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Thick points of random walk and multiplicative chaos

Antoine Jego

Abstract

This thesis concentrates on the classical problem of understanding the multifractal
properties of Brownian motion and random walk. Specifically, we will be interested in the
set of thick points, that is points where the trajectory goes back unusually often. The
study of such points was initiated sixty years ago by Erdés and Taylor and has attracted a
lot of attention, but we are able to make considerable progress on this topic by establishing
a deep connection with an a priori unrelated area of Probability theory, called Gaussian
multiplicative chaos.

Firstly, in two dimensions, we answer a question of [DPRZ01] and compute the number
of thick points of planar random walk, assuming that the increments are symmetric and
have a finite moment of order two. The proof provides a streamlined argument based on
the connection to the Gaussian free field and works in a very general setting including
isoradial graphs. In higher dimensions, we study the scaling limit of the set of thick
points. In particular, we show that the rescaled number of thick points converges to a
nondegenerate random variable and that the centred maximum of the local times converges
to a randomly shifted Gumbel distribution.

Next, we construct the analogue of Gaussian multiplicative chaos measures for the
local times of planar Brownian motion by exponentiating the square root of the local
times of small circles. We also consider a flat measure supported on points whose local
time is within a constant of the desired thickness level and show a simple relation between
the two objects. Our results extend those of [BBK94] and in particular cover the entire
L'-phase or subcritical regime. These results allow us to obtain a nondegenerate limit for
the appropriately rescaled size of thick points, thereby considerably refining estimates of
[DPRZ01].

Finally, we characterise the multiplicative chaos measure M associated to planar
Brownian motion by showing that it is the only random Borel measure satisfying a list of
natural properties. These properties only serve to fix the average value of the measure
and to express a spatial Markov property. As a consequence of our characterisation, we
establish the scaling limit of the set of thick points of planar simple random walk, stopped
at the first exit time of a domain, by showing the weak convergence towards M of the

point measure associated to the thick points. As a corollary, we obtain the convergence of
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the appropriately normalised number of thick points of random walk to a nondegenerate

random variable.
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Chapter 1
Introduction

A first rigorous mathematical definition of Brownian motion was given by Wiener [Wie23]
in 1923. A century later, Brownian motion and its discrete counterpart, random walk,
are one of the most central objects in Probability Theory. This thesis proposes to pursue
the study, initiated by Erdds and Taylor in 1960 [ET60], of points that have been visited
unusually often by Brownian motion in the critical dimension two. We make considerable
progress on this old topic by establishing a deep connection with an a priori unrelated
area of Probability, called Gaussian multiplicative chaos theory (GMC). This theory was
introduced by Kahane [Kah85] in the eighties but regained a lot of importance in the
mathematical community in the last two decades, playing a central role in the probabilistic
formulation of Liouville conformal field theory and showing up in different branches of
mathematics such as the study of the Riemann zeta function on the critical line and the
study of large random matrices.

This introduction will start by presenting our main object of focus in the Brownian
realm, that is the set of thick points, and the associated results available in the literature.
We will then move on to a section that explains why a potential connection between
Brownian motion and GMC might exist. This section is a cornerstone of this thesis. It
guides the intuition that the local times of Brownian motion behave like the square of a
logarithmically-correlated Gaussian field. Such fields have been extensively studied in the
past twenty years and the next part of the introduction recalls some of their properties with
an emphasis on the similarities with the Brownian results. We will finish this introduction
by giving slightly more context and presenting some further results that are not contained

in the current thesis.



CHAPTER 1. INTRODUCTION

1.1 Thick points of planar Brownian motion

1.1.1 Multiple points and intersection local times

It is a classical result from Dvoretzky, Erdés and Kakutani [DEK54] that planar Brownian
motion possesses points of any given multiplicity p, i.e. points that have been visited
at least p times. This makes the two-dimensional case special since in dimension three
Brownian motion has double points but no triple points and in higher dimensions Brownian
motion is a simple curve. For this reason, the current thesis will be mainly focused on the
2D case. Taylor [Tay66] continued the study of multiple points of planar Brownian motion
and showed that for any p, the set D, of p-multiple points has Hausdorff dimension equal
to 2 a.s. Quoting Le Gall [LG87a], note that “the dimension of D, is the same for all
integers p’s, while it is intuitively clear that there are much more points of multiplicity p
than points of multiplicity p 4+ 1.” In a series of papers [LG87a, LG87b, LG89], Le Gall
gave a rigorous result confirming this intuition, by showing that the Hausdorff measure m,,
associated to the gauge function h,(z) = 2? (log % log log log %)p and restricted to the set
D,, can be written as a sum of finite and positive measures (see [LG87a]). Moreover, the
measure my,(- N D,) gives a natural (infinite) measure which is supported on the points of
multiplicity p. In the following paragraph, we describe another (which turns out to be the
same) natural measure supported on D,: the so-called intersection local time.

Denote (B;)o<t<1 a planar standard Brownian motion and let I, be the set

Lo={(t1,...,t,) €[0,1P:0<t; <--- < t, <1}.

The intersection local time «,, of B with itself is a measure on I, formally given by

Oép(dtl, PN ,dtp) = l{BtlfBQ:O} PN l{B Btpzo}dtl ce dtp.

th_17

It can be rigorously defined via an approximation procedure: one smooths out the
indicator functions and then renormalises; see [LG85]. As suggests the formal definition,
oy is supported on {(t,...,t,) € I, : By, = --- = B, }. Therefore, one obtains a measure
supported on the set D, by pushing forward «, with the mapping (¢,...,t,) — By,.
[LG89] shows that this measure coincides (up to a multiplicative constant) with the

Hausdorff measure m,,(- N D,) from the previous paragraph.

1.1.2 Thick points

An analogous study for points having been visited unusually and infinitely many often

was initiated by Bass, Burdzy and Khoshnevisan [BBK94] in 1994. These points are now
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1.1. THICK POINTS OF PLANAR BROWNIAN MOTION

known in the literature as thick points. The trajectory they consider is a Brownian path
starting at the origin and killed upon hitting for the first time the unit circle. To quantify
how often a point has been visited, [BBK94] considers the number N, . of excursions from
x to the circle centred at x with radius e. For any thickness parameter a > 0 (replacing

the multiplicity p), define the set of a-thick points by

Nye
Ay =z eD: lim——=a,. (1.1)
e—0 ’logg‘

The main result of [BBK94] is:

1. For any a € (0,1/2), a.s. there exists a measure f3, carried by A, whose carrying

Hausdorff dimension equals 2 — a;*

2. For any a > 0, the Hausdorff dimension of A, is at most 2 — a/e a.s.

The measure (3, can be thought of as the thick point analogue of the intersection local
time. The restriction a € (0,1/2) is a limitation of their proof and the goal of Chapter 3
is to extend the construction of this measure to the whole subcritical regime a € (0, 2).
This construction is heavily inspired by Gaussian multiplicative chaos (GMC) theory.
In the GMC slang, a € (0,1/2) is a strict subset of the L2-phase which corresponds to
a € (0,1). We will see that going beyond the L?-phase leads to major difficulties that are
at the heart of the Erdés—Taylor conjecture that we present in the next section.

We conclude this section by mentioning that the following lower bound is a consequence
of Chapter 3 (see also [AHS20]): for all a € (0,2), dim(A4,) > 2 —a a.s. To the best of our
knowledge, the complementary upper bound is still open and has not been improved since
[BBK94]. In a landmark paper, Dembo, Peres, Rosen and Zeitouni [DPRZ01] introduce a
different notion of thick point for which they settle the analogous question. These thick
points are this time defined using the occupation measure of small discs: for all z € D and
e > 0, define

,uocc(D(xaE)) = /0 1{\Bt—z|<a}dt7

where 7 is the first hitting time of the unit circle. [DPRZ01] shows that

lim SUPzep Nocc(D(x7 5))
e=0 £2(loge)?

=2 a.s. (1.2)

which leads to the natural notion of thick points:

,_ e foce(D(z, €))
7:1 = {LE c D l%m

= a} , a € (0,2). (1.3)

IThe carrying Hausdorff dimension of a measure y is given by the infimum of d > 0 such that there
exists a Borel set A with Hausdorff dimension d which carries u, in the sense that u(A€) = 0.

Antoine Jego 3



CHAPTER 1. INTRODUCTION

They establish that, for all a € (0,2), the Hausdorff dimension of 7, is equal to 2 — a
a.s. This paper had very strong consequences on a long-standing conjecture by Erdos and

Taylor that we present now.

1.1.3 Erdés—Taylor conjecture

The analogous study of points visited unusually often by planar random walk can be tracked
back at least to the famous paper [ET60] by Erdés and Taylor in 1960. In particular,
they asked: “How many times does a planar simple random walk revisit the most visited
site upon the first n steps?”. This simple question was settled forty years later in the
aforementioned article [DPRZ01] and is central for this thesis.

Consider a (discrete-time) planar simple random walk (.S,,),>0 on the square lattice Z?

which starts at the origin, and for any = € Z? and n > 0, let

Or=) =)
k=0

be the total amount of time accumulated at the vertex x in the first n steps. ¢ is called
the local time at x up to time n. We will kill the walk at the first exit time 75 of the
large square Vy := {—N, ..., N}2. For orientation, recall that most of the points of Vy
will not have been visited by the walk before time 75 and that, conditioned on the fact
that a given point has been visited, its local time up to time 7 is of order log N. Erdos
and Taylor [E'T60] were interested in exceptional points where the local time is atypically

large. They proved that

) su N
< lim sup Poez? "

1
el - —= <
T~ N-ooo  (log N)? Nooo (logN)?Z2 —

4
— a.s.

T

and conjectured that the upper bound is sharp. Getting rid of the factor of 4 between the
lower and upper bounds leads to major complications and, as we will see later, is closely
related to being able to cover the whole range a € (0,2) in [BBK94)’s theorem mentioned
above, as well as being able to go beyond the so-called L?-phase in Gaussian multiplicative
chaos theory. This was achieved forty years later by Dembo, Peres, Rosen and Zeitouni
[DPRZ01]. They also considered atypical points, which are the discrete analogue of the
two notions of thick points defined in (1.1) and (1.3), where the local time is at least a

fraction of the asymptotic maximum. For any parameter a € (0, 2), define
T, 2 2
Tn(a) == {x € Vy: 0¥ > —a(log N) } (1.4)
T

DPRZ01] established that Ty (a) asymptotically contains N2~9t°(1) points. In words, this
[

4 Thick points of random walk and multiplicative chaos



1.2. RELATION TO THE GAUSSIAN FREE FIELD

shows that the “fractal dimension” of the set of a-thick points is equal to 2 — a.

The proof of the Erdés-Taylor conjecture proposed by [DPRZ01] proceeds as follows.
They first show the analogous result for Brownian motion (see (1.2)) and then, they
transfer the result to the random walk setting via strong approximations (KMT-type
couplings). This strategy has the drawback that it only applies to random walk with
symmetric increments that have all moments finite (otherwise the coupling is not strong
enough). Rosen [Ros05] and later Bass and Rosen [BRO7] gave a proof based directly on
random walk computations. As a result, a broader type of random walks could be treated
as well, under a non-optimal assumption. One of the goals of Chapter 2 is to provide a
very different approach to this question. The proof will be considerably streamlined and,
as a result, solves the Erdés-Taylor conjecture under the optimal assumption that the
increments have finite variance, solving a conjecture made by [DPRZ01]. The proof relies
on a strong connection to a Gaussian field, called Gaussian free field. This connection
is an instance of isomorphism theorems that we present in the next section. Finding a
way to use such an isomorphism in our context was far from obvious and, in fact, Dembo

raised this question in his Saint-Flour lecture notes [Dem05, Open problem 11].

1.2 Relation to the Gaussian free field

Isomorphism theorems form a class of results, originating with Dynkin [Dyn84b, Dyn84a]
and Brydges, Frohlich and Spencer [BFS82], relating local times of symmetric Markov
processes and Gaussian fields. These isomorphism theorems regained a lot of interest in
the past two decades because of their numerous applications in the study of cover time
of random walk [DLP12, Dinl4, Din12, AB19, CLS18], and because of new isomorphisms
for non-symmetric Markov processes and their links with loop soups [EK09, FR14, LJ10,
LJ11, LIMR15, LIMR17, Lup20].

The isomorphism that we are about to state is due to Eisenbaum [Eis95] (which can
be found in English in [MR06, Chapter 8]). For simplicity, consider the special case of a
continuous-time simple random walk (Y;);>0 on the 2D square lattice 7?2 which starts at
the origin and which is killed at the first time 7y that it exists Vy = {—N,..., N}2. Let
us emphasise that this isomorphism is not restricted to this setting and basically covers

any symmetric transient Markov process. The local times in our context are defined by
TN
6= [T lyendt, @ e Vi,
0

They will be related to the so-called discrete Gaussian free field (GFF) ¢x that is defined

as follows. It is a centred Gaussian field (¢n(2))zev, indexed by vertices of Viy whose

Antoine Jego 5



CHAPTER 1. INTRODUCTION

covariance is given by the Green function

E [¢n(2)on (y)] = E. [G], (1.5)

where E, denotes that the walk starts at z. As a side remark, we can see here that the
symmetry of the Markov process is essential to ensure that the Green function is symmetric.

Eisenbaum’s isomorphism states that for any s > 0 and any measurable bounded function

f:R"W SR,
E lf { (@N + ;(ng(x) * 8)2>mevN H

_E [(1 s ¢Ns(0)> / { (3nt) + S>2>x6vNH |

On the left hand side of the above identity, the GFF ¢ and the walk Y are taken to be

independent. The special vertex 0 appears on the right hand side because it is the starting

point of the walk. s > 0 is usually considered as a fixed parameter. It does not have any
specific interpretation, but it does in the case of other isomorphisms. For instance, in the
second generalised Ray-Knight theorem (isomorphism due to [EKXM™00]), the analogue
of the parameter s corresponds to the total amount of time spent by the walk at the
boundary point. In Section 1.5, we will present another isomorphism due to Le Jan that
links the GFF to the so-called Brownian loop soup.

The interest of these isomorphisms is that it allows one to transfer computations in the
random walk realm to Gaussian computations and vice versa. This will be used extensively
in Chapter 2. Moreover, and maybe even more importantly, it guides the intuition. In
Chapters 3 and 4, we will not be able to directly use any isomorphism, but our analysis
will be heavily inspired by the analogy that the local time behaves roughly like half of the
GFF squared.

1.3 Gaussian free field and Liouville measure

In view of the isomorphism theorems, points where the local time of random walk is
atypically large can be thought of as being analogous to points where the Gaussian free
field is atypically large. These latter points have been extensively studied in the last two
decades and we present some aspects of this theory. We will start by introducing the
continuum Gaussian free field. Because of the logarithmic blow-up of the correlations, its
rigorous definition requires some care. We will then define the Liouville measure. This
is a special instance of Gaussian multiplicative chaos measure and will be supported on
thick points of the GFF. We will finally come back to the discrete setting and explain that

6 Thick points of random walk and multiplicative chaos



1.3. GAUSSIAN FREE FIELD AND LIOUVILLE MEASURE

Liouville measure encodes the scaling limit of the set of thick points of the discrete GFF.

1.3.1 Gaussian free field - continuum

The GFF is of great importance and can be seen as being the analogue of Brownian
bridge where the time interval has been replaced by a two-dimensional domain. It pops
up in many different contexts. For instance, it arises as a universal scaling limit of a wide
range of models such as the height function of dimer models [Ken01], the characteristic
polynomial of large random matrices [HKOO1, RV07, FKS16] and the Ginzburg-Landau
model [Milll, NS97] (see the review [Pow20] for more references). It also plays a central
role in the mathematical construction of Liouville Conformal Field Theory (see the lecture
notes [Varl7] and references therein). This ubiquity can be explained by the fact that it
is the only random generalised function in 2D which is both conformally invariant and
satisfies a certain spatial Markov property [BPR20, BPR21].

