points agrees with the set of
points where H,,, defined in (1.4), grows atypically fast. In particular this means that it
cannot include any points on the nested CLE, loops themselves.

Let us now define this latter set more precisely. It is one example of the set of “thick
points” of a so-called weighted CLE, nesting field, introduced and studied in [25, 24].
So let us make a small detour to explain the general construction. Let « € (8/3,8) and
let ' be a nested CLE, in D. Fix a probability distribution  on R with mean 0 and finite
second moment. Conditionally on T, let (¢;)scr be i.i.d random variables with distribution
. The associated (truncated) weighted nesting field is defined as, for z € D and r > 0,

Sp(z) = > & (1.5)

LeT . (2)

where I',.(z) is the set of loops in I" that surrounds the ball B(z,r). In particular, if the
point z lies on one of the loops of T, then S, (z) will be constant above some finite value
of r. Comparing to above, e.g. around (1.4), we see that in the case where k = 4 and p is
Rademacher, the limiting field is just a multiple of the GFF. As shown in [24], this object
has a limit more generally as  — 0: for any fixed § > 0, there exists a H,;2~°(D)-valued
random variable S such that for all f € C°(D), almost surely lim,_,o(S;, f) = (S, f). As
in the case of the Gaussian free field, S is not defined pointwise but does admit a special
set of points, called thick points, at which loosely speaking, S takes atypically high or
low values. More precisely, let a € R. The set of a-thick points naturally associated to S
is defined to be

._ i Or(2)
®4() = {z € D: lim s 1/ =a}. (1.6)
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The set of values of « for which ®#(T") is almost surely non-empty depends on
and p. When ®#(T") is almost surely non-empty, its almost sure Hausdorff dimension is
given in terms of the Fenchel-Legendre transforms of ;» and of the law of the difference
in log conformal radii between two successive CLE,; loops [25]. Moreover, ®#(I') is
conformally invariant, in the sense that if ¢ is a conformal map from D to another simply
connected domain, then ®4(p(I")) = p(®%(T")) almost surely. The next result, which
follows almost immediately from Theorem 1.5, says that this set is almost surely totally
disconnected when « € (8/3,4] and a # 0. By conformal invariance, as before, we may
restrict ourselves to D = D.

Corollary 1.6. Let x € (8/3,4] and letT" be a nested CLE,, in D. Let u be a probability
distribution on R such that © has 0 mean and finite second moment. Then

P(®#(T) is totally disconnected Vo € R\ {0}) = 1.

To complete the proof of Theorem 1.1, observe that as mentioned in the discussion
before Theorem 1.5 describing the coupling of a Dirichlet GFF h with a nested CLEy, h
is the limiting weighted nesting field associated to the CLE, with labels given by the ﬁlg S
from (1.4). In other words, if for z € D and r > 0 we set

Se(z)= D &uo = Hyp 1(2) (1.7)

Lel . (z)

where n(¢) is such that £ € Loop™®)(T') and J{, is the nesting depth of the first loop in
T intersecting B(z,r), then z — S,.(z) defines a weighted nesting field. In what follows,
we refer to this special instance of (S,(z)), . as the weighted CLE, nesting field coupled
to h. We write ®,(h) for the associated set of ~-thick points as in (1.6). Observe that
Corollary 1.6 implies that ®.(h) is almost surely totally disconnected for all v € R\ {0}
since the distribution of the labels in this case is given by u({2A}) = u({-2A}) = 1/2,
which is indeed centered with finite second moment.

Given Corollary 1.6, the following relation between h and S will allow us to conclude
the proof of Theorem 1.1. Here and in the sequel, we set for z € D and r > 0,

~ _ he(2) S (2)
hr(z) = log 1/r ~ logl/r’

S'T(z) (1.8)
where as usual, we work with the jointly Holder continuous version of the circle average
process (h,(z)), . described in the discussion around (1.1).

Theorem 1.7. Let h be a GFF with Dirichlet boundary conditions in D, let (h,(z)), . be
its circle average field and let (S, (z)), . be its coupled weighted nesting CLE, field. Then

sup limsup |h,(z) — S,(2)| =0 almost surely.
zeD r—=0

In particular, Theorem 1.7 implies Theorem 1.3.

Finally, from Theorem 1.7, we deduce a side result about the thickness of a special
class of local sets for the GFF, called bounded-type local sets (BTLS), which were
introduced in [5] and further studied in [4]. Recall that if A is a local set coupled to a
GFF h, then conditionally on A, h = h4 + H4 where h 4 is a GFF with Dirichlet boundary
conditions in D \ A and H4 is almost surely a harmonic function when restricted to D\ A
[35, Section 4.2]. BTLS are then defined as follows. Let h be a Dirichlet GFF in an open
and simply connected domain D C C. A set A is said to be a BTLS coupled to A if

* there exists a constant K > 0 such that almost surely |H4| < K in D\ 4;
» Ais a thin local set, that is for all f € C2°(D), conditionally on A4, (h, f) = (ha, f) +
fD\A Ha(z)f(z)dz;
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* almost surely each connected component of A that does not intersect 0D has a
neighbourhood that does not intersect any other connected component of A.

The two-valued sets of a GFF h are particular examples of BTLS: for a,b > 0 such that
a+b > 2), the two-valued set A_,; is the only local set coupled to i such that the
corresponding harmonic function Hy _, , takes values in {—a, b} when restricted to the
complement of A_, ; [4].

Corollary 1.8. Let h be a GFF in D with Dirichlet boundary conditions and let A be a
BTLS coupled to h. Then, for any v € [-2,2] \ {0},

hy
{z€D: lim (2) L, z€ A} =0 almost surely.

r—0 log 1/r - o
This paper is structured as follows. In Section 2, we prove Theorem 1.5 and Corol-
lary 1.6. Then, in Section 3, we turn to the proof of Theorem 1.7, thus completing the
proof of Theorem 1.1. This section ends with the proofs of Proposition 1.4, Corollary 1.2
and Corollary 1.8.

2 The complement of nested CLE is almost surely totally discon-
nected

Let x € (8/3,4] and let I" be a nested CLE,; in D. For n € IN, we say thata loop ¢ € T
has depth n if it is surrounded by exactly n — 1 loops of I' and we denote by Loop(") ()
the set of such loops. We set T'(}) = Uperoop ()¢ and iteratively define

F(nJrl) =Tmy UéeLoop("‘H)(F) /.
Notice that this corresponds exactly to CLE nested up to level n + 1, as explained in
Section 1.3. The following properties of nested CLE,, « € (8/3,4], were established
in [31]. For each n, D\ I'(™ almost surely consists of infinitely many open and simply
connected components. These components are the interiors (int (¢;)); of the loops of
Loop™ (T"). In particular, their boundaries are almost surely continuous simple loops in
D. These loops almost surely do not intersect each other and if ¢, is a loop of depth n
and /> a loop of depth n + 1 surrounded by /7, then /5 almost surely does not intersect /.

In the sequel, we will be interested in estimating the number of CLE loops that cannot
be circumscribed by a circle of radius r > 0. We say that a loop ¢ can be circumscribed
by a circle of radius r if there exists z € C such that Int(¢) is contained in B(z,r). If
D c C is a simply connected domain, U a subset of D and r > 0, we denote by N,.(U) by
the number of connected components of D \ U that cannot be circumscribed by a circle
of radius r. In particular, if T is a non-nested CLE,, in D and = > 0, N,.(f) stands for the
number of connected components D \ T, or equivalently the number of loops in T, that
cannot be circumscribed by a circle of radius x. Notice that by local finiteness of CLE,
there are almost surely only finitely many such loops in T.

Theorem 1.5 will follow from the following lemma.

Lemma 2.1. Let x € (8/3,4] and letT" be a nested CLE,; in D. For any € > 0, there almost
surely exists (a random) n € IN such that N_(T'™) = 0.

Assuming this lemma, it is straightforward to deduce Theorem 1.5.

Proof of Theorem 1.5 given Lemma 2.1. Let x € (8/3,4] and let I' be a nested CLE,; in
D. Observe that if the complement of I' in D is not totally disconnected, then there exists
€ > 0 such that a connected component of the complement of I'" has diameter greater
than e. By Jung’s theorem, if a set K C C has diameter d, then there exists a closed ball
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with radius r satisfying r < d/+/3 that contains K. It follows from this that if a connected
component of the complement of I' cannot be circumscribed by a circle of radius €/v/3,
then its diameter d satisfies d > ¢. We thus see that the event that the complement of
I is not totally disconnected is contained in the event that there exists ¢ > 0 such that
a connected component of the complement of I' cannot be circumscribed by a circle of
radius ¢/+/3. Therefore,

P(the complement of I is not totally disconnected) < P(3e > 0: Ng/\/g(UmE]N*F(m)) #0)
=0

where the last equality follows from Lemma 2.1 and the fact that NE/\/E(UmG]N*I‘(m)) <

NE/\/g(I‘(")) for any fixed n. This completes the proof of Theorem 1.5 assuming Lemma 2.1.
O

We now turn to the proof of Corollary 1.6, which is a consequence of Theorem 1.5
and of the definition of the set of thick points of a weighted nesting CLE,, field.

Proof of Corollary 1.6. For any a > 0, let % := {z € D : liminf, .o S,(z) > a}. Observe
that by definition, for any z € Upen-I(, liminf, .o S‘T(z) = 0. Hence, we have that
dFt C D\ Upen-T'™. It therefore follows from Theorem 1.5 that the event A7 =
{®#* is totally disconnected} has probability one. The same conclusion holds if we

define, for any a < 0, A; analogously, with &%~ := {z € D : limsup,_,,5,(2) < a}.
Writing the event in the statement of the theorem as Une]N*AT/n U Al_/”, we deduce the
result. =

We now turn to the proof of Lemma 2.1. The idea is to encode the large loops of
a nested CLE,, x € (8/3,4], into a tree. For ¢ > 0, the vertices of this tree will be the
loops of I" that cannot be circumscribed by a circle of radius ¢ (and two vertices will be
connected by an edge if and only if the two corresponding loops differ by exactly one
level of nesting and one surrounds the other). Showing Lemma 2.1 will then amount
to showing that this tree almost surely has finite depth. To carry out this strategy, we
will need to estimate quantities of the type ]E[Nr(f‘)], where T is a non-nested CLE, and
r > 0. This requires us to understand how large loops in a non-nested CLE,; are formed,
and this is where the restriction to x € (8/3, 4] plays a crucial role: we relate large loops
in a non-nested CLE, to crossing events in a Brownian loop-soup of intensity ¢(x). This
strategy would not allow us to deal with the case « € (4,8) as the Brownian loop-soup
construction of non-nested CLE,; does not extend to these values of « [31]. The following
two auxiliary lemmas provide the properties of E[N,4(T)], d > 0, that will be instrumental
in the proof of Lemma 2.1.

Lemma 2.2. Let x € (8/3,4]. There exists 0.95 < R = R(k) < 1 such that the following
holds. For each p € IN*, there exists a constant C), = C’p(/{) < oo such thatif D C D is an
open and simply connected domain that cannot be circumscribed by a circle of radius R,
and I'p is a non-nested CLE,, in D, then

E[Ng(Tp)?] < C,.
In particular, the constant C),, does not depend on D.

Proof. The proof relies on the loop-soup construction of the non-nested CLE,, s € (8/3,4].
Let k € (8/3,4]. By Theorem 1.6 in [31], there exists a unique ¢ = ¢(x) € (0,1] such that
a non-nested CLE, I' can be constructed from a Brownian loop-soup £ with intensity
c. More precisely, if D is an open and simply connected domain in C, we can couple a
non-nested CLE,, r p in D and a Brownian loop-soup £p in D with intensity ¢ in D in such
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a way that the loops of I'p correspond to the outermost boundaries of the outermost
clusters of loops in Lp. Using this coupling, we are going to show that there exists
R = R(k) such that for any D C D, the probability that there exist j loops with that
cannot be circumscribed by a circle of radius R in a non-nested CLE,. I'p in D decays
exponentially fast, uniformly in D C D. From this, we will be able to show that the
moments of Ng(I'p) are uniformly bounded in the domain D c D.