Let D C R? be a bounded simply connected domain and for any ¢ > 0 and z,y € D,
let pP(z,y) be the transition probability of Brownian motion killed at the boundary of
D. This transition probability can be expressed as pP(z,y) = pi(z,y)nP(x,y) where
pe(x,y) = 1/(27t) exp (—|z — y|?>/(2t)) is the heat kernel and 7P (x,y) is the probability
for a Brownian bridge from x to y of duration t to stay in D. We then define the Green

function Gp with zero-boundary condition

Gp(z,y) = 7T/Oozof(x,y)dt, z,y € D. (1.6)
0

The Gaussian free field ¢ in D with zero-boundary conditions is formally defined as being
a random Gaussian process indexed by points of D with covariance given by the Green

function Gp. Because of the logarithmic blow-up of the Green function on the diagonal
Gpl,y) ~ —loglz —y| as |z —y =0, (1.7)

the GFF is actually not well-defined pointwise. Instead, it is a generalised function (in the

sense of Schwartz) that satisfies: for any test functions f and g,

E((,f) (6.0 = | f@)Gola.y)g(y)drdy.

The GFF ¢ can be defined via its Karhunen—Loéve expansion:

¢:=> Xyf, (1.8)

n>1

where X,,,n > 1, are i.i.d. standard Gaussian random variables and {f,,n > 1} is an

Antoine Jego 7
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Figure 1.1: Simulation of 2D Gaussian free field made by R. Rhodes and V.
Vargas.

orthonormal basis of the Sobolev space Hj. It can be shown that, for any ¢ > 0, the
series (1.8) converges a.s. in the Sobolev space H~¢. The GFF is then defined as being
the limiting random generalised function. Comprehensive introductions to the GFF can
be found in [Berl6, WP20, BP21]. See Figure 1.1 for a simulation.

1.3.2 Liouville measure

Liouville measure is part of Gaussian multiplicative chaos theory which was introduced
by Kahane [Kah85] and which builds and studies random measures formally defined
by exponentiating v times a log-correlated Gaussian field, such as the 2D GFF. v is
a real parameter that will be related to the thickness parameter a from Section 1.1.
Exponentiating a generalised function is not a well-defined operation and defining such a
measure requires some non-trivial justification. After numerous works in the last decade
[RV10, DS11, RV11, Shal6, Berl7], this is by now well-understood. When the underlying
log-correlated is the GFF, the associated GMC measure is very special and is called
Liouville measure. This measure is deeply related to random conformal geometry. A slight
variant of Liouville measure can be thought of as being the volume form of a surface
chosen randomly in some canonical way (see e.g. [Gwy20] and references therein). See
[Berl6, BP21] for an introduction to Liouville measure.

We now explain two natural approaches to define Liouville measure.

Convolution approximation Let 6 : R> — [0,00) be a smooth mollifier such that

[0 =1. For any € > 0, let 0. := £720(-/¢) and let ¢. = ¢ * 6. be an e-approximation of

8 Thick points of random walk and multiplicative chaos



1.3. GAUSSIAN FREE FIELD AND LIOUVILLE MEASURE

(c)y=138

Figure 1.2: Simulation of Liouville measure made by R. Rhodes and V. Vargas.

the GFF ¢. We can now define the approximation version of the measure by
P 2/2 e ()
ps(dx) = e" /2 d,

where v € (0,2) is a parameter. Notice the normalising constant £7°/2 that has been
chosen to exactly compensate the blow-up of the first moment. The difficult task consists
in showing that p. possesses a limit as ¢ — 0. Importantly, the limiting measure is
universal in the sense that it does not depend on the approximation procedure (two
different mollifiers 6 and 6" will lead to the same measure up to a multiplicative constant).
The GMC measure p, associated to the GFF is then defined to be the limiting measure.

See Figure 1.2 for a simulation.

Martingale approximation Another natural approach consists in using the expansion

(1.8) of the GFF and considering the approximation

2

i (dz) = exp <7 S X folz) — L Zl fn@;)?) dz. (1.9)

n=1 2

Antoine Jego 9



CHAPTER 1. INTRODUCTION

This approximation is particularly nice since for any Borel set A C D, (uf/v (A),N>1)is
a positive martingale. In particular, we directly know that it converges almost surely as
N — oo. This is true for any value of v. What is not trivial however is that the limiting
measure is nondegenerate and does not depend on the way the field was approximated.
This was the approach used by Kahane [Kah85]. In particular, he showed that the regime
v € (0,2) exactly corresponds to the regime where the limiting measure is not equal to
zero. Moreover, we now know that the limiting measure is (up to an explicit density
involving conformal radii) the measure p., built using convolution approximations (see

[Ber17] for instance).

1.3.3 GFF thick points

In Section 1.1, we explained that the intersection local time was the canonical measure
supported on the set of multiple points of Brownian motion. Bass, Burdzy and Khosh-
nevisan [BBK94] initiated the construction of an analogous measure for thick points of
Brownian motion. In this section, we will see that Liouville measure can be thought of as
being the natural measure supported on the set of GFF thick points. We now precisely
define these thick points. Because the GFF ¢ is not defined pointwise, we again need to
use an approximation procedure to make sense of points where the field is atypically large.
This can be done in many ways. One can again consider the convolution approximation

used in Section 1.3.2 and define

TOT — {x € D lim ﬁffgxg’ - 7}, v > 0.
This does correspond to exceptional points since for a fixed deterministic point x € D,
¢e(z) = O(y/|loge|). Hu, Miller and Peres [HMP10] showed that for a slightly different
notion of thick points, the Hausdorff dimension of 7;GFF is equal to 2 —7?/2 a.s. when
v € (0,2] and that ’7;GFF = @ a.s. when v > 2. These results are closely related to the
ones proven by [DPRZ01] (see (1.2)).

As mentioned earlier, Liouville measure is almost surely supported by 7;GFF, ie.
fiy (D \ TFF) = 0 a.s. Heuristically, this can be understood by the trade-off between, on
the one hand, the fact that the larger ¢.(z), the larger the contribution of = to w5, and, on
the other hand, the fact that the dimension of 7:/GFF decreases with ~.

In fact, Liouville measure is the natural measure which is supported on T.0FF. This

will become even more apparent in the discrete setting that we present now.

Thick points of discrete GFF The thick points of the GFF have also been extensively

studied in the discrete setting. For concreteness, consider the discrete GFF (¢n(2))zevy

10 Thick points of random walk and multiplicative chaos



1.4. OUTLINE OF THE THESIS AND MAIN RESULTS

in the square Viy = {—N, ..., N}? as defined in (1.5). The leading order of the maximum
is known since [BDGO1]. They showed that

Y SUP,cyy, O () 22
im =
N-o0 log N NZ3

Later, Daviaud [Dav06] showed that for any v € (0, 2), the set of y-thick points

in probability.

TEFF () = {:v e Vy:on(z) > \\j_;vlogN} (1.10)

contains N2-7*/2+(1) points, where o(1) — 0 in probability. These results can be seen
as being the GFF counterparts of the results proven by [DPRZ01] about thick points of
random walk (see (1.4)). In particular, the number of thick points of ¢7¥ and thick points
of %gzﬁ ~(7)? have the same asymptotics at the level of exponent. This simple observation is
at the heart of Chapter 2.

Thanks to considerable progress in the study of logarithmically-correlated fields and
Gaussian multiplicative chaos theory, Biskup and Louidor [BL19] were able to greatly
refine Daviaud’s estimate by establishing the scaling limit of the set (1.10) of thick points.
They encode the set T7FF(v) in the following point measure

Vviog N
ViV(A) = N2 Z 1z nveay, A C R? Borel set
zeTF (v)
and show that the sequence of random measures (I/,JYV ,N > 1) converges in distribution
for the topology of weak convergence towards a multiple of Liouville measure p., (the

underlying domain in the continuum being the square (—1,1)2). As a consequence,

v/log N
%#Tz\?w(’ﬂ

converges in distribution towards the total mass of p,. The ultimate goal of this thesis is

to establish an analogous result concerning thick points of random walk (1.4) (see Theorem
41).

1.4 Outline of the thesis and main results

With all the main characters introduced, we can now describe the main goals of this thesis.
Chapters 2 and 3 are each based on a published article: [Jeg20b] and [Jeg20a], respectively.
Chapter 4 is based on the paper [Jegl19] that has been submitted.
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o Chapter 2: The first purpose of this chapter is to give a streamlined proof of
the Erdds-Taylor conjecture that was first settled by [DPRZ01] (see Section 1.1.3).
The strategy is to use Eisenbaum’s isomorphism (see Section 1.2) to transfer the
computations to the Gaussian realm. As a result, this chapter can cover a very broad

range of two-dimensional random walks solving a conjecture made in [DPRZ01].

The second part of this chapter (Section 2.4) is focused on the analogous question in
dimensions three and higher. We establish the scaling limit of the set of thick point,
as well as the convergence of the properly centred maximum of thick points toward

a randomly shifted Gumbel distribution.

o Chapter 3: This chapter aims at building the analogue of Gaussian multiplicative
chaos measure in the Brownian setting. In view of the isomorphism theorems, we
will make sense of the measure formally defined as the exponential of v times the
square root of the local times of planar Brownian motion. These results cover the
entire L'-phase and extend the construction of the measure 3, by [BBK94] to the

range of parameters a € (0,2). We call this measure Brownian multiplicative chaos.

o Chapter 4: The last chapter of this thesis shows that the Brownian multiplicative
chaos measure constructed in Chapter 3 encodes the scaling limit of the set of planar
random walk thick points, considerably refining the estimates given by [DPRZ01].
This convergence is based on a characterisation of the law of the Brownian chaos
measure. We show that it is the only measure satisfying a list of natural properties

which fix the average value and provide a spatial Markov property.

A key new idea for this characterisation is to introduce measures describing the
intersection between different independent Brownian trajectories and how they

interact to create thick points.

We now state the main results of this thesis.

1.4.1 Chapter 2

Consider Y; = Sy,,t > 0, a continuous time random walk on 72 starting at the origin
where S, = ¥, X;,n > 0, is the jump process with i.i.d. increments X; € Z? and
(N¢)i>0 is an independent Poisson process of parameter 1. As in Section 1.1.3, we let
Vn = {—=N,...,N}? be the square centred at the origin of side length 2N + 1, 7y be the
first exit time of Viy and (¢, z € Z?,t > 0) be the local times defined by

t
= /O 1y, —ayds. (1.11)

12 Thick points of random walk and multiplicative chaos
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For any thickness parameter 0 < a < 1, we call My(a) the set of a-thick points

2
My (a) == {a: eVy: 0N > 7T\/ma(logN)Q}

where G is defined below. The main two-dimensional result of Chapter 2 reads as follows:

Theorem 1.1 (Theorem 2.1). Assume that the law of the increments is symmetric (i.e.
—x < X ), with a finite variance and denote G = E [X X']| the covariance matriz of the
increments. Then we have the following two a.s. limits:

maXgeyy ¥ 2 log [My(a)

li = d 1), li
Nl—{%o (log N)? m/det G and Va € [0, )’Nl—r>noo log N

=2(1 —a).

The proof of this results relies on Eisenbaum’s isomorphism and will in fact be a

particular case of a much more general theorem (Theorem 2.14).

We now turn to the high-dimensional part of Chapter 2. In this case, we will establish
much more precise convergence results and we will be able to cover the critical case where
the local times are close to the maximum. To ease the exposition, this chapter focuses on
the continuous time simple random walk (Y;);>¢ on the square lattice Z%, with d > 3. We
again kill the walk at the first exit time 7y of {—N,..., N} and we consider the local
times ¢!,z € Z t > 0 defined as in (1.11). Let g := Eq [£°].

We describe thick points through a more precise encoding by considering for a € [0, 1]

the point measure:
1

N2(1—a) Z 5(x/N,€;NfZgalogN)’
zeVyN

vy =
Let us emphasise that the normalisation factor is equal to 1 when a = 1 and that v} is
viewed as a random measure on [—1,1]¢ x R. We compare the thick points of random
walk with the thick points of i.i.d. exponential random variables with mean g located at
each site visited by the walk. More precisely, we denote My(0) := {x € Vy : £V > 0}
and taking E,,r € Z%, i.i.d. exponential variables with mean ¢ independent of My (0),
we define .

WY = N 2 O/NB2galos N (1.12)
zeMy (0)

We finally denote by 7 the first exit time of [—1,1]¢ of Brownian motion starting at
the origin and by e the occupation measure of Brownian motion starting at the origin
and killed at 7. Then we have:

Theorem 1.2 (Theorem 2.4). For all a € [0, 1] there ezists a random Borel measure v*

on [—1,1]% x R such that, with respect to the topology of vague convergence of measures on
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[—1,1]¢ x R (on [-1,1]¢ x (0,00) if a = 0), we have:

lim v% = lim u% = v® in law.
N—oo N N—>00MN

Moreover, for all a € [0,1) the distribution of v* does not depend on a and

1
v (dz, dl) @ ;uocc(da:) ® e_g/gf‘

1

At criticality, v* is a Poisson point process:

1 dl
v @ PPP (,uocc(dx) ® e_z/g> )
g g

This theorem has two important consequences:

Theorem 1.3 (Theorem 2.5). If we define for every a € [0, 1] the set of a-thick points:
Mn(a) :={x € Vy : 1N > 2galog N},

then there exist random variables M, such that for all a € [0, 1]

(Mn(a)] (@

V-0 now Ma

Moreover, for all a € [0,1) the distribution of M, does not depend on a and
M, @ 7/g.

M, is a Poisson variable with parameter 7/g: for all k > 0

()]

Theorem 1.4 (Theorem 2.6). There exists an almost surely finite random variable L such
that

1
P(M = k)= SE

sup (7% — 2glog N — 2 ..
€V N—oo

Moreover, L is a Gumbel variable with mode glog(7/g) (location of the mazimum) and

scale parameter g, i.e. for allt € R

P(L<t)=E lexp (—;e—f/gﬂ .
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1.4.2 Chapter 3

This chapter initiates a Gaussian multiplicative chaos theory for planar Brownian motion.
Let D C R? be a bounded simply connected domain and let (B;)o<;<, be a planar Brownian
motion killed at the boundary of D. This chapter makes sense of a measure formally
defined as e7VEdx where v € (0,2) is a parameter and L, is the “local time at z”. Exactly
like in the case of the 2D Gaussian free field, L, is not well-defined pointwise (for any
fixed z € D, the Brownian trajectory will almost surely avoid z) and a renormalisation

procedure is needed. This chapter uses local times of small circles, formally defined as:
Lye(r) = / 1 Bi—a|=ydt, € D,e>0.
0

The main reason for choosing this approximation is that these local times exhibit a certain
Markovian structure (see (3.7)). This is very much analogous to the fact that the process
of circle averages of the continuum GFF, when the centre is fixed and the radius varies,
has the law of a 1D Brownian motion.

The local times of circles can be defined simultaneously for all € D and € > 0
(Proposition 3.5) and we can therefore define an approximating version of the Brownian

chaos measure by setting for all Borel set A C D,

1(A) = 4/]1 5572/2/ TV L () g,
H(A) = yf[logele™* [ e x

To study fine properties of thick points of Brownian motion, we introduce another measure
which is to be compared with (1.12): for all Borel sets A C D and T' C R, define

J(AXT) = [loge| /2 [ 1
A XT) = flogel 7 [ 1y

éLx,E(T)—vlog %ET}
We will show that:

Theorem 1.5 (Theorem 3.1). For all v € (0,2), the sequences of random measures
v) and p converge as € — 0 in probability for the topology of vague convergence on

D x (RU {+0o0}) and on D respectively towards Borel measures v¥ and 1"

The measure v? can be decomposed as a product of a measure on D and a measure on

R. Moreover, the component on D agrees with 7 and the component on R is exponential:

Theorem 1.6 (Theorem 3.2). For all v € (0,2), we have P, -a.s.,
VY (dx, dt) = (2m) V20 (dx)e L.