Consider the coupling (f‘]D,E]D) described above with D = D. For w € JD and
0<r <re <1, welet

A(w,r1,m) ={z€D:r <|z—w| <r2}

denote the “boundary annulus” centered at w (on the boundary of D) with inner radius
r; and outer radius r,. For k € IN* and a loop-soup £, we also define the event

C(L; k,w,r1, o) = {there exist k disjoint chains of loops in £ that cross A(w,r1,72)}

where a chain of loops in £ is defined as a sequence (¢); of loops in £ such £, Nl # 0
for each k. By the results in [31], the loops of £Lp almost surely do not intersect 0D. This
implies that for any 7, < 1 and w € 9D,

P(C(ﬁm;l,w,%,rg))%() as n — oo. (2.1)
Indeed, the sequence C(Lp; 1, w, %, T2)n>1 is @ decreasing sequence of events and if the
intersection over n occurs, there must exist a cluster of loops in £Lp whose closure
intersects the boundary of D. By [31, Lemma 9.4], this event has zero probability.
Since lim,, o, P(C(Lp; 1, w, %,7’2)) = P(lim,,— C(Lp; 1, w, %,7’2)), we deduce that the
convergence (2.1) holds.

Let us now fix r, < 1 and w € JD. From the previous convergence, we deduce
that there exists r, € (0,r2) such that P(C(Lp;1,w,r1,72)) < 1. Moreover, by conformal
(rotational) invariance of the Brownian loop-soup, r; does not depend on w. Hence,
we may set pp := P(C(Lp;1,w,r1,r2)), for this particular choice of r1, r» (and arbitrary
w € ID).

With r; and r5 as above, we are now going to surround 9D from the inside of D by a
collection A(D) of boundary annuli of inner radius r; and outer radius r,. Pick a point
wy € 0D and add A(wq,7r1,7r2) to A(D). Then let wy be the most clockwise intersection
point of dB(wy, ) with 9D. Add A(ws,71,72) to A(D). Continue this procedure until the
newly added boundary annulus intersects the inner radius of A(wj,r1,r2). The obtained
collection A(D) = {A(wj,r1,72)}; contains O(r; ') boundary annuli and is such that any
boundary point of D lies inside the inner circle of some A(w;,r1,72) in A(D).

Let h denote the distance between JDD and the intersection points of the inner circles
of any two adjacent boundary annuli in .4(ID), see Figure 1. By construction, A is the
same for any pair of adjacent boundary annuli. Set R = % max{2 — h,1.9,2r5}.

Let D C D be an open and simply connected domain such that D cannot be circum-
scribed by a circle of radius R. We define the following covering of 0D

A(D) :={A = A(w,r1,m2) € AD) : B(w,r1) N D # 0}. (2.2)

Notice that | A(D)| < |.A(D)|. We couple a non-nested CLE,, I'p in D and a Brownian
loop-soup of intensity ¢(x) in such a way I'p corresponds to the outermost boundaries
of the outermost clusters of loops in L. Observe that a loop in I'p which cannot be
circumscribed by a circle of radius R must cross one of the boundary annuli in A(D).
Indeed, we defined R in such a way that loops that do not cross the boundary annuli in
A(D) are either circumscribed by 9B(0, R) or by 0B(w, R) for some w € D such that
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Figure 1: On the left, the unit disk and a subset of the cover A(D). The red circles have
radius 75 and the blue circles radius r;. On the right, we have drawn the distance h and
the dotted circle is 9B(0, R). The loops that are represented are examples of loops that
cannot be circumscribed by the dotted circle or one of the boundary annuli of .A(D) that
we have drawn.

A(w,ry,r5) € A(D). Since, in the coupling, the loops of I'p are the outer boundaries
of the outermost clusters of loops of Lp, the existence of a loop in I'p that cannot be
circumscribed by a circle of radius R implies that a chain of loops in £ crosses a
boundary annulus in A(D). Moreover, if there are j disjoint CLE4 loops in I'p, then there
must j disjoint chains of loops in £p: these j disjoint CLE, loops correspond to the outer
boundaries of j disjoint outermost clusters of L. To upper bound the probability that
there exist such j loops in I'p that cannot be circumscribed by a circle of radius R, we
observe that for j > 1, by the pigeon hole principle,

{Ng(T'p) > j} Cc {3A € A(D)such that C(Lp; [ 1, w,r1,r2) occurs}.

_J
|A(D)|

Therefore, for j > 1, by a union bound,

SEDES SN RNCT ARy

A=A(w,r1,r2)€A(D) )l

< Z IP(C(ACD;[JL’LU,’IH,TQ)>. (23)
A=A(w,r1,r2)EA(D) |A(D)|

To upper bound the probabilities appearing on the right hand side of (2.3), we apply
the BK inequality for Poisson point processes [34]. This allows us to upper bound the
probability that there exist k£ crossings of a given boundary annulus by disjoint chains of
loops of L as follows. Given a realisation w of the Brownian loop soup, we say that two
increasing events A and B occur disjointly, and denote this event by A o B, if there exist
two disjoint subsets K = K(w), L = L(w) of D such that wx € A and w;, € B, where wg,
respectively wy, denotes the realisation w restricted to K, respectively to L. The BK
inequality then states that P(A o B) < IP(A)P(B). For k > 1, the event C(Lp; k,w,r1,72)
corresponds to the disjoint occurrence of k increasing events:

C(LDa k',’UJ, Tl,TQ) = C(LDa 17w,7’1,7"2) -0 C([’Dv 1aw7 7’1,7‘2)~
Therefore, for any w € 9D and k € IN*,
P(C(Lp;k,w,r1,73)) <P(C(Lp; 1,w,r1,r2))k = ¢~ °pk (2.4)
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where we have set ¢p := —log(P(C(Lp; 1, w,71,72))).
It is also not hard to see that

cp > cp = —logpp > 0. (2.5)

Indeed, this follows from the fact that £Lp and Ly can be coupled so that £Lp C Lp
almost surely (due to the restriction property of the Brownian loop measure [20]). In
this coupling, if A = A(w,r1,7r2) € A(D), then the existence of a chain of loops in £Lp
that crosses A implies the existence of a chain of loops in Ly, that crosses A. Therefore

]P(C(»CDv 1,w,r1,7'2)) S IP(C(‘C]Dv 1,’[0,7’1,7’2)) = DD,

which is equivalent to (2.5).
Going back to (2.3), the inequality (2.4) yields

- ) j
P(Nr(T'p = j)) < [A(D)] exp (cD {—D (2.6)
|A(D)|
The statement of Lemma 2.2 follows from this. Indeed, for p € IN*,

E[N(Tp)") = 3 WE(Ny(['p) = k)
k>1

<> kPP(Ny(Tp) > k)
E>1

(G+DIA(D)]

<Y HAD)er

720 k=jlA(D)[+1

where we used (2.6) in the last inequality. Upper bounding |A(D)| by |A(DD)| and
remembering (2.5), we obtain that

E[Ng([p)”] < |AD)[e™® Y (j + 1)P|A(D) P eew!
>0
< JAMD)[PF2em " (j + 1)Pe 7,
Jj=0

and the series on the right-hand side is finite. This concludes the proof of Lemma 2.2. O

The uniform bound on the moments of Ni(I'p) established in Lemma 2.2 allows us
to apply Holder inequality to derive the following result. As one may guess, this result
will be the key to show the almost sure finiteness of the tree constructed in the proof of
Lemma 2.1.

Lemma 2.3. Let x € (8/3,4] and R = R(k) be as given by Lemma 2.2. Then there exists
Ry = Ro(k) € [R,1) and ¢ < 1 such that the following holds. Let D C D be an open and
simply connected domain such that D cannot be circumscribed by a circle of radius R.
Let fD be a non-nested CLE,, in D. Then

E[NRO(fD)] <c<l1.
In particular, ¢ < 1 does not depend on D.

Proof. Let D C D be an open and simply connected domain such that D cannot be
circumscribed by a circle of radius R where R is as in Lemma 2.2. By Holder’s inequality,
for any r € [R, 2), we have

E[N,(I'p)] = EIN )y, (£ )50y] < EINH(Tp)?Y?*P(N,(Tp) > 0)'/2.
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Moreover, since the random variables (N, (I'p)), z € (0, 1], are non-increasing, we can
further write, for any r € [R, 2)

E[N,(T'p)] < E[Ng(Lp)??P(N,.(T'p) > 0)'/2. (2.7)

By Lemma 2.2, there exists a constant Cy < oo, independent of D, such that E[Nz(T'p)?] <
Cy. If Cy < 1, from (2.7) and the trivial bound P(N,(I'p) > 0) < 1, we obtain that any
r € [R,1), E[N,(I'p)] < 1 and the lemma follows with Ry = R. If C, > 1, (2.7) yields that
for any r € [R, 1)

E[N,(Tp)] < v/CoP(N,(I'p)) > 0)'/2. (2.8)

We next claim that for any r € [R, 1),
P(N,(I'p)) > 0) < P(N,.(I'p)) > 0). (2.9)

This is easily seen by using a coupling (£p, I'p, Lp, f‘]D)~where (Lp, EJD) are coupled as
in the explanation to the inequality (2.5), and both (Lp,T'p) and (Lp,I'p) are coupled as
in the proof of Lemma 2.2. In this coupling, for r € [R, 1),

e if Nr(f p) = 1, then the outermost cluster of loops in £p whose outer boundary
corresponds to this loop in I'p remains the same or gets larger when constructing
Lp. Moreover, during the construction of Lp, outermost clusters of loops that
cannot be circumscribed by a circle of radius » may appear.

o if NT(IN“ p) > 2, then the corresponding outermost clusters of loops in £ may merge
together during the construction of L. In the worst case, all such clusters merge.
But the single cluster thus formed still cannot be circumscribed by a circle of radius
T.

The above reasoning then implies (2.9). Using this in (2.8), we thus obtain that for any
re€[R,1) ) )
E[N,(Tp)] < /CoP(N,(T'p)) > 0)1/2. (2.10)

The lemma will therefore follow if we can show that there exists Ry € [R,1) such that
P(Ng,(I'p) > 0) < 1/Cs. But this simply follows from the fact that

P(N,(Tp)>0), 0 as = 1 1. O
With Lemma 2.3 at hand, we can now turn to the proof of Lemma 2.1.

Proof of Lemma 2.1. Let ¢ > 0 and let I" be a nested CLE,, in D. We are going to encode
the large loops in T, that is the loops in I' that cannot be circumscribed by a small circle,
into a tree T'(¢) that will be constructed progressively during the proof. We start by
constructing a tree T'(1; ¢) whose root is simply the unit circle 9D. Recall that forn > 1,
I'®) denotes the closed union of the first n levels of loops and let Ry = Ry(k) be as in
Lemma 2.3, i.e. such that E[Ny, (I'™))] < 1. The vertices in the first generation in 7'(1;¢)
are the loops of Loop(l)(I‘) that cannot be circumscribed by a circle of radius ¢. By local
finiteness of CLE,;, there are almost surely finitely many such loops. We then iteratively
construct the next generations of T'(1;¢) as follows: if a loop ¢ corresponds to a vertex at
generation n in T'(1;¢€), and cannot be circumscribed by a circle of radius Ry, then its
descendants at generation n + 1 are the loops of Loop(”“)(l“) that lie inside ¢ and cannot
be circumscribed by a circle of radius ¢. If a loop at generation n can be circumscribed
by a circle of radius Ry, then it has no descendants at the next generation. Another way
to phrase this is that generation n (the nth level vertices) of T'(1, ¢), is the collection of
(nesting)-depth n loops in I' which cannot be circumscribed by a circle of radius ¢, and
whose parent loops cannot be circumscribed by a circle of radius Ry. Notice that by
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construction, all the loops corresponding to vertices of T'(1; ¢) have diameter larger than
€.

Consider now the restriction Ty(1;€) of T'(1;€) to loops that cannot be circumscribed
by a circle of radius Ry: that is, Tp(1,¢) is just T'(1,¢) minus its leaves. Ty(1;€) is
equivalently the tree that one would obtain by keeping at each generation only the
loops that cannot be circumscribed by a circle of radius Ry. Note that if / is a loop at
generation n of Tj(1; €), then its number of descendants in Ty (1; €) at generation n + 1 is
given by NRO(fg), where Ty is a non-nested CLE,, in int(¢). Moreover, if ¢, and ¢, are two
distinct loops at generation n in Ty(1;€), then Ng, (T's,) and Ng,(I's,) are independent.
By Lemma 2.3, for any n and any loop ¢ at generation n of Ty(1;¢€), since £ C D that
cannot be circumscribed by a circle of radius Ry, E[Ng,(I'¢)] < ¢ < 1. Therefore, Ty(1;¢)
is dominated by a Galton-Watson tree in which the expected number of descendants of
each vertex is strictly less than 1. This implies that there almost surely exists k; such
that all loops that cannot be circumscribed by a circle of radius Ry in I' have depth
at most k1 — 1 in Ty(1;¢). In other words, there almost surely exists k; such that all
connected components of D \ I'*1) can be circumscribed by a circle of radius Ry. By
definition, the construction of 7'(1; ¢) is finished at generation k;, and we define the first
part of T'(¢) to be the tree thus obtained.