These results are the two-dimensional analogues of Theorem 1.2 in the continuum.
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Chapter 4 will provide the discrete analogue of this result, but, as we will see, the discrete
setting leads to major difficulties. Indeed, the proof of the convergences stated in Theorem
1.5 are based on the L' convergence of the measures evaluated at some Borel sets. A very
different approach is required in the discrete since two random walks defined on lattices
with different mesh sizes are a priori not defined on the same probability space (coupling
them via KMT-type approximations is too rough).

We have called the measure ;7 Brownian multiplicative chaos measure. This measure
has first been built by [BBK94] for a partial range of v (v € (0,1)). The paper [Jeg20a],
simultaneously with [AHS20], extended the construction to the whole subcritical regime
v € (0,2).

1.4.3 Chapter 4

Let (Y;)¢>0 be a continuous time simple random on the two-dimensional lattice Z? starting
at the origin. As in Section 1.4.1, we kill the walk at the first exit time 7y of {—N, ..., N}?
and we denote ¢!, x € Z* t > 0, the local times of the walk. Recall the definition (1.4) of
the set Ty (a) of a-thick points. We study this set via the following measure: for all Borel

sets A C C,
“ log N
py(A) = N2—a > 1{x/N€A}1{e;Nz%alog2N}'

zeZ?

The main result of Chapter 4 is:

Theorem 1.7 (Theorem 4.1). For all a € (0,2), the sequence p%, N > 1, converges weakly
for the topology of weak convergence on R?. Moreover, there exists a universal constant c
such that the limiting measure has the same distribution as e 9" from Theorem 1.5,

where the underlying domain is the square [—1,1]? and the starting point is the origin.

As already alluded to in Section 1.4.2, this result requires an approach very different
to the one used in the continuum. Chapter 4 will establish a characterisation of the law of

Brownian multiplicative chaos (Theorem 4.5).

1.5 Other works of the author (not part of this thesis)

In this section, we will mention two extra works that we wrote concerning the Brownian
chaos. Even though they are not part of this thesis, we briefly outline them to give a bit

more perspective to our results.

Criticality All the results mentioned so far (except the high-dimensional part of Chapter

2) concern the subcritical regime, meaning that the thickness parameter a and the GMC
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parameter v were always assumed to be strictly smaller than 2. The critical case concerns
the study of the most extreme points whose local times are close to the maximum. This
regime is much more delicate to study, partly because certain observables are not in L!
any more.

In the Gaussian setting, this is now well understood. In the continuum, critical
Gaussian multiplicative chaos has been constructed and analysed [DRSV14b, DRSV14a,
JS17, JSW19, Powl18]. In the discrete, a substantial amount of articles [BZ12, BDZ11,
Dinl3, DZ14] were devoted to studying the subleading orders of the maximum of the
discrete GFF. This series or papers culminates with the convergence in law of the recentred
maximum [BDZ16] (see also [Madl15] for the case of log-correlated Gaussian fields in the
continuum).

In the article [Jeg21] published in PTRF, we initiate the study of the critical case
in the Brownian setting by constructing a critical version of Brownian multiplicative
chaos. This paper provides the first instance of critical chaos associated to a non-Gaussian

log-correlated field.

Connection to Liouville quantum gravity Brownian multiplicative chaos shares
striking similarities with Liouville measure. For instance, the formulas for their first
moment have very similar flavours and they are both conformally covariant. On the other
hand, they are far from being equal since the Brownian chaos measure is supported on the
trace of a Brownian trajectory, whereas Liouville measure sees the whole domain. In a
joint work [ABJL21] with E. Aidékon, N. Berestycki and T. Lupu, we establish a concrete
link between these two measures. The starting point of this work is Le Jan’s isomorphism
that relates the (normalised) occupation measure of critical Brownian loop soup to the
(Wick) square of the GFF [LJ11].

The Brownian loop soup was introduced by Lawler and Werner [LW04] and has become
a central object in planar random conformal geometry. It is an infinite collection of
Brownian-like loops in a given domain; see Figure 1.3 for a simulation. It is sampled
according to a Poisson point process with intensity equal to a real parameter 6 times a loop
measure. Sheffield and Werner [SW12] showed that, when 6 < 1/2; there are infinitely
many clusters of loops, where by clusters we mean sets of loops that can be joined by a
path of intersecting loops. In that case the boundaries of these clusters are closely related
to Conformal Loop Ensemble (CLE). When 6 > 1/2, there is only one “large” cluster. We
therefore see that § = 1/2 is special, and indeed, at this particular intensity, the occupation
measure of Brownian loop soup is equal in distribution to half of the GFF squared [LJ11].
Making sense of such an isomorphism in the continuum requires some care (the square of

a generalised function is a priori not well-defined) and a renormalisation is needed on both
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Figure 1.3: Simulation of Brownian loop soup made by S. Nacu and W. Werner.

sides of this equality. To summarise our work [ABJL21] in one sentence, we show that
Brownian chaos provides the contribution of one loop to Liouville measure in Le Jan’s

coupling.
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Chapter 2

Thick points of random walk and the

(Gaussian free field

We consider the thick points of random walk, i.e. points where the local time is a
fraction of the maximum. In two dimensions, we answer a question of [DPRZ01]
and compute the number of thick points of planar random walk, assuming that
the increments are symmetric and have a finite moment of order two. The proof
provides a streamlined argument based on the connection to the Gaussian free field
and works in a very general setting including isoradial graphs. In higher dimensions,
we study the scaling limit of the set of thick points. In particular, we show that
the rescaled number of thick points converges to a nondegenerate random variable
and that the centred maximum of the local times converges to a randomly shifted
Gumbel distribution.

2.1 Results

For d > 2, consider a continuous time simple random walk (V;);>0 on Z% with rate 1. Let
us denote P, the law of (V});>0 starting from x and E,, the associated expectation. Defining
Vy = {—=N,..., N}, we denote 7y the first exit time of Vy and (Efg, r e Zt> O) the
local times defined by:

t
v i=1inf {t > 0,Y; ¢ Vy} and Vo € Vy,Vt > 0,0 = /0 liy,—g)ds. (2.1)

In 1960, Erdés and Taylor [ET60] studied the behaviour of the local time of the most

frequently visited site. By translating their work to our context of continuous time random
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walk, they proved that

. 1 .. . SUDgey IV . SUpPgcy, 0N 4
fd=2, —<I f——8 = <] —nN = <~ Py—a.s.
! T e (log N)? 111\?_>Sooup (log N)? T 0788
. . SUPxe Vn K;N 00
> L ATE L S _
if d > 3, ]\}lm g N 2E, [¢5°] Py—a.s. (2.2)

and conjectured that the limit also exists in dimension two and is equal to the upper bound.
This conjecture was proved forty years later in a landmark paper [DPRZ01]. Estimates on
the number of thick points, which are the points where the local times are larger than a
fraction of the maximum, are also given in this paper. Briefly, their proof establishes the
analogous results for the thick points of occupation measure of planar Brownian motion;
taking in particular advantages of symmetries such as rotational invariance and certain
exact computations on Brownian excursions. The discrete case is then deduced from the
Brownian case through strong coupling/KMT arguments. This method requires all the
moments of the increments to be bounded but the authors suspected that only finite
second moments are needed. Later, the article [Ros05] showed that the paper [DPRZ01]
can be entirely rewritten in terms of random walk giving a proof without using Brownian
motion. The strategy of [Ros05] has then been refined in [BRO7] to treat the case of
random walks on Z? with symmetric increments having finite moment of order 3 +¢. A
crucial aspect of this latter article consists in controlling the jumps over discs. Such a
control is achieved by developing Harnack inequalities requiring further assumptions on
the walk (Condition A of [BRO7]).

This paper has two purposes. Firstly, we exploit the links between the local times and
the Gaussian free field (GFF) provided by Dynkin-type isomorphisms to give a simpler
and more robust proof of the two-dimensional result. The proof works in a very general
setting (Theorem 2.14). In particular, we weaken the assumptions of [BR07] answering
the question of [DPRZ01] about walks with only finite second moments and we also treat
the case of random walks on isoradial graphs. Secondly, we obtain more precise results
in dimension d > 3. Namely, we show that the field {¢I¥,x € Vy} behaves like the field
composed of i.i.d. exponential variables with mean E, [(5°] located at each site visited by
the walk. In particular, we show that the centred supremum of the local times as well as
the rescaled number of thick points converge to nondegenerate random variables.

We first state two results for the planar case. Both are in fact corollaries of a more
general theorem (Theorem 2.14) which will be stated later. We will then present the result

in dimension d > 3.
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2.1.1 Dimension two

Consider Y; = Sy,,t > 0, a continuous time random walk on Z? starting from the origin
where S, = Y1 | X;,n > 0, is the jump process with i.i.d. increments X; € Z? and (N;);>0
is an independent Poisson process of parameter 1. As before, we consider the square Vy
of side length 2N + 1, the first exit time 7y of Vi and the local times (¢!, z € Z*,t > 0)
defined as in (2.1). For any thickness parameter 0 < a < 1, we call My(a) the set of
a-thick points

2
My (a) == {$ eVy: 0N > 7T\/ma(log]\f)Q}

where G is defined below. Then we have the following:

Theorem 2.1. Assume that the law of the increments is symmetric (i.e. —X 4 X ), with
a finite variance and denote G = E [X X'] the covariance matriz of the increments. Then
we have the following two a.s. limits:

maXgevy (¥ 2 log [My(a)|

li = dVv 0,1), Li
N0 (log N)? mv/det G and Va € [0, )’Nlﬁmoo log N

=2(1—a).

This theorem answers a question asked in the last section of [DPRZ01] with the
additional assumption of symmetry. The assumption of symmetry is needed in our

approach since otherwise we cannot define an associated GFF.

Our approach is sufficiently general that it can handle random walks with a very
different flavour; for instance we discuss here the case of random walk on isoradial graphs.

We recall briefly the definitions and introduce some notation (we use the same one as
[CS11]). Let I = (V, EY) be any connected infinite isoradial graph, with common radius 1,
i.e. I' is embedded in C and each face is inscribed into a circle of radius 1. Note that if
x,y € V are adjacent then x and y, together with the centres of the two faces adjacent to
the edge {z,y}, form a rhombus. We denote by 26, , the interior angle of this rhombus
at z (or at y). See Figure 2.1 for an example. For instance, the square (resp. triangular,
hexagonal, etc) lattice is an isoradial graph with 6, , = 7/4 (resp. m/6,7/3, etc) for all
x ~y. We assume the following ellipticity condition:

dn e (0, Z) N~y 0., € <77,72r —77) :

Define Vx ~ y € V the conductance ¢, , = tan(f,,) and let (¥;);>o be a Markov jump
process with conductances (c.)ecp. Y is a continuous time walk which waits an exponential
with mean 1/, ., ¢, time in each vertex x and then jumps from z to y with probability

Caoy/ Dsmw Cz,o- Take a starting point zp € V and denoting dr the graph distance we define
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Figure 2.1: Isoradial graph and rhombic half-angle. The solid lines represent the
edges of the graph. Each face is inscribed into a dotted circle of radius 1. The
centres of the two faces adjacent to the edge {z,y} are in grey.

for all N € N,
Vv i={x eV :dr(z,z9) < N}

and as before (equation (2.1)), we consider the first exit time 7y of Vy and the local times.
We will denote P, the law of the walk (Y;):>o starting from x € V and E, the associated
expectation.

As confirmed by the theorem below, a sensible definition of a-thick points is given by
My (a) == {x eVy: N > a(logN)z} :
T

Theorem 2.2. We have the following two P, -a.s. limits:

vevy N1 1
maxpevy ¥ _ L oo 0,1, Jim og |[Mny(a)|

=2(1—a).
N-voo (log N)? T N—oo  log N (1-a)

Remark 2.3. Theorems 2.1 and 2.2 also hold when we consider the walk stopped at a
deterministic time, N? say, rather than the first exit time 75 of Vy, since

log Tn
im =
N—oo log N

a.s.

(easy to check but can also be seen from these two theorems). They also hold if we consider
discrete time random walks rather than continuous time random walks. In that case, we
have to multiply the discrete local times by the average time the continuous time walk
stays in a given vertex before its first jump. See Remark 2.7 ending Section 2.1.2 for a
short discussion about this.

Let us just confirm that Theorems 2.1 and 2.2 are coherent: in the square lattice case,

the average time between successive jumps by the walk Y of Theorem 2.2 is 1/4 rather
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than 1. We also mention that it is plausible that the arguments of [Ros05] can be adapted
to show Theorem 2.2. However, we include it here since it is a straightforward consequence

of our approach (Theorem 2.14).

2.1.2 Higher dimensions

We now come back to the setting of the beginning of Section 2.1 for d > 3 and we denote
g := o [€°]. In this section, the walk starts at the origin of Z2.
We describe thick points through a more precise encoding by considering for a € [0, 1]

the point measure:
1

N2(1—a) Z 5(:E/N,€;N72galogN)’ (2-3)
zeVyN

vy =
Let us emphasise that the normalisation factor is equal to 1 when a = 1 and that v§, is
viewed as a random measure on [—1,1]¢ x R. We compare the thick points of random
walk with the thick points of i.i.d. exponential random variables with mean ¢ located at
each site visited by the walk. More precisely, we denote My (0) := {z € Vy : £I¥ > 0}
and taking E,,r € Z%, i.i.d. exponential variables with mean ¢ independent of M y(0),
we define |

KUy = “a Z 5(:1:/N,E1729a10gN)-
N2 )CCEMN(O)

We finally denote by 7 the first exit time of [—1,1]¢ of Brownian motion starting at
the origin and by e the occupation measure of Brownian motion starting at the origin
and killed at 7. Then we have:

Theorem 2.4. For all a € [0, 1] there exists a random Borel measure v* on [—1,1]¢ x R
such that, with respect to the topology of vague convergence of measures on [—1,1]% x R
(on [—1,1]¢ x (0,00) if a =0), we have:

lim vy = lim u% = v* in law.
N—oo N N—)oop/N

Moreover, for all a € [0,1) the distribution of v* does not depend on a and

1 dl
v (dz, dl) W ~toee(dz) @ 79— (2.4)
9 9
At criticality, v' is a Poisson point process:
1 avl
'Y ppp <uocc(d:v) ® ee/g> . (2.5)
9 9

We will see that this statement will imply the following two theorems:
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Theorem 2.5. If we define for every a € [0,1] the set of a-thick points:
My(a) :={x € Vy : 1N > 2galog N},

then there exist random variables M, such that for all a € [0, 1]

My (a)] @

N2(1—a) N—oo

> M,.
Moreover, for all a € [0,1) the distribution of M, does not depend on a and
M, W T/g. (2.6)

M, is a Poisson variable with parameter T/g: for all k >0

Theorem 2.6. There exists an almost surely finite random variable L such that

sup ;¥ — 2glog N LGN

r€EVN N—o0
Moreover, L is a Gumbel variable with mode glog(t/g) (location of the mazimum) and

scale parameter g, i.e. for allt € R

P(L<t)=E lexp <—Tet/g>1 .
g

To the best of our knowledge, this result is not present in the current literature. A
detailed study of the local times of random walk in dimension greater than two has been
done in a series of papers by Csaki, Foldes, Révész, Rosen and Shi (see [CFR0O7b] for a
survey of this work). In particular, Theorem 1 of [Rév04] and the corollary following the
main theorem of [CFRO6] improved the estimate of Erdés and Taylor (equation (2.2)).
By translating their work to our setting of continuous time random walk (see the next
remark), they showed that a.s. for all € > 0, there exists Ny < oo a.s. such that for all
N = Ny,

—(4+¢)gloglog N < sup 0¥ —2glog N < (2 +¢)gloglog N.

€V
Let us also mention the fact that Theorem 2 of [Rév04] states that for all € > 0, almost
surely we have sup,cy, /7% —2glog N > (2(d—4)/(d —2) —¢) loglog N for infinitely many

N. This is not in contradiction with our Theorem 2.6 because we only give the typical
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behaviour (i.e. at a fixed time) of sup,y, £7¥ — 2glog N.

Remark 2.7. We have stated our results in the case of continuous time random walk but
they hold as well for discrete time random walk. As already mentioned, the statements in
the planar case do not need to be changed. The reason for this is because in dimension
two we were essentially comparing exponential (continuous time) or geometrical (discrete
time) variables with mean glog N to ag(log N)? for some g > 0 and a € (0,1). In both
cases, if we divide these variables by glog N then they converge to exponential variables
with parameter 1. Thus there is no difference between the continuous time case and the
discrete time one. On the contrary, in higher dimensions, we are comparing exponential or
geometrical variables with mean ¢ to galog N and these two distributions have slightly
different behaviour. In the discrete time setting, our results claim that the field composed
of the local times behaves like the field composed of independent geometrical variables
with mean g located at each site visited by the walk. Theorems 2.4-2.6 then have to be
modified accordingly.

2.2 Outline of proofs and literature overview

Section 2.3 will be dedicated to the dimension two whereas Section 2.4 will deal with the
dimensions greater or equal to three. Let us first describe the two dimensional case.

We first recall the definition of the GFF on the square lattice. With the notations of
Theorem 2.2 in the square lattice case, the Gaussian free field is the centred Gaussian field

¢n, indexed by the vertices in Vi, whose covariances are given by the Green function:

E[pn(7)on(y)] = E, [@N} '

See [Ber16], [Zeil2] for introductions to the GFF. Our argument will simply relate the thick
points of the random walk to those of the GFF: see [Kah85], [HMP10] in the continuum
and [BDGO1], [Dav06] in the discrete case.

We now explain the interest of exploiting the connection to the GFF. As usual, the
proofs of Theorems 2.1 and 2.2 rely on the method of (truncated) second moment. That is, a
first moment estimate on | M y(a)| gives us the upper bound, while a matching upper bound
on the second moment of | M y(a)| would supply the lower bound. Moreover, it is necessary
to first consider a truncated version of | My (a)|, where we consider points that are never
too thick at all scales (this is similar to the idea in [Ber17]). Computing the corresponding
correlations is not easy with the random walk, but is essentially straightforward with the
GFF as this is basically part of the definition. As only an upper bound on the second

moment is needed, comparisons to the GFF with Dynkin-type isomorphisms go in the
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right direction. We will see that the Eisenbaum’s version will be the most convenient to
work with.

We now state this isomorphism. Consider I' = (V, E) a non-oriented connected
infinite graph without loops, not necessary planar, equipped with symmetric conductances
(Way)zyev. Let E' be the edge set E' = {{z,y} : z,y € V,W,, > 0}. Let P, be the law
under which (Y}):>0 is a symmetric Markov jump process with conductances (W, ), .cv (i-e.
jump rates Wy, from y to z) starting at x at time 0. Y is thus a nearest neighbour random
walk on (V, E’) but not necessary on I' = (V, E). As in the isoradial case, we denote
0t x eVt >0, its local times, zy a starting point, Vy the ball of radius N and centre
xo for the graph distance of I', 7,y the first exit time of Vy. Because Y is a symmetric

Markov process, the following expression is symmetric in x, y:
E, [(] = E, [6].

This allows us to define a centred Gaussian field ¢ whose covariances are given by the
previous expression. ¢y is called Gaussian free field and we will denote IP its law. The
following theorem establishes a relation between the local times and the GFF (see lectures

notes [Ros14] for a good overview of this topic)

Theorem A (Eisenbaum’s isomorphism). For all s > 0 and all measurable bounded
function f:R"W — R,

E,, ® E lf { (@N * ;(@V(I) * S)2>xevN H

—E [(1 4 ¢N§”°)> f { (;(ng(a:) 4 S>2)MN H .

Remark 2.8. We are now going to explain why we chose to use this isomorphism instead

of the maybe more well-known generalised second Ray-Knight theorem. To ease the
comparison, we are going to state this other isomorphism in the setting that is of interest
to us. Consider the graph (Vy, Ex) with Ey = {{z,y} : z,y € VN, W,, > 0}. Let P,
be the law under which (Y;);>0 is a symmetric Markov jump process with conductances
(W.)eer, starting at z at time 0. Let ¢4,z € Vv, ¢t > 0, be the associated local times and
for u > 0, define 7, :== inf{t > 0 : ¢/, > u} and 7, := inf{t > 0 : ¥; = z0}. We can
now define IP the law under which (¢n(z),z € Vi) is the GFF in Vi with zero-boundary

condition at xg, i.e. 1y is a centred Gaussian vector whose covariance matrix is given by

[y )iy (y)] = B [G0]

The generalised second Ray-Knight theorem states that (see again the lecture notes
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[Ros14]):
<€;u + ;¢N(x)2) @ (; (¢N(x) + \/%)2> (2.8)

zeVy zeVy
under P,, ® IP and IP.

It would have been possible to use this isomorphism to show Theorems 2.1 and 2.2.
Compared to the Eisenbaum’s isomorphism above, this has the advantage that the laws
of the GFFs on the left hand side and right hand side are the same. However this has
a drawback: indeed it is necessary to stop the walk where it starts, i.e. at xy. This
isomorphism then leads to a GFF ¢ pinned at xy. This is essentially equivalent to adding
a global noise to the Dirichlet GFF ¢y of order y/log N which is sufficient to ruin second
moment approach. This noise would have to be removed by hand in order to apply the
method of second moment. This is possible but makes the proof substantially longer.

The generalised second Ray-Knight isomorphism has been used several times to study
problems related to local times (see for instance [DLP12]). We now mention two works
that are maybe the most relevant to us. The isomorphism (2.8) immediatly gives the

following stochastic domination:

()

under P, and IP. One can actually show a stronger result and replace the absolute value
on the right hand side by max(-,0) (Theorem 3.1 of [Zhal4]). Abe [Abel5] exploited this

and used the symmetry of the GFF to make links between what was called thin points

< (\}5 (@) + \/ED

zeVn zEVN

and thick points of the random walk on the two-dimensional torus, up to a multiple of the
cover time.

Let us also mention that Abe and Biskup [AB19] have announced a work in preparation
which relates the thick points of random walk to the Liouville quantum gravity in dimension
two. This is in the same spirit as this paper as they also rely on a connection to the GFF.
However, we emphasise some important differences. First, the walk they consider is on a
box and has wired boundary conditions, meaning that the walk is effectively re-randomised
every time it hits the boundary of the box. Second, they consider the local time profile at
a regime comparable to the cover time, so that the comparison to the GFF is perhaps

more clear.

Organisation - planar case: The two-dimensional part of the paper will be organised
as follows. In Section 2.3.1 we will present the general framework that we treat (Theorem
2.14). We will then show that Theorems 2.1 and 2.2 are simple corollaries. The upper
bound, which is the easy part, will be briefly proved at the end of the same section. Section
2.3.2 is devoted to the lower bound. We first show that the probability to have a lot of
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thick points does not decay too quickly. This is the heart of our proof and makes use of the
comparison to the GFF. We then bootstrap this argument to obtain the same statement
with high probability, see Lemma 2.16 at the beginning of Section 2.3.2. This lemma is a
key feature of our proof and allows us to use the comparison to the GFF. Indeed, since
we do not require very precise estimates, we can deal with the change of measure coming
from the isomorphism through very rough bounds, such as: |¢y(z0)| < (log N)? with high
probability (see Lemma 2.17). This only introduces a poly-logarithmic multiplicative error
in the estimate of the probabilities that two given points are thick, and so does not matter
for the computation of the fractal dimension of the number of thick points on a polynomial
scale.

If we want more accurate estimates, more ideas are required. For instance, for the
simple random walk on the square lattice, the comparison between the number of thick
points for the random walk and for the GFF breaks down: the two following expectations

converge as N goes to infinity:

y log N
Noyso N2(1-a

lim Y 1OgNlE [# {x € Vi : Low(a)? >

N—oo N2(1

i Eo [# {:1:' eVy: N> —(log N)ZH € (0,00), (2.9)
4a
(logN)QH € (0,00). (2.10)
T
In the article [BL19] the thick points of the discrete GFF ¢y were encoded in point
measures of a similar form as the one we defined in (2.3). The authors showed the

convergence of such measures. As a consequence, they went beyond the estimate (2.10)
and showed that

V1 4
Vet {r e Vie: Jonta) 2 P (og Ny (2.11)

converges in law to a nondegenerate random variable.

Question 2.9. In the case of simple random walk on the square lattice starting at the

origin, does
log N
N2(1-a)

4a

4 {93 €V : 7 > log N)?} (2.12)
T

converge to a nondegenerate random variable as N goes to infinity?

Notice that the renormalisations are different in (2.11) and in (2.12). These differences
suggest scraping the GFF approach if we want optimal estimates. This is what we will do
in higher dimensions.

Update: after this work was completed, this question has been solved in [Jeg20a]
(Corollary 3.4), [AB19] and [Jeq19] (Corollary 4.2). The framework of [Jeql19] is the
above-described setting of planar random walk stopped upon hitting the boundary of Vi

for the first time, whereas [Jeg20a] works in an analogue setting for planar Brownian
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motion. The article [AB19] considers a different type of walks that are run up to a time

proportional to the cover time of a planar graph and that have wired boundary condition

(see Remark 2.8).

We have finished to discuss the two-dimensional case and we now describe the situation
in higher dimensions. The article [DPRZ00] studied the thick points of occupation measure
of Brownian motion in dimensions greater or equal to three. They obtained the leading
order of the maximum and computed the Hausdorff dimension of the set of thick points.
The article [CFRT05b], as well as [CFR05a], [CFR06], [CFR07a], [CFRO7¢] (again, see
[CFRO7b] for a survey on this series of paper), studied the case of symmetric transient
random walk on Z¢ with finite variance. One of their results computed the leading
order of the maximum of the local times too. In both [DPRZ00] and [CFR*05b], a key
feature of the proofs is a localisation property (Lemma 3.1 of [DPRZ00] and Lemma 2.2
of [CFRT05b]) which roughly states that a thick point accumulates most of its local time
in a short interval of time. This property allows them to consider independent variables
and makes the situation simpler compared to the two-dimensional case.

Let us also mention the paper [CCH15] which studied the scaling limit of the discrete
GFF in dimension greater or equal to three. The authors obtained a result similar to
Theorem 2.4. Namely, they showed that in the limit the field behaves as independent
Gaussian variables. More precisely, they defined a point process analogous to v} (see
(2.3)) which encodes the thickest points of the GFF. They showed that this point process
converges to a Poisson point process. Their situation is simpler because the intensity
measure is governed by the Lebesgue measure rather than the occupation measure of
Brownian motion. In particular, they could use the Stein-Chen method which allowed

them to consider only the first two moments.

Organisation - higher dimensions: Let us now present the main lines of our proofs
and the organisation of the paper. In Section 2.4.1, Theorems 2.4, 2.5 and 2.6 will all
be obtained from the joint convergence of the sequences of real-valued random variables
v (A x T), ..., v%(A, x T, for all suitable A; C [—1,1]? and T; C R. We will obtain
this fact by computing explicitly all the moments of these variables (Proposition 2.19).
This is actually the heart of our proofs and Section 2.4.2 will be entirely dedicated to
it. To compute the k-th moment of 1% (A x T'), we will estimate the probability that the
local times in k different points, say x1, ..., zx, belong to 2galog N +T'. In the subcritical
regime (a < 1), we will be able to assume that these points are far away from each other.
In that case, Lemma 2.22 will show that we can restrict ourselves to the event that there
exists a permutation o of the set of indices {1,...,k} which orders the vertices so that we

have the following: the walk first hits z,(;), accumulates a big local time in (1), then
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hits z4(2), accumulates a big local time in z,(), etc. When the walk has visited x,; it
does not come back to the vertices z,(1), ..., Ts—1). The local times can thus be treated
as if they were independent.

At criticality (a = 1), we do not renormalise the number of thick points and we will
a priori have to take into account points which are close to each other. Here, the key
observation - contained in Lemma 2.24 and already present in Corollary 1.3 of [CFRT05b]
- is that if two distinct points are close to each other, then the probability that they are
both thick is much smaller than the probability that one of them is thick, even if they are
neighbours! This is specific to the case of dimensions greater or equal to 3 and tells that
the thick points do not cluster. Thus, only the points which are either equal or far away
from each other will contribute to the k-th moment.

Section 2.4.3 will contain the proofs of four intermediate lemmas that are needed to
prove Proposition 2.19 on the convergence of the moments of v%(A; x T1), ..., v% (A, x T,.)
for suitable 4; C [—1,1]¢ and T; C R.

2.3 Dimension two

2.3.1 General framework and upper bound

We now describe the general setup for the theorem. Consider I' = (V, E) a non-oriented
connected infinite graph without loops, not necessary planar, equipped with symmetric
conductances (W, ). ev. As before, we take zyp € V' a starting point and write dr for the

graph distance. We will also write
VN € N, Vy(zo) ={x €V 1 dp(z,z9) < N}.

Let P, be the law under which (Y;):>o is a symmetric Markov jump process with conduc-
tances (W,.)y.cv (i.e. jump rates W, from y to z) starting at = at time 0. Y is thus a
nearest neighbour random walk on (V, £’), where £’ = {{z,y} : z,y € V,W,, > 0}, but

not necessary on I'. We introduce the first exit time of Vy(z¢) and the local times:
t
Tn(20) == inf {t > 0,Y; & Vn(x)} and Vz € V,Vt >0, (" = / lyy,—zyds.
0
Finally we will denote Gy the Green function, i.e.:

G (x,y) =B, [N (2.13)
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If there is no confusion, we will simply write Vy, 7y and Gy instead of Vi (xo), 7a (o)
and G.
Notation: For two real-valued sequences (uy)y>1 and (vy)n>1 and for some parameter

a, we will denote uy = 0,(vy) if
Ve > 0,3Ny = No(a,€) > 0,VYN > Ny, luy| < e |vy],
and we will denote uy = O, (vy) if
3C = C(a) > 0,3INg = No(a), VN > Ny, luy| < C |oy] .

We now make the following assumptions on the graph I' and on the walk Y: We start

with two assumptions on the geometry of the graph T'.

Assumption 2.10. #Vy(z) = N*°W and for all z}y € Vy(xo) there exists a subset
Qn(zh) C Vi(ah) with N>+ points such that

N @
9 E ) = N#ea(l) 214
a2 <dr( )V 1) (2.14)

,yEQN (z)) Y

Assumption 2.11. For alln € (0,1), 2, € Vy(z0), v € Qn () and R € [1, N'™], we
can find a subset Cr(x) C Qn(xy) which can be thought of as a circle of radius R centred

at x:
Vy € Cg(z),lo L—o(lo N) (2.15a)
y R 9 gdr<x7y) - vn g ) .
o > log <R> = o,(log N) (2.15Db)
#Cr(2)? | o \dr(y.y)vi) " ' '

We now assume that we have good controls on the Green function:

Assumption 2.12. There exists g > 0 such that:

Vr € Vy(xg), GR (z, ) < glog N + o(log N), (2.16a)

Vg, € Vi (o), Vz,y € Qn(xy), vaé(x,y) = glog ( ) + o(log N), (2.16b)

dr(l', y) \/ 1
V) € Viv(zo), Yz € Qu(ah), GR(zh, ) > (1/N)°D. (2.16¢)

Finally, we assume that the jumps are not unreasonable:
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Assumption 2.13. For all Ky = N'=°) < N, a2} € Vy_xg, (20) and M > 0,
Py (dr (24, Yo ap)) = Kiv + M) < KyN°U /M. (2.17)

where Tk, (zy) is the first exit time of Vi, (xy).

We now briefly discuss the above assumptions. Note that we have assumed that all the
bounds do not depend on the starting point z{, € Vy(zo). This will be important for our
Lemma 2.16. Assumption 2.11 is needed to go beyond the L? phase whereas Assumption
2.13 is needed to bootstrap the probability to have a lot of thick points (Lemma 2.16).
This latter assumption can be weakened. We could replace Ky N°M /M by f(KyN°W /M)
with a function t € (0,00) — f(t) € (0, 00) which goes to zero quickly enough as t goes to
zero. For instance, any positive power of ¢ would do.