We then continue the construction of T'(¢) starting from the leaves of T'(1;¢). These
leaves form a collection L; of loops that cannot be circumscribed by a circle of radius e.
Each of these loops belong to a unique Loop(") (T"), for some n < k;, can almost surely be
circumscribed by a circle of radius R,. By scale and translation invariance of CLE,, plus
Lemma 2.3, if we define

R R
S0, 2.11
o ] ( )
then
E[Ng, (Tp) <c<1 (2.12)

whenever D is a simply connected domain that can be circumscribed by a circle of radius
Ry and r p has the law of a non-nested CLE,, in D. Indeed, for such a D, if B denotes
the closed ball of radius R, containing D, then we can scale and translate B to map it
to the unit disc and the image of D under this mapping is a simply connected domain
contained in the unit disc.

We are now going to grow trees rooted at each of the leaves of T'(1;¢): in other words,
at the loops in L, which we enumerate as /1,...,Iy for some N < oco. Starting from
{; € Ly, we construct a tree 77(2;¢) as follows. Let n; be such that ¢; € Loop!™/)(I).
If a loop / at generation n in T7(2; ¢) cannot be circumscribed by a circle of radius R,
then its descendants at generation n + 1 are the loops of Loop™ ™" *)(T") inside / that
cannot be circumscribed by a circle of radius e. If on the contrary a loop at generation n
in 77(2;€) can be circumscribed by a circle of radius Ry, then it has no descendants at
generation n + 1.

Arguing the same way as for 7'(1,¢) and using (2.12) together with the iterative
construction of the nested CLE,, it follows that for each j, the tree 77 (2;¢) is almost
surely finite. We then glue the trees 77(2;¢) to T(1;¢) to produce a new tree T(2;¢).
Note that T'(2;¢) is a finite tree whose vertices at depth n are nth level loops in the
original nested CLE, and that 7'(2; ¢) contains all loops of the nested CLE,, that cannot be
circumscribed by a circle of radius R;. In other words, since T'(2, €) is finite, there exists
some ky < oo such that all connected components of D \ T'*2) can be circumscribed by a
circle of radius R;.

This procedure yields a new set L, of leaves for T'(2; ¢) such that all loops in L, can be
circumscribed by a circle of radius R; and we can now repeat the previous construction,

EJP 28 (2023), paper 85. https://www.imstat.org/ejp
Page 14/24


https://doi.org/10.1214/23-EJP975
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Thick points of planar GFF

starting from the loops in Lo, with R, defined analogously to R;. Iterating this procedure,
we obtain a decreasing sequence (R,,),, of radii such that almost surely for all n € IN*,
R, R

— < 1.
Rn—l 1

In particular, (R,,), is such that almost surely
R, = RoRy—1 = R%Rn_2 == RS"H.

Therefore, there almost surely exists N such that Ry < ¢/3. Let kny < oo denote the
total depth of the finite tree T(N;¢) := T'(¢), constructed after N iterations of the above
process.

Then all loops that cannot be circumscribed by a circle of radius ¢ in the original
nested CLE T have depth at most &y in T'(¢). In other words, all connected components
of D\ I'*~) can be circumscribed by a circle of radius . Since € > 0 was arbitrary, this
concludes the proof. O

3 The almost sure total disconnectedness of the thick points of
the GFF and its consequences

3.1 Proof of Theorem 1.7

As explained in the discussion around (1.1) in the introduction, we work with a
version of the circle average process (h.(z)). . such that with probability one, for every
a € (0,1/2),¢ € (0,1) and € > 0 there exists a (random) constant M = M(a,(,€) < 00
such that for all z,w € D and s,7 € (0,1] with 1/2 <r/s < 2,

“Jzor) = (w,s)|*

g (3.1)

1
|he(2) — hs(w)| < M(log )
r
Our goal is to show that for this version of the circle average process, and for any fixed
0>0,
P(sup limsup |h,(z) —S.(2)] >0) =0 (3.2)
zeD r—=0
where S and h are the re-scaled versions of S and h defined in (1.8). Recall also the
discussion before Theorem 1.5 describing the coupling between h and S (its coupled
nesting field), defined in (1.7).
Soletusfixd > 0. For0 < r < 1, we set

where n(r) is the unique n € IN,n > 2, such that r € [n=%, (n—1)"%) and where ¢ > 1/v/2
and K > 0 are fixed but arbitrary. For n € IN* and 2 € D, we denote by z,(z) the closest
point to z in the set D,, := n~(K+17Z2 N D. We bound the left hand side of (3.2) above by
a sum of three terms:

- ~ 1)
P(Sup lim sup |hr(z) - hrn(zn(r)(z)” > 7) (3.3)
zeD  r—0 3
. - ~ 1)
+ P(sup limsup | Ay, () (2n(r) (2)) = Sy, () (Zn(r) (2))] > g) (3.4)
zeD r—0
. = ~ 1
+ P(sup limsup [S;., () (2n(r)(2)) = Sr(2)] > 7). (3.5)
zeD  r—0 3
EJP 28 (2023), paper 85. https://www.imstat.org/ejp

Page 15/24


https://doi.org/10.1214/23-EJP975
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Thick points of planar GFF

We will handle each of these terms separately and show that they are all equal to 0 for
any K > 0and ¢ > 1/y/2.