As confirmed by the theorem below, a sensible definition of a-thick points is given by
My (a) := {x e Vy : ¥ > 2ag(log N)Q} :

Theorem 2.14. Assuming the above assumptions we have the following two P, -a.s.

convergences:
. omaXgeyy OGN . log |My(a)l _ o
]\}1_{%0 “logNE 2g and Va € |0, 1),1\}1_{%0 “lgN 2(1—a).

We now check that Theorems 2.1 and 2.2 are consequences of this last theorem.
Theorem 2.2 naturally fits into the setting of continuous time random walks defined
using symmetric conductances, whereas the setting of Theorem 2.1 corresponds to the
above-described general framework with I" being the square lattice equipped with weights
W,y =P (X =y — ). These weights are symmetric thanks to the assumption X W _x.
We now need to check that these two setups satisfy Assumptions 2.10 - 2.13 above.

For the isoradial case, the walk is a nearest-neighbour random walk so Assumption
2.13 is clear. The following lemma checks that all the other assumptions are fulfilled if we

define

V x in the square lattice case,
Vay € Viv(wo), @n () = v/ (7o) . q. :
Ven () in the isoradial case,

where Ry and e are defined Lemma 2.15 below, and if we define in both cases
Vg € Viv(wo), Vo € Qn(x), VR > 1, Cr(w) = {y € Qn(7p) : dr(z,y) = R}.

Lemma 2.15. 1. Square Lattice. Consider a walk'Y as in Theorem 2.1 and denote by
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G the covariance matriz of the increments. Let xy € Z* be a starting point. Then
there exists C' > 0 independent of x;, such that for all M > 0,

Py (dr (20, Yey@ap)) = N+ M) < CN/M. (2.18)
Moreover for all n € (0,1),
Va,y € Vi(xy), Gfé’(m,y) < ! log N +o(logN), (2.19)
~ my/detg |z —y| V1

1 N
1
m/det G o8 (!x —ylVv1

Vi, € Vo yn(eh), G (e, 1) 2 ) +ortlos) 220

and there exists a sequence Ry = N°Y such that

¥ € Viy/ny (), G (0, 25) > N, (2.21)

. Isoradial Graphs. Consider a walk'Y as in Theorem 2.2. Let xj, € V be a starting
point. Then for all n € (0,1),

/ x! 1 N
0 < _— .
Ve, y € Vn(xg), G (z,y) < 5 log Ty +C, (2.22)
Y,y € Vion (@), G (2, y) > g [——— ) — c(n) (2.23)
T,y 1-mN Ty ), GN\T,Y) = o g |I’ _y| v n :

for some C,C(n) > 0 independent of xj,. Moreover, there exist ¢, > 0 independent
of xyy such that
Vo € Vin(z)), G (), 2) > c. (2.24)

Proof. Square lattice. We first start to prove (2.18). By translation invariance, we can

assume that z{; = 0. We consider the discrete time random (S;);>¢ associated and we are

going to abusively write 7n to denote the first time the discrete time walk exits V. Take

A > 0 to be chosen later on. The probability we are interested in is not larger than

Py (dr (Sry—1,S7y) = M) <Py (i <75 — 1,dr(S;, Siv1) > M)

<Py (3i < AN? = 1,dr(Si, Si1) = M) + Py (7 > AN?).

As the increments have a finite variance, the first term on the right hand side is not larger
than CAN?/M? for some C' > 0 by the union bound. Secondly,

]P)[) (TN > )\N2) < ]P)O (dr (O, S)\N2) < N) .
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Theorem 2.3.9 of [LL10] gives estimates on the heat kernel and in particular implies that
there exists C' > 0 such that for all z € Z? Py (S; = z) < C/i. Hence

P, (TN > )\N2) < '/
We obtain (2.18) by taking A = M/N.

Now, (2.19) and (2.20) are consequences of the estimate on the potential kernel a(x)
made in Theorem 4.4.6 of [LL10]:

(#) = —~— log|a| + oflog |x]) as |z| >
a(x) = ———=log |z| + o(log |z]) as |z 00
mvdet G & &
which is linked to the Green function by:
Gn(z,y) = Z P, (Y, =2)aly — z) —a(y — x). (2.25)
zEVJS,

If z € V§ is such that dr(xg,2) < N(log N)?, then

log N 4+ 0,(log N) < a(y —z2) < log N + o(log N)

1 1
m/det G m/det G

where the lower bound (resp. upper bound) is satisfied by all y € Vi1_n (resp. V).
(2.18) implying that P, (dr (zo, Yry) < N(log N)?) = 1 + o(1), we are thus left to show

N

that the elements z such that dr(zo, z) > N(log N)? do not contribute to the sum in the
equation (2.25). Thanks to (2.18), we have

> P, (Y;, = 2)log 7|
2€72
dr(z0,2)>N(log N)?

< Y P, (28 < dr (20, Ysy) /(N(log N)?) < 27*1) log (N (log N)?27+1)
p=0
c =1
< ¥ ]
- (logN)sz: o 8

=0

C/
N(log N)*2v*1) < ——
( (log N) ) ~ log N
which goes to zero as N goes to infinity. It completes the proof of (2.19) and (2.20). (2.21)
is a direct consequence of (2.20).
Isoradial graphs. (2.22) and (2.23) are a direct consequences of Theorem 1.6.2 and
Proposition 1.6.3 of [Law96] in the case of simple random walk on the square lattice.

Kenyon extended this result to general isoradial graphs (see [Ken02] or Theorem 2.5 and
Definition 2.6 of[CS11]). (2.24) follows from (2.23). O

From now on, we will work with a graph I' and a walk Y which satisfy Assumptions
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2.10 - 2.13. An upper bound on the Green function Gy is already enough to prove the
upper bound of Theorem 2.14:

Proof of the upper bound of Theorem 2.14. Let a > 0 and N > 1. For every ¢ > 0 we
obtain by Markov inequality:

Py, (|My(a)] > N21-0t) < N2202072 57 P, (079 > 2ga(log N)?) .

zeVN

But for every x € Vy, under P,, ¢7V is an exponential variable with mean G y(z, x). Hence
by (2.16a),

Py, (6 > 2ga(log N)?) = Py, ((7¥ > 0) P, ((7¥ > 2ga(log N)?)
=Py, (¥ > 0)exp (—2ga(log N)*/Gy(z, z))
< ON2atoll), (2.26)

The upper bound for the convergence in probability follows. To show that

lim sup —10g M (a)l

<201 - P, —a.s.,
N—oo logN (1-a), 0TS

we observe that, taking N = 2" in (2.26),
P,, (# {ac € Vant1 : 0271 > 2ga (log 2")2} > (2”)2(1’“”5)
decays exponentially and so is summable. Moreover, if 2" < N < 271
IMny(a)] < # {x € Vont1 1 €271 > 2ga (log 2")2} .

Hence the Borel-Cantelli lemma implies that

lim sup log [M(a)

< 2(1— P, —a.s.
N—oo logN  — (I-a)+e, o8-8

This concludes the proof of the upper bound on |[My(a)|. We notice that the above

reasoning also shows that for all € > 0, almost surely, for all N large enough, [My (1 + )| =

0. The upper bound on sup,cy, ¢;¥ then follows from

{sup v > 2901+ s)(logw} C{IMy(1+9) > 1}
zeVN
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2.3.2 Lower bound

We first start this section by establishing a lemma which simplifies a bit the problem: we
only need to show that the probability to have a lot of thick points decays sub-polynomially.
For all starting point z{, € Vi, define My (a, xj) the set of a-thick points in the ball Vy (z():

My (a,zy) = {x € Vn(a}) : 7@ > 2ga(log N)Q} :

Lemma 2.16. Suppose that for all starting point xy € Vy(xo), for all a € (0,1),e > 0
and N € N,
Py (| My(a,20)| > N*1=975) > py,

with py = pn(a) > 0 decaying slower than any polynomial, i.e. logpn = 0,.(log N). Then

for all a € (0,1),
lim inf log Mn(a)] M ()]

> 2(1— P,
N—o0 log N > 2 a),

) —a.S.

Proof. A similar but weaker statement appears in [DPRZ01] and [Ros05] where they
assumed that py was bounded away from 0. The idea is to decompose the walk in the ball
Vv (o) into several walks in smaller balls to bootstrap the probability we are interested in.
First of all, let us remark that if py € (0,1) decays slower than any polynomial, then
so does (inf,<n pn)ys,- Consequently, we can assume without loss of generality that the
sequences py in the ;tatement of the lemma are non increasing.
Fix € > 0 and take N large and Ky € N much smaller than N such that Ky = N1i-o(),

Let us introduce the stopping times
o(0) := 0 and Vi > 1,0(i) := inf {t >o(i—1): dp (Yt,YU(i,D) > KN}
and
imax = max {i > 0,dr (9, ) < N — Ky}

Let k > 1. I imax+1 > k, then all the walks (Yo 41,0 <t < o(i+1) = 0(i)), i =0... k-
1, are contained in the walk (Y;,0 <t < 7y). So by a repeated application of Markov
property, we see that for all § > 0, if N is large enough so that a(log N)? < (a+6)(log Ky)?

(which is possible by assumption on Ky ), we have:

Puo IMu(a)] < N20-0<)

k
< sup Py (]MKN(a +0,1p)| < N2(1’“)’5> + Py (imax + 1 < k)

zHE€VN_ K (20)

k
—a)—e)y/1+d/a .
< sup Py <|MKN(a + 0, 20)| < K](\?(l JmviE ) + Py (fmax +1 < k).

:BGEVN,KN (x())
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If 6 > 0 is small enough we have (2(1 —a) —¢)y/1+0d/a < 2(1 —a — 0). Hence with
pn =pn(a+9)

Pay (IMy(a)] < N27972) < (1= pre, ) + Py (imax + 1 < k)
< (1= pn)* 4+ Py (immax + 1 < k). (2.27)

To conclude, we have to choose Ky small enough to ensure that i,,, is large with
high probability. If the walk were a nearest neighbour random walk, we could say that
imax + 1 > | N/Kn| P,-a.s. Here, the jumps may be unbounded but large jumps are
costly (Assumption 2.13) so we will be able to recover a lower bound fairly similar on iyax.

By the triangle inequality, we have for all £ > 1
Pay (imax + 1 < k) < Py (3i <k — 1, dp (Yoq), Yousn)) = (N = Ky)/k)

< kfpxo (Yot € Vo dr (Yaiiy, Yoqieny) = (N = K)/k)
=0

<k sup Py (dr (xf),YTKN) > (N — KN)/k) :

IGGVN—KN

Assumption 2.13 allows us to bound this last probability: there exists (ex)n>1 C (0,00)
which converges to zero such that if M > 0,

P, (dF (a;g, Y,

TKN

> M + Ky) < KyN°~ /M.
) )

Hence
k2K N NEN

N—(k+1)Ky
Coming back to the estimate (2.27) and taking k = (log N)/py, we have obtained

Py (imax +1 < k) <

Py, (|Mn(a)] < N*O797) < (1= py) M/ 4 By (i + 1 < (log N)/pn)
(log N)?K yNe~
(pn)*(N = (1 + (log N)/pn) Kn)

log N
< ( sup (1—19)1””) +C

0<p<1

We can choose
2
Ky = PN
(log N)!

so that the previous estimates gives

Nl—aN _ Nl—o(l)

By, (IMn(a)] < N*1797%) < O/ (log N)*.

We now conclude as in the proof of the upper bound of Theorem 2.14. We apply the
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Borel-Cantelli lemma along the sequence (27),en which yields

1 v
lim inf log | Mar(a)] >2(1—a), P,,—a.s.
peo log (27)
This finishes the proof of the lemma because log (2P!) /log (27) — 1 as p — occ. O

As mentioned at the end of Section 2.2, when we will use Eisenbaum’s isomorphism,

we will have to bound from above expectations of the form:
E l1 + ¢N(IO>;A1 = IE [(1 + ¢N(x°)) 14
s s

for some given event A. We will use the following elementary lemma which we state here

only for convenience:

Lemma 2.17. For all N large enough and for all events A,

IE K1 + ¢Nix°)> ;A] < (log N)?IP(A) 4 N~ gV,

Proof. Using (2.16a), we have:

IE KH ¢N(x°)> A

S

o (o)

S

(log N)*(1 + o<1>>) ,

< (log N)*IP(A) + E [(1 + ) L{1+¢n (20)/5> (log N)?}]

2

< (log N)?IP(A) + exp (—;
g

which concludes the lemma. O]

We now provide our proof of the lower bound of Theorem 2.14. In the following, we
write our arguments with the starting point zy but note that the same also works for all

starting points xj € Vi (xg), which is required to apply Lemma 2.16.

Proof of the lower bound of Theorem 2.14. During the entire proof we will fix some small
n > 0. To ease notations, we will denote Qy := Qn(xo). Recall that if z € Qy and
1 < R < N'77 Assumption 2.11 gives the existence of a subset Cr(z) C Qx which can be
thought of as a circle of radius R around x. We will denote M} the operator corresponding

to taking the mean value of a function on this circle: if f is a function defined on @)y, then

! Y fly)eR

Mif =
" #COR(T) yeCmto)

We use Eisenbaum’s isomorphism with some s > 0 (s = 1 will do). Let ey = 1/4/log N

and for some b > a (to be chosen later on, close to a) and ¢n a GFF independent of the
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walk, we define the good events at x:
N 2
GUI (2, 07V) = {Mgm < 2gb (10g R) VR E (e {1, Nl‘"}} ,
n T 1 2 N 2 1—
Gl (z, by) = | ME (2(¢N +s) ) <en (log R) VR € ()penn {1, N

and
Go(x) = G, ™) N G (, d). (2.28)

We require the points to be never to thick at any scales (similar to [Ber17]). We restrict

ourselves to @y (the subset of Viy where we control the Green function G ) by considering:
My (a) = My(a) N Qy

The

and we will abusively write ‘/\7]\/(@) N GI]’\’,”’ when we mean 3,0, 1{ i )} 1G7;\,,n($).
T ~n(a

Paley—Zigmund inequality gives:

N 12
P, (|MN(a)| > EEJ}O ® IE HMN(G) N G?v”H) > EETO ® IE H/\jN(a) N Gan
: YE., © F UMN(a) e }

and it remains to estimate the first and second moments on the right hand side.

First Moment Estimate Firstly, we estimate the first moment without restricting to
any event. Thanks to assumptions (2.16b) and (2.16¢) and because, starting from x, the

law of £IV is exponential, we have:

Ee, |

Mny(a)|] = 3 Pu, (67 > 2ga(log N)?)
TEQN

. G (o, )

erQ:N Gy(z,x)

B Gn(zo, ) _2ga(logN)2 _ AT2—2a+0(1)

N Z Gy(z,x) x ( Gn(z,x) =N '

P, (£ > 2ga(log N)?)

TEQN

To estimate the probability IP (G} (x, ¢n)) we will first derive a large deviation estimate
for M§ ((¢n + s)?). The estimate we obtain is rough and does not take into account the
fact that if R is large we should expect ME ((én + $)?) to be close to its mean. Writing

N (p, 0?) a Gaussian variable with mean p and variance 0%, by Jensen’s inequality we have
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YA > 0 and Vt € (0,1/(2g))
IP<M2% ((on +5)?) = MogN> < e ™I [exp <1 tN 7 ((én +9) ))]

oL ex
= #Cr(x) yeg(x) t [ P <lo )]
< e [exp { (tg + 0(1))N(0(1), 1 + o(1))? H C(t)e

where 0 < C(t) < oo because tg is smaller than 1/2. Hence, we have obtained: for all
t € (0,1/(2g)), there exists C(t) € (0,00) such that

Vo € Qn, V1 < R< N VA > 0, (Mg ((6n +5)?) > Alog N) < C(t)e ™. (2.29)

Hence, using the above estimate with ¢t = 1/(4g) for instance, if z € @y, the probability
that the good event at = linked to ¢ does not hold is:

PG (r.on)) < 3 IP< ( (én + 5) ) >en (IOg]]\;)2>

R=2P, peN
1<R<N1-n

1
< % P(ME(G0n+57) > enllog N)?)
R=2P, peN 2

1<RZN'—n

<exp(—C(n)enlogN) —— 0

N—oo

for some C'(n) > 0. By independence of ¢ and the local times of the random walk, we

thus have
P,, @ IP (6;1\’ > 2ga(log N)Z,G?\’,"(:L’D =(1—-0,(1)) Py, (ETN > 2ga(log N)?, G%'(z ETN)> .
Now, using the Eisenbaum’s isomorphism and Lemma 2.17, we can bound from above the

probability P,, (QN > 2ga(log N)2, G%/ (x,ETN)C>, for a given x € @y, by the sum over
Re{2°,pe N} N[1, N of

2
P, (e;fv > 2ga(log N)?, M (£7%) > 2gb (log Z) )
N 2
< | (1 20 ) o) + o > dgation )% 0 (o -+ %) > 490 (08 ) |

2
< (10w N7 (o) + f > dgallog N2, (Jo + ) = 40 (s )

+O(N—1°gN).
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By taking 6 = 24/a/g, we can bound from above the probability appearing in the last
equation by:

(2 + o(1))P (qu(:B) > (2,/g@ + o(1)) log N, M (|ox + sI?) > 4gb <10g ]]\;) )

= (2+o(1))P (65¢N<x>1 { > N2ms+o<1>>

M (on-+5)) 249 (10g 5)*}

< N—dato()|E | L5¢n (@)
<N E |e asgon+oerzam(0s )}

) _ N2
— Ndatol) T E[oN ()] p (Mﬁ((ezszv +5)%) > 4gb (log R) )

where IP is the shifted probability:

AP sont)-LE[on@?]

dIP

By Cameron—Martin theorem, under this new probability, ¢ has the same covariance

structure but the mean of ¢n(y) is now given by:

Covilov{y). () = (237 +0y(1))log o —s = (2V/+0,(1)) o 1 € Cina).

As we have taken b > a, we can apply our tail estimate (2.29) to show that,
Pﬂﬁo (X;N > 29&(10g ‘]\[)27 G?\}n (:E,ETN)C) < N—Qa—t—i—o(l)

for some small ¢ > 0 which may depend on 7,a and b. With the estimate on the first

moment without the event G?{,”, this shows that:
By, ® [ [|My(a) N GR|] > N2l

Second Moment Estimate To control the second moment, we adapt the ideas of
[Ber17] to our framework: let z,y € Qy such that dr(z,y) < N'7". We can find some
R € (2P)pen, R < N'77 such that

1

As before, we apply the Eisenbaum isomorphism, Lemma 2.17, an exponential Markov
inequality, and using the fact that by Cauchy—Schwarz |[MEon| < \/ ME((on + 5)?) + s,
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we have:
Py, @ P (£ and €7¥ > 2ga(log N)*, G} (x), G (y))

< (2+ o(1))(log N)*IP <¢N($) and ¢ (y) > (2y/ga + o(1)) log N,
Mpon < (2@+on(1)) log ]}\;) 4+ N~ lgN

N da N
< N et (T ) (Mw < (2,/ 1 )1 ) N—leN (9

where IP denotes the shifted probability defined by

AP son@)roonw)-LE[on@+on )] it 5 — 9. |©
PP g

By Cameron-Martin theorem, under the probability IIND,ngN has the same covariance

structure but the mean of ¢x(z) is now given by:

Cove(6 (=), B0 () + 86 (y)) = (4/7 +0y(1)) log 3 1f = € Ci(a)

by our particular choice of R. Thanks to Assumptions (2.16b) and (2.15b), one can check

N
7

P (M;m < (2@ + 0n<1>> log g)

<P (N(o, 1) < - (2(2va — Vb) + 0,(1)) y/log N)

that the variance of M§¢y is equal to (g + 0,(1)) log . Hence

R

<

N —2(2¢/a—v/b)2+oy (1)
(%) ‘

Again thanks to our particular choice of R, we have obtained:

Py, @ P (67,677 > 2ga(log N)?, G (), Gi'(y))
4a—2(2+/a—/b)?

< N-daro, [N

- dF(‘T? y) V1

As a < 1, we can choose b > a close enough to a to ensure that the exponent 4a — 2(2y/a —

Vb)? is less than 2. We can then sum over all ,y € Qy such that |z —y| < N'" and
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use assumption (2.14) to find that:

E., ® IE UMVN(G> N G?\vﬁ‘?] < NA(1—a)+oy(1) + Z P, (gTN N > 29a(10g N)Q) .

T y
z,YyEQN
dr(z,y)>N'="

We eventually treat our last sum noticing that the probability in this sum is not larger
than (using (2.30) without the term P(---)):

N
dF(x7 y)

4a
N74a+o(1) ( > < N74a+4an+o(1) )

This shows that the second moment is not larger than N*(-aten+os(l) Ty come back to

the probability we wanted to bound from below, this implies:
P, (’MN<CZ)’ > N2(1fa)+o(l)) > N —danton(1)

As this is true for all > 0, it means that the probability is not less than (1/N)°(). We

can then use Lemma 2.16 to conclude the proof of Theorem 2.14. ]

2.4 Higher dimensions

2.4.1 Proofs of Theorems 2.4, 2.5 and 2.6

This section is devoted to the proofs of Theorems 2.4, 2.5 and 2.6. Let us first recall the
setting and introduce some new notations. Consider a continuous time (rate 1) random
walk (Y;)i>0 on 7 for d > 3 and denote P, and E, its law and expectation starting from
x. Writing Vy = {=N, ..., N}, we consider the first exit time of Vi and the first hitting

time of x:
v = inf{t >0,Y, ¢ Vy},Vo € Z% 7, ;= inf{t > 0:Y; = 2}. (2.31)

We will denote G and Gy the Green function on Z¢ and on Vy respectively: for all
x,y € 74,

G(ZE, y) = Em |:/OO l{Yt:y}dt] and GN({E7 y) = Em
0

/ o 1{Yt:y}dt} . (2.32)
0

Finally, we denote g := G(0,0) the value of G on the diagonal and w(z,dz) the harmonic
measure on [—1,1]% for all x € [—1,1]¢, B C 9[—1,1]¢,w(z, E) denotes the probability
that a Brownian motion starting from z exits [—1,1]¢ through E. In the following, if

r € R4, we will denote |z] one element of Z¢ which is closest to .
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Let us first recall the behaviour of Gy in dimension greater or equal to 3:

Lemma 2.18. For alln € (0,1), we have the following estimates:

Ve e Vy,Gy(z,z) < g,
Vo € V(1777)N, GN(l'>$) > g+ On (NQ—d> .

Moreover, if ag = d/2 I'(d/2 — 1)7=%2, we have for all x # y € Vy,
Gr(z,y) = aa (Jo = y** = an(z,v))

where qy(z,y) > O <|x - y|_d) and for all 7,5 € (—1,1)4, we have the following pointwise

estimate:

N—o0

lim N %qy ([NZ], |Ng)) :/a[w 15 — 2> w(z, d2) =: (7, §). (2.33)

The proof of this lemma will be given in Section 2.4.3. As mentioned in Section 2.2, a
key point is to show that all the moments of the number of thick points converge which is
the purpose of the next proposition. Before stating it, let us introduce some notations.

Notation: If £ > 1 and ¢ > 1, we denote by f(k — ¢) the number of ways to partition
a set with k elements into ¢ non empty sets. As this is equal to the number of surjective
functions from {1...k} to {1...q} divided by ¢!, we have

Flk— q) = ij <q> (—1)077k. (2.34)

q' i=1
If X is a topological space we will denote by B(X) the class of Borel sets of X.

Proposition 2.19. Let r > 1 and for alli = 1...r, take k; > 1, A; € B([—1,1]%) such
that the Lebesque measure of A;\AS vanishes, T; € B(R) with inf T; > —oo. Moreover, we
assume that the A; X T;’s are pairwise disjoint. By denoting k = ki + - - - + k, we define

m(A; x Ty ki=1...r) = (C”)k 1 (/T f/gdt> (2.35)

9) i=1 9
k-1

XZ/’“I Ak’“l()(

cEGy

2—d
Yo(i+1) — Yo(d)

—q (yau), ya(m))) dyy ... dyy

with the convention gy = 0.

1. Subcritical regime: let a € [0,1) and if a = 0 assume furthermore that T; C (0, 00)
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for all i. Then

lim E, [H {8 (A; % Ti)}ki] =m(A; x Ty kii=1...7). (2.36)

N—oo i—1

2. At criticality,

T

o [T (4|

i=1

= 5 (Tt w0t x B = ) .87
1<q;<k; \i=1
i=1...r

The previous results also hold if we replace Vg by psy .

We postpone the proof of this proposition to the next section and we now explain how
we can deduce Theorems 2.4, 2.5 and 2.6 from it. We start with Theorem 2.4.

Proof of Theorem 2.4. This proof will be decomposed in three small parts. First, we will
show that the previous proposition implies the joint convergence of (v% (A1 xT1), ..., vy (A, X
T,)) with suitable A;’s and T;’s. The second part is relatively standard and shows that
it then implies the convergence in law of the sequence of random measures {v%, N > 1}.
The third part is dedicated to the identification of the limiting measures.

Step 1. Take a € [0,1]. Let us first show that the previous proposition implies the
convergence of the joint distribution (v%(A; x T1),...,v% (A, x T,)) where the A;’s and
T;’s are as in the statement of the proposition. As all their moments converge, we just
need to check that the limiting moments do not grow too rapidly. Take k; ...k, > 1. We
notice that for all x € [—1,1]¢,

2-d 2-d
0< ) =l —a@y)dy< | ly—al™dy
< ly — 2> Ydy=C

- [—2+z,2+z]¢

for some universal constant C' depending only on the dimension d. Hence there exists C’

depending on d and on the T}’s such that
m(A; x Ty kiyi=1...7) < Ok (2.38)

with £ = ky 4+ --- + k.. In particular, it implies that the moment generating function
associated to those moments has a positive radius of convergence and they determine a

unique law. It thus proves the claimed convergence in the subcritical regime. At criticality,
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we notice that for all ¢ < k,

Z 1{q1+---+qq~:q} H f(kz — qi)
1<q;<k; i=1
i=1...r

is not larger than the number of ways to partition a set of k£ elements into no more than ¢

parts which is equal to ¢®/(q!). Using (2.38), it implies that

> (ﬁf(ki_)%‘)>m(14i X Tpqii=1...7)

1<q;i<k; \i=1

i=1...r
k r k
<N ST pgseigeg L fRi = @) <7 CMgF < CFEFT < CPRRL
q=r 1<q;<k; =1 q=r
i=1...r

Again the radius of convergence of the associated moment generating function is positive
and it gives the required convergence in the critical case as well. We will denote v*(A; X
Ty),...,v*(A, x T,) random variables which have the limiting distribution of (v%(A4; X
Th), ..., v (A, x T})).

Step 2. We now show the convergence of the sequence of random measures {v%, N > 1}.
Recalling that the underlying topology is the topology of vague convergence, it is enough
to show that for all function ¢ : [—1,1]¢ x R — [0, 0o) which are C* with compact support
(included in [—1,1]¢ x (0, 00) if a = 0),

Wiod)i= [ ol dvg(at)
[-1,1]4xR

converges in distribution. It is enough to check that for all L-Lipschitz function h : R — R,

Eo [A({(v%, ¢))] converges. By Lemma 2.26, we can uniformly approximate ¢ by a sequence

of functions (¢,),>1 taking the following form:

p
— (p)
G =>_a 1A§p)><Ti(p)
i=1

where A? € B([-1,1]?) with the Lebesgue measure of AP\ (A")° vanishing, T\*) € B(R)
with inf Ti(p) > —oo (inf Ti(p) >0 if a =0) and agp) € C. By the joint convergence proven
in Step 1, for all p > 1,

lim (1%, 6p) 2 (v, )

N—oo

and we can define the law (by dominated convergence theorem for instance)

v, 6) 2 lim (1%, ¢,) .

p—o0
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We are going to show that we can exchange the two limits, i.e. that (v%, ¢) converges
in law to (1%, ¢). Recalling that h is L-Lipschitz, |Eq [h((v%, #))] — Eo [R({v*, ¢))]| is not

larger than

[Eo [h (Vs dp))] = Eo [h ({07, 0p))]| + LEo [(v, [¢ — ¢p])]
+ [Eo [2((v*, 9))] = Eo [ (v, &)1 -

By the first part of the proof, the first term goes to zero as N goes to infinity. If ¢ty € R is
such that the support of ¢ is included in [—1,1]¢ x (¢y, 00), then the second term is not

larger than
L|¢ = Spllo Eo [ ([=1, 1% x (t0, 00))] —— L2 [ ([=1, 1] x (to, 00))] -

Thus the limit of the second term goes to zero when p — oo. The third term goes to zero
by definition and we have proved

lim Eo [h((%, ¢))] = Eo [h((v7, ¢))] -

N—oo

Step 3. The convergence of the sequence of random measures {v%, N > 1} has thus
been proved. We are now going to identify the limit. What we did in Step 1 and Step
2 shows that the limiting distribution is entirely determined by the limiting moments
from Proposition 2.19. In particular, the same conclusion holds for both {v%, N > 1} and
{1%, N > 1} and this shows that these two sequences converge and have the same limiting
distribution. We are now going to show that the limiting measures can be expressed
in terms of the occupation measure p... and a Poisson point process as explained in
Theorem 2.4. We start with the subcritical regime (@ < 1). Take A; x T;,i =1...7, as in
Proposition 2.19, kq,...,k. > 1 and denote k = k; +--- + k,. As

(@,y) = aa (Jo = 9>~ = q(z,1))

is the Green function associated to Brownian motion killed at the first exit time 7 of

[—1,1]% (see equation (3.15) of [Bas95] for instance), it is not hard to see that

Ey [ﬁ uocc<Ai>’“]

i=1

k—1
- Z /AIIHXWXAI:.T gad(

cE€Gy

Yo(i+1) — Yo(i)| — 4 (ya(i)a ya(i+1)>) dyy - - - dyg
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with the convention y,) = 0. Thus

E
i=1 g

r(1 g\ _
g T;

This proves the identification (2.4) of the limiting measure in the subcritical regime. Let
us now consider the critical case @ = 1. Recalling the definition of f in (2.34) we see
that the equation (2.60) of Lemma 2.25 implies that if P;(A;),..., P,(\,) are independent

Poisson random variables with parameters A{, ..., A,

E PO PO = 2 (H f(ki—>qi)) AN
lg_quki i=1

Using (2.39), this now shows (2.5) and it concludes the proof. O
We now move on to the proof of Theorem 2.5.

Proof of Theorem 2.5. Take a € [0, 1]. In the proof of Theorem 2.4 we showed that
[Mu(a)] /N*07 = v ([=1,1]" x (0, 00))

converges to v%([—1,1]% x (0,00)). The identities (2.6) and (2.7) come from (2.4) and (2.5)
and from the fact that poec([—1,1]%) = 7 a.s.

We will finish this section by proving Theorem 2.6.

Proof of Theorem 2.6. Let t € R. Because the discrete random variables
1 ( d
vi ([=1,1]" x (t,00)) , N > 1,

converge in law to a Poisson distribution with parameter 7e=%9/g, we have

N—oo

efe( 5]

This concludes the proof. n

: T 1 1 o d _
]\}I*IE;OIEDO (xs;%)v N —2glog N < t) = lim Py (I/N ([ 1,1]¢ x (¢, oo)) = O)

2.4.2 Proof of Proposition 2.19

In this section, we will prove Proposition 2.19 stated in the previous section. We are first

going to lay the groundwork by stating some technical lemmas which will be used in the
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proof of Proposition 2.19. These lemmas, except the next one, will be proven in Section
2.4.3.
We start with a well-known and easy lemma that we state for convenience. This lemma

is valid for more general Markov chains.
Lemma 2.20. For all subset A C Z%, starting from x, {74 and Y, 17 <o} are independent.