For the term (3.3), this follows easily from the continuity estimates (3.1) for the circle
average process. To show that the term (3.4) is equal to 0, we will exploit the coupling
between h and S. We will condition on an appropriate depth of the nested CLE, coupled
to h and use this conditioning to reduce the proof via Borel-Cantelli lemma to variance
estimates for the conditional circle average process. Finally, to deal with the term (3.5),
we will upper bound it by the probability that well-chosen annuli in ID contain many CLE4
loops surrounding their inner boundary but not intersecting their outer boundary. Using
the Borel-Cantelli lemma and estimates on the extremal distance between a non-nested
CLE, loop and the boundary of the domain in which the non-nested CLE, is sampled, we
will deduce that the term (3.5) is equal to 0.

3.1.1 Proof that term (3.3) is zero

The fact that this probability is equal to 0 for any choice of ¢, K follows from (3.1), which
means that for all « € (0,1/2),( € (0,1) and € > 0,

Sz, 1) — Zn(r) (2), (1))
02~ o (D] M0 ,) o _— in(;§§+)e 2

Vz e D,r e (0,1].

(3.6)
By our choice of r,(r), we have

= ra(r)] < (n(r) = 1)7F =1, (r) < COn(r)~FFY

for some absolute constant C' > 0. Moreover, for n € IN*, |z — z,(2)| < n=(K+1/\/2,
Substituting into (3.6), for an arbitrary choice of a € (0,1/2) and € < a/ K implies that
forall z € D, ~
| (2) = My () (20() (2))] — 0 @sr — 0.
Thus, 5

]P(Sup lim sup |]~Ir(’z) - Brn(r) (Zn(r)(z))| > g) =0,

zeD r—0

as required.

3.1.2 Proof that term (3.4) is zero

To show that the probability in (3.4) is equal to 0, again for any ¢, K, we are going to use
the Borel-Cantelli lemma. As we will explain shortly, this requires us to establish that
the sum

2(K+1 7 g
nglg* n? ) z?leag(n P(|hr, (2n) = Sr, (zn)| > g)
is finite. In turn, controlling the probability appearing in this sum requires us to
understand how the variance of the circle average of h behaves when the field is
conditioned on its coupled nested CLE,. So let us first examine this in more detail.
Let us fix z € D and r > 0 such that r < 2dist(z, D). For j > 1, denote by ¢/ the loop
of Loop")(T") containing z and define

J, r==min{j > 1: 4, N B(z,7) # 0}.

In other words, JQT is the (nesting)-depth of the largest loop in I' that contains z and

intersects B(z,r). We denote this loop by ¢7%r . For general j, we further denote by
CR(z, #2) the conformal radius of int(#/) seen from z.
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Conditioning on r Qr), we have
- ~ ) . ~ 1) o)
P(|h,(2) = Sr(2)] > §) =E|P{ |h () = S-(2)] > 3 | Tz . (3.7)

Note that the circle 0B(z, r) intersects infinitely many loops in rz-). One may therefore
think that controlling the conditional variance of ﬁr(z) will be rather technical and
that conditioning on AN may be a better path to follow. However, conditioned on
I'7Z+=1, we have that & inside ¢/*+! is a Gaussian free field conditioned to have its
first CLE,4 level line loop around z intersecting B(z,r). This is a somewhat complicated
conditioning to control. On the other hand, we will see that when conditioning on r Q«T),
the sum of the contributions to the variance of fzr(z) coming from the fields inside each
loop intersecting B(z,r) remains smaller than a deterministic constant which does not
depend on z and r.

Here, we would like to emphasize that when we condition on V), we mean that we
condition on the o-algebra o ((Loop(I'?)))1<;< o, ) generated by the loops of I up to depth

JL,.. It can be shown that this o-algebra is the same as o(I7or) = o(Ur<j<an, Loop(TW)).
Let us denote by (O;); the collection of open and simply connected components of
D\ NSRS By definition of the coupling between h and I', conditionally on s ),

he(2) = Z h(J) /H x)pz(dz)
7:0;NOB(z,r)
where:

* ((h1));, H) are independent;
* the hU) are independent GFFs with Dirichlet boundary conditions in each O;; and
* H is almost surely constant when restricted to each O;, satisfying

H= Sr(z) + gj

for each j, where the ¢; are independent of S,(z) and of each other, with, indepen-
dently for each j, P(¢; = —2X) = P(§; =2)) =1/2.

Moreover, '/ ) has the property that the integral of H inside V%) with respect to

pZ is almost surely equal to O (it is what is known as a “thin local set” of h, [29], see also
[35, Section 4.2.5]). Therefore, we have that

| [ H@pitdn) - 5.(2)| < 22

almost surely, and in turn, almost surely,
z 5 O | (a0,
P( |h-(2) — Sr(2)| > 3 ] | NG

= ]P(y > h(J) /54 p*(dz) logf | TU=x )

j:0;NOB(z,r)

< P(! > hgﬂ(z)y > 22X\ + glog - | F(JQT)) (3.8)

j:0;NOB(2,r)#0

Now, the hﬁj )(z) are (conditionally) independent Gaussian random variables. Therefore,
bounding the conditional probability in (3.8) amounts to controlling the conditional
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variance of their sum (and using the elementary bound P(|.X| > m) < C exp(—%z) for
X ~ N(0,0?) and m > 0). In other words, we need to understand the random variable

2
EK 3 hg)(z)> | pw?,r)] ,
j:0;NOB(z,r)#0

We will prove the following lemma.

Lemma 3.1. We have
. 2 n
EK > hy)(z)) \F(szr-)} < log4
J:0;NOB(z,r)#0

almost surely.

Before proving this lemma, let us see how it implies that Term (3.4) is 0 (for any ¢, K).
First, combining it with our elementary Gaussian upper bound, we get that

—2\ 4 2log 1)?

j d. 1 n
P | Z hgj)(z)| > =2+ 3 log — |F(szr)) < Cexp <
7:0;NOB(z,r)#0 "

almost surely. In particular, the right-hand side is non-random. Then substituting (3.9)
into (3.8), (3.7) yields

(3.10)

- 3 1og 1)2
1P<|Br<z>—5u<z>>§>gceXp(_< 20+ §log }) )

log4

If we set r = r, and z = z, in the above inequality, we see that the right-hand
side decays faster than any power of n as n — oo, at a rate that can be chosen to be
independent of z,,. This shows that for any ¢, K, the sum

~ )
Z n2(K+1) max ]P(lhrn(zn) - ST"(Zn)| > 7)
nelN+ Zn €Dy 3

is finite, so by the Borel-Cantelli lemma, we conclude that

. ~ ~ )
P(sup limsup | A, () (2n(r) (2)) = Sy, () (20 (2))] > §) =0.
zeD r—0

It thus remains to prove Lemma 3.1.

Proof of Lemma 3.1. By independence of the fields 2(/) conditionally on I‘(‘]Q«T), we al-
most surely have

2
E[( > h&”(z)) ywm] = ) / Go, (x,y)p;(d)p; (dy)
J:0;NOB(z,r)#0 j:0;NB(z,r)#0 9;
where for each j, Go, denotes the Green function in O;. Since the O; are disjoint, setting
o= U o
7:0;NB(z,r)#0

we have, forall z,y € 0,

Gé(xvy) = Z Goj (m,y)

j:O;NB(z,r)#£0
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where G 5 denotes the Green function in O and Go,(w,y) = 0if x or y is not in O;. Since
the functions G, are non-negative, we can apply Tonelli’s theorem to obtain that almost
surely

3 / Go, (z,y)p? ()i (dy) = / G (. )2 (d)pi ().

j:0;NB(z,r)#0
By monotonicity of the Green function, see for example [35], we then almost surely have

[ Gotwwitanmian < [ Goup @ npildopid) G
@] OUB(z,r)

where G, ) denotes the Green function inside OUB(z,r). Since B(z,7) C OUB(z,7),
we can explicitly compute the integral on the right hand-side of (3.11):

/ Goun(s,r (@, y)pr(dz)pi(dy) = —logr +log CR(z, d(OUB(z,r))) almost surely.
OUB(z,r) ’

(3.12)
Moreover, by the Koebe 1/4-theorem, the definition of J{', and the fact that o) is
almost surely path-connected, we almost surely have

CR(z,0(0(2) U B(z,7))) < 4dist(z,0(0(z) U B(z,r)) < 4r.

Combining (3.11) and (3.12) with this upper bound, we obtain,

4r
IEK > h9) (z ) | T2 } <log— =log4

j:0;NOB(z,r)#0

almost surely, which completes the proof of the lemma. O

3.1.3 Proof that term (3.5) is zero

To establish that this probability i§ equal to 0 (for any fixed K > 0and ¢ > 1/ V/2), we are
going to show that for any fixed § > 0,

P(3z € D such that limsup |S,(z) — grnm(zn(r)(z)ﬂ >0) =0.

r—0

Recall that r,(r) = (1 — c/n(r))n(f)*K where n(r) is the unique n € IN* such that
r € n~, (n—1)7%)). Solet us fix § > 0 and further define

= L n(r) K
Ra(r) 1= (14 o5)n(0)

where d = d(¢, K) > 0 is chosen large enough such that for all z € B(0,1/2) and r > 0
0B(z,1) C B(2y(ry(2), Rn(1)) \ B(2p(r)(2),7n(r)).

Note that since |z — 2,()(2)| < n(r)"5+Y /2 and r > n(r)~ 5+ /v/2 4+ 7, (r) (because
¢ > 1/v/2) we do have that dB(z,r) lies outside of B(z,(,(z),rn(r)). Moreover, 0B(z,r)
lies inside B(zy(r)(2), Rn(r)) as long as r < |z — z,(,)(2)| + R, (r), which is satisfied if

n(r)” K+ d

(n(r) = 1)7% < NG

i.e. as long as d is large enough.
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Figure 2: The balls B(z,7), B(2y(r),7n(r)) and B(zy(y), Ra(r)). The red loops that are
dashed contribute to |S,(2) — Sy, () (2n(r)(2))|. The red loops, either plain or dashed, are
those CLE, loops that surround B(zy,(y, 7 (7)) but not B(zy (), Rn(7)).

With our choice of d, if the event {|S,(z) — S*Tn(r)(zn(r)(z)ﬂ > 6} occurs for some
z € B(0,1/2) and r > 0, then there exist at least C'log(n(r) — 1) loops that surround
B(zy()(2),n(r)) but not B(z,(,)(2), R,(r)), for some constant C' = C(5,K) > 0. Indeed,
we have:

|ST(Z) - Srn(r)(zn(r)(z))l
_ | ST('Z) B Srn('r')(zn(r)(z))’
~llog1/r log 1/7,,(r)

1

< Rlogta() =)&) = S (nen )
<2

~ Klog(n(r) —1)

x #{¢ € T'surrounding B(2,,(,)(2), n(r)) but not B(z,()(2), Rn(7))}.

where the last inequality follows because the number of loops surrounding B(z,((2),
7,(r)) but not B(z,r), i.e. the loops that contribute to |S,(z) — S, () (2n(r)(2))], is less
than the number of loops surrounding B(z,()(2), (7)) but not B(z,((2), Rn(r)), and
because the signed Bernoulli random variable associated to each loop almost surely has
modulus < 2)\. See Figure 2 for a visual representation.

Forn > 2 and z, € D,, let us define the event

A, ., ={there are at least C'log(n — 1) loops that surround B(z,, r,,) but not B(z,, R,)}

where r, = (1 —c¢/n)n~%, R, = (14+d/n)n"% and C is the constant derived above. From
the previous discussion, we obtain the following inequality:

P(3z € D such that limsup|S,(2) — S, (1) (2n(r) (2))] > 8) < ]P({ U 4n-.} i.o.).

—0
" 2n €D

So we need to show that the right-hand side in this inequality is equal to 0. This will
follow from Borel-Cantelli lemma if we can establish that the sum

2(K+1) ]P A
gzn Zgleagin ( nvzn)
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is finite. This holds in particular if max, cp, PP(A, ., ) decays faster than any power of n.
In other words, it suffices to prove the following lemma.

Lemma 3.2. There exists a sequence g(n) — 0 as n — oo such that
IP(Anz ) < g(n)[Clog(n—l)j—l
foralln > 2 and z, € D,,.