Proof. Consider a trajectory of the random walk Y starting at = and killed at 74. We
can decompose it according to the excursions away from x. There is a geometric number
of independent excursions. The last one is conditioned to not come back to x whereas
the previous ones are i.i.d. excursions conditioned to come back to x. To conclude the
proof, we notice that Y7, 1;;, <o} depends on the last excursion whereas £7# depends on

the previous ones. O

Remark 2.21. This lemma implies in particular that conditioned on Y7, 17, <o} and starting
from z, £77 is still an exponential variable with mean E, [¢(74]. We also want to emphasise

that this lemma is no longer true if the walk does not start at x.

Now, consider the k-th moment of v§ (A x T). To compute it, we will have to
estimate the probability that in k different points, say 1, ..., xx, the local times belong
to 2galog N +T. To capture the correlations of those local times, we will denote by E
(to ease notation, we omit the dependence in N and zy, ..., x;) the number of excursions

between the x;’s before the time 7. More precisely, if we define

G :=inf{t >0:Y; € {a1,...,21}},
Vp > 1,q,:= inf{t > Gpo1 Y €{x, . mp {Y%fl}}’

then
E:=max{p e N,g, <7y} (2.40)

with the convention max @ = —oo. The lemma below studies some properties of F.
It roughly states that the typical way to visit all the points xy, ...,z corresponds to
E =k — 1. It means that there exists a permutation o of the set of indices {1,...,k} so
that we have the following: the walk first hits x,(;), then hits x,(), etc. When the walk
has visited x,(;) it does not come back to the vertices x,(1),. .., Tsi—1). We will denote &y,

the set of permutations of {1,...,k}.

Lemma 2.22. There exist Cy, > 0 and an integrable function

U € (FLINOY) Vi A A f > (0,00)  (241)
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such that the following is true. For all (y,...,yx) and (yi,...,y.) where U is defined we

have

. N
Uy yr) < max S Uy vy, (2.42)
PECEL ] _— 0§1¢Jgk ’yl _y]| 17---7 k: .
with the convention yo =y, = 0. For allp > k—1 and all xy, ..., x non zero and pairwise

distinct elements of Vi,

: +1 2-d\" T e
Py (E=p,7, <tnVi=1...k) <C} <m;?x|x,~—mj| > N(_)U<%,... ’”—’“)
i#j

"N
(2.43)
Moreover, if x1 = |Ny1|,...,xx = | Nyx|, for yi, ...,y non zero and pairwise distinct
elements of (—1,1)¢, we have the following pointwise estimate:
lim NPy (B =k —1,7,, <7y Vi=1...k)
N—o00
2-d
< ) > H <ya i+1) — Yo(i) —q (ya(i)v yo(i+l))) (2.44)
g€S =0

with the convention gy = 0.

Remark 2.23. Tt is important for us to give a better estimate than
: » 2-d 2-a\"
Vp>k—1,Py(E=p, 7, <7y Vi=1...k) < C} max |z, mjx|xi — 7]
A i£]

because the function

k k-1

(1) € TT(-1 17 o maax i (max s = g5 ™*) € (0,0)
i=1 !

is not integrable if (k — 1)(d —2) > d.

As mentioned in Section 2.2, in the subcritical regime we will be able to restrict
ourselves to points x1, ...,z which are far away from each other. At criticality we will
have to deal with points which are close to each other. The following lemma shows that

two distinct close points are not thick at the same time with high probability:

Lemma 2.24. For x,y € Z%, consider a sequence (6;“%6;“0 ;1 > 1, of i.i.d. variables

with the same law as (EOO foo) under Py. If v # vy, then for all p > 1, there exists €, > 0

z vy

independent of x and y such that for all t € R,

p b A
P (Z 03 00" > 2glog N + gt> < N—2epto(l),

i=1 i=1
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We have now all the ingredients we need to start the proof of Proposition 2.19.

Proof of Proposition 2.19. To ease notations, we will restrict ourselves to the case of the
k-th moment of 1% (A x T) for A € B([—1,1]?) such that the Lebesgue measure of A\ A°
vanishes and 7' € B(R) with inf 7" > —oo (inf 7" > 0 if a = 0). Indeed, the proof of the
general case follows almost entirely along the same lines and throughout the proof we will

explain which arguments need to be changed to treat the case of mixed moments
Eo | [T {va(Ai x T)}] .
i=1

When we will refer to the general case, k£ will denote ky + --- + k,.
In the following, we will take N large enough so that 2galog N + T C (0, 00). To ease

notations, we will denote
My :=v (AXT) and Ay :={x € Vy:x/N € A}. (2.45)
The k-th moment of My can be written as

1)

Eo [(My)*] = N720m0% N7 Py (€7, £ € 2galog N +T) .

For some 7y = N°M) (to be chosen later on), we introduce the set of well-separated points
Ayg = { (1, om) € (A\{OD) : minfay = 2y > 21}

The proof will be decomposed in four parts. The first one will estimate the contribution of
An i, to the k-th moment of My. This part does not need to treat the subcritical (a < 1)
and critical (a = 1) cases separately. Then, the second part shows that the contribution of
points (z1,...,7;) € (An)*\Any to the k-th moment of My vanishes in the subcritical
regime. The third part deals with the critical case and handles the points that are close to

each other. The fourth part will briefly show the results on u%.

2.4.2.1 Contribution of points far away from each other, v5.

The goal of this part is to show that for all a € [0, 1],

lim NTOOR ST Ry (Gy,.... 0 €2galog N +T) =m(AxT,k). (246)
—00
(:Bl ..... xk)eAN,k
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We will write

My = N72070k 57 Py (7, Y € 2galog N +T) .

r1) )X

For a given z € Vy\0Vy, the Lebesgue measure of the set {y € (=1,1)¢: [Ny| = z} is

(1/N)4. Hence we can write

_ ar(d—242a)k T T
Myx =N /Hk (-1 1)dIP>0 (KUA\][Z/U’ T ’gﬁyu € 2galog N + T)
=1\
x 1{(LN2/1J 77777 LNykJ)EAN,k}dyl SRS (247)

We will first bound from above the integrand. This will provide us the domination we
need in order to apply the dominated convergence theorem and we will be left to show the

pointwise limit.

Let (x1,...,2,) € Anyg. By definition of E (equation (2.40)), if the walk visits all the
x;’s before 7y, then £ > k — 1. Thus

Po (Y., 07 €2galogN +T,E <k —2) =0.

x1 )

In this paragraph, we will use Lemma 2.22 to show that the probability

Po (..., 03 €2galogN + T, E > k)

1)

is very small. First, by denoting ¢ := inf 7'/g, we can bound

Po (GY,... 07 €2galogN + T, E > k) <P (£,.... 0¥ > 2galog N + gt, E > k).
Starting from x1, the law of the time spent in z; before hitting OVy U {xs, ..., 2} is an
exponential law with mean at most g. Also, if £ = p, the number of excursions from x;
to {za, ...,z } before Ty is not larger than p. Hence, by Lemma 2.20 conditioned on the
event {E£ = p,7,, < 7y Vi <k}, the joint law (£7¥, ..., (7V) is stochastically dominated
by the law of k£ independent Gamma random variables with shape parameter p + 1 and
scale parameter g. Using the claim (2.61) of Lemma 2.25 about the Gamma distribution,
it implies that
Py (KTN o N > 2galog N + gt|E = p, 7, < 7n Vi < k;)

1)

20k —kt X K
< N7%e™ Z(?alogN+t)qa.

q=0
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By definition of Ay, min,; |x; —z;| > 2ry. Let U(zq,...,x;) be as in Lemma 2.22.
Then

(ETN co Y > 2galog N + gt, B > k)

1)

=Y Po(E=p, 1 <7nVi<k)

p>k

1)

x Po (6, 7 > 2galog N + gt|E = p, 7o, < 7v Vi < k)

2—d\p FP q

2-d k
< N-(d=2420)k —ktry <$1, e xk) Z <C’;JN’“ ) Z(QalogN +t)7—
N N p>k q‘

> q=0
(d— _ 2alog N + t)k)4

_ N-(d-2+20)k —kt[y <5Ul 33k) ((
6 N’ ’N Z

N

420 ¢ p>[a/k]Vk
—(d— - 2alog N + t)k)? 2-a\ [a/k]Vk
< C'N (d 2+2a)k€ ktU (1:17'..’%> (( (Ck?" G )
g NN qgg q! N
2-d 2—
< Cpry N-U-2t2ake=hiry (f\} . %) 3 {(2alogN +ORCE B } /gl (2.48)
q>0

because [ W Vk > + L for all ¢ > 0. If we choose ry = exp (\/log N) = N°O) for

instance, then (2alogN + t)kC’,i/ 2%) ](3 4)/ (k%) goes to zero and we have obtained:
T, T a — Zz Lk
(fxfl\’,...,ﬁxfz > 2galog N + gt, E > k) < o(1) N~ =220k =kt (]\;""’N) . (2.49)
According to Lemma 2.22, the function (y1,...,yx) € (=1,1)* = U(yy,...,y) € (0,00)
is integrable. Moreover, the equation (2.42) of Lemma 2.22 implies that if yq,...,yx €
(—1,1)% are such that (|[Nv1],..., | Nyx]) € Anx, then

U (LN yi | Ny

N )SCk,dU(ylw--uyk)

for some Cj 4 > 0. Coming back to the equation (2.47) we have thus shown with the
equation (2.49) that:

_ (d—2+2a)k
My, = o(1) + N /H’“ e e (2.50)
=1 ’

X Po (€00 (N € 29al0g N + T, E =k —1).

Our last task consists in controlling the probability appearing in the equation (2.50). By
Lemma 2.20, conditioning on the event {E =k — 1,7,, < 7w Vi = 1...k}, the local times

;y,i=1...k, are independent exponential variables with mean E,, [ ;N i '7] <g.
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Consequently,

Po(£Y, ... Y € 2galog N + T, E = k — 1)

x1?

k
1
< N2k (/ es/gd:;) Po(E=k—1,7,, <7y Vi<k). (2.51)
Tyg
Using the first estimate of Lemma 2.22, it implies that My 4 is bounded and it also provides
us the domination we need to use the dominated convergence theorem. We have already
done everything we need for the pointwise convergence. Indeed, if 1 = [Ny |, ...,z =
| Ny |, for yi,...,yr non zero and pairwise distinct elements of (—1,1)¢, Lemma 2.22

provides an explicit expression for the pointwise limit

lim NPy (B =k — 1,7, <7y Vi=1...k)

N—oo

and a small modification of the arguments in the proof of Lemma 2.22 shows that

TN/\minj;,gi TLN’y J ]
] J—

E|ny,) le | Ny; |

Hence
lim NP (Gy,.... 0 €2galog N+ T|E =k — 1,7, <7y Vi=1...k)
k
()
T g
Moreover,

< limsup 1{(LN311J ~~~~~ [Nkl €Ak } < I{V#jyyieg\{o}:yi#yj}'

N—o0

Notice the interior A° and the closure A in the previous inequalities. As we have sup-
posed that the Lebesgue measure of A\A° vanishes, putting things together leads to the

convergence of My to

() (L) £ [T

=0

2—d

Yo(i+1) — Yo (i) - Q(ya(i)7 ya(i+1))> dyi ... dyy

with the convention y,() = 0. This completes the proof of (2.46).
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2.4.2.2 Subcritical regime, v%.

We now show how the previous part allows us to conclude the proof in the subcritical regime.
Suppose that a < 1. We show that the k-th moment of My converges towards m(A x T, k)
by induction on k£ > 1. Thanks to (2.46), it only remains to control the contribution of
points (z1,...,zx) € (An)*\An to the k-th moment of My. This contribution is at most

Clh, N2kl S Py (..., Y | € 2galog N +T)

) ) T TR—1
T1,TR_1€AN

= C(k,d)N~2=r{ By [(My)" ]

which goes to zero: this is clear for k = 1 (because ry = N°) and a < 1) and comes from
the induction hypothesis for £ > 2. With (2.46), we have shown that

Eo [(My)*] = m(A x T, k) + o(1).

This is exactly (2.36) in the case r = 1. In the general case of a mixed moment, we recover

the result by the exact same method.

2.4.2.3 At criticality, v}.

Let us now consider the critical case a = 1. Unlike in the subcritical regime, the points
(z1,...,2%) € (An)*\An will contribute to Eg {(MN)’“} We first notice that the points
(71,...,71) € (Ax)* with one of the z;’s being equal to zero do not contribute. Indeed,
by ignoring the points which are within a distance 2ry to each other or to zero, which

contributes at most Cr¢, for every such point, we have:

Yp (e;v,...,e;g € 2glogN+T)

(@1,,2k) E(AN)F
Ji,x;=0

k—1
k—1-1 T, T T,
<y (ord) 3 Po ((5¥, Y, ... 07 € 2glog N +T) .
=0 Vi=1...l,|lzi|>2rNn
Vi#j,kﬂi—%j‘zz’l‘]\r
The last sum is over [ different points and we require the local times to be large in [ + 1
different points. We can then use the same arguments as in Section 2.4.2.1 (all the points
are far away from each other) to show that this last sum is at most CN~2. As ry = N°W)
it shows that this contribution vanishes.

We are going to estimate

3 Po (..., 03 €2glog N +T) . (2.52)
(1,,2) E(AN\{OD"\AN &
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Figure 2.2: Decomposition of (Ax\{0})*\ An . The balls in solid lines do not
overlap. Here r = 2.

If (z1,...,21) € (AN\{0})*\ AN, by definition of Ay, it means that there are at least two
balls B(z;,7y) which overlap. In the following, we will partition the set (Ax\{0})"\Anx
according to the maximum number r (r < k — 1) of balls which do not overlap. We will
denote by x;,, p=1...r, the centres of such balls and we will partition the set of indices
L1, = {1,...,k} such that for all p = 1...7,7 € I, < 2ry. See Figure 2.2.

The reader should think of the balls as small balls which are far away from each other.

€T; — ZL‘Z‘p

The choice of the partition (I,) may be not unique. In this case, we make an arbitrary
choice.

Our decomposition is thus:

k—1

AN A =U U Wakeay

r=1 Up_,1Ip

—{1,...k}
where
Vp #q,3iy € I ig € Iy, |Ti, — 34| > 27N,
WN,k,r,(Ip) = (l’l, e 7l‘k) - (AN\{O})k : . p prbq q p q .
VZ - Ip, XT; — Qj‘ip S 27"N
For a given Wy (1), the contribution to the sum (2.52) of the elements (z1,...,7;) €

Wi k. (1,) such that for all p=1...r, for all ¢, € I,,, 7; = x; is equal to

>R (WN = 2g10gN+T)

Y1
(y1 ~~~~~ yr)EAN,r

which converges to m(A x T,r) (see (2.46)). As the number of ways to partition the set
{1,...,k} into r non empty sets is exactly equal to f(k — r), the claim of the proposition

is equivalent to saying that the contribution of Wy s, (1,) to the sum (2.52) comes only
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from these points. In other words, if we denote

Wﬁ’km(lp) = {(xl, oy T) €W,y I =1...70,3i,j € I, x; # xj}
then we are going to show that

S Po (£, 27N6291ogN+T)m0.

o » Yy
(x17...,xk)€WIi,k,7‘v<Ip)

By denoting ¢ := inf T'/g, we can first bound:

Po (G, 07 €2glog N +T) <P (£, 62 > 2glog N + gt) .