Proof. Let us fixn > 2 and z, € D,,. To lighten the notations, let us set J = J!  so
that ¢/ is the first nested CLE, loop intersecting B (zn, Rn). Using the nestedness of the
CLE, loops, we can bound

P(A,.,) < P(B(2n, 1) C ¢/ TLCl0s0=DI=1)

< P(B(zy, 1) C ¢7FHLC0B=DIZL B2 ) € 07
|Clog(n—1)]—1
< 11 P(B(zn,7n) C 7% | Bz, ) C £7TF71), (3.13)
k=1

where we also used the trivial bound P(B(z,,r,) C /) <1 in the second line.
We will show that there exists g(n) not depending on our choice of z,, € D,,, and with
g(n) — 0 as n — oo, such that forevery k € {1,...,|Clog(n — 1)},

P(B(2n,7m) C 47| B2, ) C €7TF71) < g(n). (3.14)

This clearly implies the lemma, by (3.13).

To see (3.14), observe that conditionally on ¢/*t*~1 (for any k > 1), ¢/** has the law
of the (unique) CLE, loop surrounding z, in a non-nested CLE, in ¢/T*~1, Moreover,
¢7+%=1 = D contains a point within distance R,, of z, by definition. Thus, by [1, Theorem
4-6], the extremal distance between ¢/1t%—! and 0B(zp,Ty) is deterministically bounded
above by e(n): the extremal distance between the unit circle and the line segment
[Ry/Tn,+oc]. Notice that R, /r, — 1 by construction as n — oo, and therefore by
continuity of extremal distance (see for example [33]), we have that e(n) — 0 as n — oc.
By [1, Theorem 4-1], it follows that on the event B(z,,r,) C ¢/**, also the extremal
distance between ¢/** and ¢/*#~! is bounded by e(n). But this probability tends to 0 by
[2, Theorem 1.1] and conformal invariance of CLE,. O

3.2 Proof of Proposition 1.4, Corollary 1.2 and Corollary 1.8

Using the results of the previous subsection, we now turn to the proof of Proposi-
tion 1.4.

Proof of Proposition 1.4. Let h be a Dirichlet GFF in D. Let I" be a nested CLE4 coupled
to h as described in the discussion before Theorem 1.5 and let z — S,(z) be the
corresponding weighted CLE, nesting field. Observe that

V215,
{zeD: 1imsupw >Q),z € U ™} =@ almost surely.
r—0

nelN*

Therefore, the same arguments as in the proof of Corollary 1.6 show that the set

Sr(2)
z € D : limsu >
{ msup 2 > Q(6)
is almost surely totally disconnected. Theorem 1.7 then allows us to conclude that SE(]D)
is almost surely totally disconnected. O
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As stated in the introduction, using the decomposition of [18, Theorem A], Theo-
rem 1.1 can be used to shown Corollary 1.2.

Proof of Corollary 1.2. Let 6 > 0. Under the assumptions of Corollary 1.2, by [18,
Theorem A], we can construct a GFF h in D with Dirichlet boundary conditions and a
copy of X on the same probability space such that X = h + G in (1 — §)D, where G is a
Gaussian process which is almost surely Holder continuous in (1 — §)D. Therefore, we
have that, almost surely,

{ze(1-9)D: lim (X ’p’);éo} {ze(1-6D: ]imw#o}

r—0 —log r—0 —logr
e (1—8)D: lim 1P L

r—0 —logr

where the last equality follows from the fact that G is almost surely Holder continuous
n (1 —¢)D. Similar almost sure equalities hold when one requires the limit to be equal
to v/+/27 for some v € [—2,2] \ {0}. Therefore, we can conclude that almost surely, for
any v € v € [—2,2] \ {0}, the set of y-thick points of X in (1 — §)D is the same as the set
of y-thick points of h in (1 — §)D. By Theorem 1.1, this implies that almost surely, for any

€ [-2,2] \ {0}, the set of y-thick points of X in (1 — 0)D is totally disconnected. Since
& > 0 is arbitrary, this yields Corollary 1.2. O

From Theorem 1.7 and Corollary 1.6, we finally deduce Corollary 1.8.

Proof of Corollary 1.8. Since A is a BTLS, by definition, there exists K > 0 such that
|H 4| when restricted to the complement of A. For such a K, choose M such that
K < 2)\(M —1). Then, by [5, Proposition 3], A C A_spx2mx almost surely where
A _spa 200 denotes the two-valued set of level —2M A and 2M A of h. As explained in [5,
Section 1.2], A_s5r5 200 can be constructed from a nested CLE4 I' in D coupled to h.
Let us briefly recall this construction, which is the key to show the corollary. For z € D,
recall that ¢/ denotes the loop of Loop(j )(I‘) containing z. Then, for any n > 1, in the
local set coupling (h,T'(™), the value of the harmonic function in int(¢?) is given by

n
= Z &
j=1

where P(§,; = 2)\) = P(§,; = —2)\) = 1/2 and (§,; )1<;j<n are independent random
variables. Moreover, if z, 2z’ € D are such that ¢ = ¢7,, then H, (z) = H,(z'). To construct

A _opaoma from T, for each z € Q> N D, we define 7y (2) :=inf{n > 1: |H,(z)| = 2M\}.
7r(2) is almost surely finite since (H,,(z)),>1 is a simple random walk and O™ (%) (z) :=

1nt(€TM(Z)) is then almost surely an open and simply connected set. Set

Ay =D\ |J 0™B)(2).

z€Q2ND

Ay is a local set coupled to h such that the corresponding harmonic function almost
surely takes values in {—2MA\,2M A} when restricted to a connected component of
D\ Aj;. Therefore, by [5, Proposition 11, Ay = A_aprx 202 almost surely.

This construction of A_sprx 2nmx shows in particular that A_sary2mn C Unzlf(")
almost surely. But by Theorem 1.7, for any v € (0, 2], almost surely

h(2) Sr(2)
D: . r D: r
{z€ r—>0 logl/r GnL>Jl =1z ¢ r—>0 logl/r Zegl p=0.
This completes the proof of Corollary 1.8, since the previous discussion shows that
AC Unzll"(”) almost surely. O
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Let h be a GFF in D with Dirichlet boundary conditions. A direct calculation shows
that if 2 € D and r > 0, then E[h,.(2)?] is bounded by a constant independent of z and r.
By adapting the proof of Lemma 3.1 in [17, Lemma 3.1], we can deduce the following
slight refinement of Corollary 1.8: if A is a K-BTLS coupled to h, K > 0, then, for any
v € (0,2],

1 h,(2) "
{ZeAuam'}l—%logl/ri\/ﬂ}

= () almost surely.
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