Ty ? Ty

If (x1,...,2x) € Wf\ikm(lp), then there exists py € {1,...,r} and j,, € I, such that
Ty, # Tj,,- To bound from above this last sum, for each p # py we keep track of only one

xy, k € I, by considering x;,. As for all k € I,

T — x| < 27y, our estimate is increased
by a multiplicative factor of order 74 for each point that we forget. For p = py, we keep
track of both x;, and wz;, . Furthermore, z;, will absorb all the x;,,p # po which are

within a distance 2ry of x;, . This procedure implies that:

3 Po (£2,...,62 > 2glog N + gt) (2.53)
(:C1,...,xk)EW;ikm(Ip)
<O (rd )k 3 Py (€2,...,62 > 2glog N + gt)
s=1 20, LsEAN

2o, lwo—11|<2r N
Vi, {65} #{0,1},|zi—x;|>2rn
where C' > 0 may depend on d, k,r. We will conclude by showing that this last sum is not
larger than N ¢ for some € > 0. Take s € {1,...,r} and (zg,x1,...,Zs) as in the previous
sum. If s = 1 it means that we just need to control the local times 37, (7. This has
already been done in Lemma 2.24 and we are going to explain the slightly more delicate
case s > 2. The idea is fairly similar to the one we used in the subcritical regime. Let us

denote E the number of excursions between the sets {xg, 21}, {z2}, ..., {xs}. First of all,
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let us notice that if we take ppax > s, a small modification of the equation (2.48) gives:

3 Po (€2, 62 > 2glog N + gt, E > prua

LQyeeny -TSEAN
ToAT1,|T0—21|<2rN
Vi#£j{1,5}#{0,1}, |z —z;[>2rN

<C(s,d)rn)* X P (€, 62 > 2glog N + gt, E > punay)
T1,.,TsEAN
Vi#j,|1‘i—$]'|>27‘1v

_ _ i T _ _
< Qestylresm)Bm N =ds N (]\;N) < Cemsty{menms) B0,
T1yeeny TsEAN
ViZj,|zi—x;|>2rN

Hence if ppax is large enough, the negative power (pmax — $)(2 — d) + d of ry will kill the

positive power (k — s — 1)d of ry in the equation (2.53) and we are now left to control:

3 Py (€32, ..., £ > 2glog N + gt, E < Punay) -

TOyeeey TsEAN
To#£x1,|To—w1|<2rN

Thanks to Lemmas 2.25 and 2.24 and using the notations in those lemmas, we have

Po (£2,..., 02 > 2g10g N + gt E = p, Tape1}: Tans - -+ Tar < 00)

<PT(p+1,9) >2glogN + gt)" ' P (Va =0,1,> Z@cmj > 2glog N + gt)

i=1 j=1
S N_2S_EP .

By summing (2.43) of Lemma 2.22 over all p > s — 1, we also have
Py (E =D, Tizo,ar s Taor -+ > Tas < oo) < Qm%X]P’O (Taws Tags - -+ Ty < 00)

S
a=0,1

To T Ty
< CNEDs max U <, =2 )

NN N
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We have obtained the existence of € > 0 such that

3 Po (€22, > 2glog N + gt, E < Pa)

Z0,...,LsEAN
zoF#x1,|Tz0—71|<2rN
VZ#],{’L,]}#{OJ}JIZ—I] |22TN

—ds— Lo T2 Tg
< NdsE > maXU( ==
0,...,Ls€EAN
To#£x1,|To—21|<2rN
V’L#],{Z7j}7é{0,1},|$z—l‘]‘227"]\7

<Cry)iN*= Y U (‘”1 T2 I) < C(rn)'N"
T1,...,LsEAN
Vi?ﬁj,|xi—ﬂf]’|227‘]\]
where we justify as before the last inequality thanks to the integrability of U and by (2.42).
This concludes the proof of the estimates on E, {{V]O{, (AxT )}k} at criticality (equation
(2.37) with r = 1).

In the general case of a mixed moment, we have to deal with points

{@, ) € (A \OP™ x - x (A \{OP™ + Fi # j, i — 3] < 2ry

As before, we decompose this set according to blocks of points which are close to each
other. Again, only points which are equal inside a same block will contribute. As we have
assumed that the A; x T;’s are pairwise disjoint, they will not interact between each other
meaning that if 1 <1 # j <r,if z; € A, and z; € A;, either x; # z; or T; NT; = @.
Now, take r; < k; for i = 1...r. We notice that the number of ways to partition the sets

{1,...,k;} into r; non empty sets, for i = 1...r, is equal to
11 f (ki — 7).
i=1

Thus, the contribution of points (1, ..., x;) € (Aix\{0})F x -+ x (A.x\{0})* such that
forall i = 1...7, {Tkvotkyy41s- - Thytik, ; 18 composed of r; well-separated points

converges to
(H f(k’Z — Tz)) m(AZ X E, ri,t=1... 7”).
i=1

This shows (2.37) in the general case r > 1.

2.4.2.4 Estimates on uy.

We now briefly end the proof of Proposition 2.19 by explaining how the results for u%, are
obtained. Take a € [0,1], T € B(R) and A C [—1,1]¢ such that the Lebesgue measure of

A\ A° vanishes. By definition of f(k — r) and since (E,),ev, arei.i.d. exponential variables
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with mean g independent of My (0), the normalised k-th moment E, {(,u?V(A X T))k} is

equal to

1
E, > 1 ]
2(1—a)k Eziy. E., €2galog N+T
N ( ) Z1,.., 2 EANNM (0) { ! RESIH8 }
1 k
= N2(1—a)k Z f(k — T)EO Z l{E‘zl ..... Ezr€2galogN+T}
r=1 LY yeeny zrEANNM N (0)

1 . —2ar —s ds '
~ N2(-a)k d fk—r)N </Te /gg> Eo > 1{z;JIV ,,,,, (N0} -
Vidfaitn,

,,,,,,

so Eq [(,u?v(A X T))k} converges to

k

Zf(k—””) (/Tes/gds>rm(14><(0,oo)7r)x{ 1 ifa=lorr=%k

o g 0 fa<landr<k

which is exactly the stated result. The extension to the general case of a mixed moment is

obtained exactly as for v4,. ]

2.4.3 Proof of technical lemmas

We start this section by proving Lemma 2.18 which gives estimates on the Green function
Gy (defined in (2.32) as well as the Green function G on Z?) in dimension greater of equal
to 3.

Proof of Lemma 2.18. As in dimension 2, these estimates follow from [Law96] and [LL10]:

Proposition 1.5.8 in [Law96] gives

Gn(z,y) =Gz, y) = Y Pu (Yo, =2)G(2,y) (2.54)

z€0VN

and Theorem 4.3.1 in [LL10] (or Theorem 1.5.4 in [Law96] for a slightly worse estimate)
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gives
G(z,y) = aq|r — y|2_d + 0 (|x — y|_d) as |r —y| — oc. (2.55)

Our first two estimates on the Green function on the diagonal follow since if y € V1~
for some 7 > 0, then for all z € OV, |z — y| > nN. The lower bound on gy (z,y) follows
as well. We are going to explain how to obtain the pointwise limit estimate (2.33). Take
T # 7€ (—1,1)% By (2.54) and (2.55), we have

Y,

TN ~

2—d
g ]+om (5.

NGy (|N2], [N§]) = aq |z — y[* " — a4 |nz) [

By Donsker’s invariance principle, starting from | Nz|, Y, /N converges in law to the exit

distribution of [—1,1]¢ of Brownian motion starting from Z. We thus obtain (2.33). [

We now move on to the proof of Lemma 2.22. We consider k non zero and pairwise
distinct points x1, ...,z € Vi and we recall the definitions of £ and of the stopping times

Sp in (2.40).

Proof of Lemma 2.22. As mentioned just before Lemma 2.22, if ¥ = k — 1 and 7,, <
Tn Vi =1...k then the stopping times ¢,,p = 0...k — 1, define a permutation o of the
set of indices {1,...,k} which keeps track of the order of visits of the set {xy,...,zx}. By

a repeated application of Markov property, we thus have:

Po(E=k—-1,7,, <ty Vi=1.. Z Py (Tx o <TNA m;nTxU(]J (2.56)
ceSy,
k-1
<P, ( oo <A ) e (< T )
1=

But forallc e Gpandi=1...k—1

Y

GN(-fa(i), fl?a(z'+1))
GN(IJ(Z‘+1)7 %(i+1))

L ( roen < TN A TN To )) < Poy (T%uﬂ) < TN) -

We bound from below the denominator Gn(%s(i+1), To@+1)) by 1 and from above the
2—d

numerator Gn(Z,(), To(i+1)) by C (see Lemma 2.18). Coming back to

(2.56), this leads to

To(i) — Lo(i+1)

Po(E=k—17, <tvVi=1...k)<C" " H

c€eBG 1=0

’2—d

To(i) — Lo(i+1)

with the convention x,() = 0.
The general case p > k — 1 follows from the same lines but now the order of visits of

the set {x1,..., 2%} is not as simple as before. In the following, o € & will keep track of
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the order of new visits of the vertices @y, ..., x): x5 is the first vertex visited among the

T;’s, Ts(2) the second one... We will focus on the transitions which explore new vertices, so

Vi=2...k fi) € {o(1),...,0i— 1)}

x sy will denote the vertex visited just before visiting the vertex z,;. Now we define

k—1

U(zy,...,zx) = Z ‘xa(l) H

(o,f) admissible =1

2—d 2—d
’ To(it1) — J7f(i+1)‘ : (2.57)

By keeping track of the transitions where new vertices are discovered (in a chronological
sense) and by noticing that all the others occur with a probability which is not larger than
Cj, max;z; |z; — xj\2_d, we have

p—k+1
Po(E=p, 7, <7n Vi=1...k) < (Cp)P™" (mgx |z; — xj|2_d> Ulxy,...,xx)
i#]

p—k+1

_ _ x x
= (Cp)™ <ng7gj><|xi—le2 d) NC=E g (A}k>

N

This proves (2.43).
We notice that (2.42) is immediate from the definition of (yi,...,yx) € (—1,1)F —
U(y, ..., yk) and we now check that it is integrable. Take (o, f) admissible. There is only

one occurrence of y, () in the product, so we can first integrate:

/(_171)d

We then proceed inductively by integrating next with respect to ysx—1), and so on. This

dyoy = C.

2—d
Yot — Y7o

2—d
Yo(k) — yf(k)‘ dyo(k) < /(—2,2)d+yf(k)

proves that U is integrable.

We now turn to (2.44). If z1 = |[Ny1|, ...,z = [ Nyk/|, for y1,...,yx non zero and
pairwise distinct elements of (—1,1)%, then there exists n € (0, 1) such that for all N large
enough, x; € Vii_pn, |z > 7N and for all @ # j,|z; — ;| > nN. Hence Lemma 2.18

implies
P:vl <Txg < TN A I]n;{le]> = le (7—:1:2 < TN) - le (Elj 7& 177-:13]' < Tao < 7-N)
> Py, (e, < 7n) — (K —2) r]n;Ll}cIP):C1 (ij < TN) Py, (T < 7n)

> Py, (T, < TN) - Ck(nN)z(Qid)
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which leads to:

S 0 (< iy ) = i VB <)

Qgq _
= ; (\y1 - y2|2 ‘— Q(yhyQ)) .

We deduce (2.44) by (2.56). O
We now prove Lemma 2.24.

Proof of Lemma 2.24. Let x # y € Vy and let us denote
Dry =Py (1, < 00) = P, (7, < 00) and 0y = E, [("] = E, [¢]°] .

By decomposing the walk along the different excursions between x and y, by Lemma 2.20

we see that starting from z the joint law of (630, 6;0) can be stochastically dominated by:

A A
(e2,07) = (Z loss Zgw.)
J=1 j=1
where A is a geometric random variable with failure probability
(pey)’ =P, (0 < s <t,Y, =y,Y; = )

and 0, ;,0,;,7 > 1, are i.i.d. exponential variables with mean 6,, independent from A. A
is the number of round trips between x and y and ¢, ; is the time spent in x during the
J-th round trip. Let us mention that it is not an exact equality in distribution but only a

stochastic domination. Indeed, we exactly have: starting from =,
A
2950, (2.58)
j=1

but the number of ¢, ;’s we have to sum up is A (resp. A — 1) if the last visited vertex is
y (resp. z). However this stochastic domination is sufficient for our purposes.
Let p > 0. For all i = 1...p+ 1 we stochastically dominate as above (E;O’i, 6;‘”) by

variables with a superscript ¢ and we have
p+1 4 p+1 '
P> 6" >2glog N + gt,» 15" > 2glog N + gt
i=1 i=1

p+1 At 4 p+1 Al '
=P (ZZ@J > 2glog N +gt, > > £, > 2glogN+gt) :

i=1 j=1 i=1 j=1
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Conditioned on the value of 71 A7, the variables >} Zf:il ¢t and Y01 Z]A:il %j are

two independent Gamma variables. We can thus use the claim (2.61) of Lemma 2.25 and

=1

p+1 p+1
Zé"‘” > 2glog N + gt, ZE“Z > 2glog N + gt

/a2 [ 1,
SN WO NPISN Ai=n+p+1| Y = 49—10gN
n=0 q Yy

i=1 q=0
00 2(n+p) q
—49/0ny 2t 2 \PT! o (D 1 g
— N—49/0zy (1 —pmy> szy< » ) Z q' (49 logN>
= q=0 Yy
o) 1 q
< C(p, t)N~49/0zy 3 - (499 log N> > (n+p)...(n+1)ph (2.59)
q=0 ¢ Ty n>([q/21-p),

We are going to bound from above the last sum indexed by n. Let us first notice that p,,
and 6, are linked by a simple formula. Indeed, (2.58) implies that E, [(5°] = E [A]E [¢, 1],
meaning that g = 6,,/ (1 - pfcy). Then

ir;f 9(1 = puy)/buy = 1nf 1/ (14 pgy) > 1/2
zty

so we can find A > 1 such that inf,2, g(1 — Apyy)/6sy, > 1/2. If the index ¢ in the
equation (2.59) is large enough, say ¢ > qo(p), then for all n > [¢/2] — p we have
2log(A)n > plog(n + p) and we can bound

Yo (n+p . (n+pl< Y (n+p)Poi
n>([a/2]-p), n>[4/2]—p

< > ()™ < Clp) (Apay)"

n>[q/2]-p

If ¢ < qo(p), we bound the sum indexed by n by some constant depending on p. Overall,
coming back to the equation (2.59), we can further bound from above the probability we

are interested in by:
9(1=Apay)
C/(p, 75)]\[7451/0111 ((logN tIo(p + Z ( )\pmy log N)) < C//(p, t)N—él—exy .
a=q0(p) Oy

We have chosen A to make sure that the previous exponent is smaller than —2 which is

exactly what was required. O]

We now state and prove elementary Lemma 2.25 (recall the definition of f(k — ¢) in
(2.34)).
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Lemma 2.25. 1. Poisson distribution: For A > 0, consider P(\) a Poisson random

variable with parameter X. Then for all k > 1,
k
E [PV =3 f(k = g)A7. (2.60)
q=1

2. Gamma distribution: For k,p > 1 and 6 > 0, consider T'1(p,0),...,Tx(p,0) k i.i.d.
Gamma random variables with shape parameter p and scale parameter 6, which have the
law of the sum of p independent exponential variables with mean 6. Then for all T > 0,

k(p—1)

P(vi=1.. kTi(p0)>T)<e ™5 3 (/{g)q /(g)). (2.61)

q=0

Proof of Lemma 2.25. 1. Poisson distribution: The moment generating function of P(\)

is given by: for all w € R

where f is defined in (2.34). This proves (2.60).

2. Gamma distribution: The probability we are interested in is equal to

k
p=l pya k(1) N 1
k _pT T
P(Ty(p,0) >T) =e "o Z(g) /| =e e Y (9) al. . a)
q=0 q=0 0<q1,cqn<p—1 N1 r
Qtt+ar=q
By looking at the power series of x — (e®)* we find that
1 5 1 ke
o<armepr @t T g alad g
Qttar=q q1ttqr=q
which concludes the proof of (2.61). O

We finish this paper by stating a lemma of measure theory. We include a proof for

completeness and because we have not found any reference for this lemma.

Lemma 2.26. Let ¢ : [—1,1]¢ x R — R be a C*® function with compact support. Then
there exists a sequence (¢p)p>1 of functions converging uniformly to ¢ such that for all
p=1,

p
Z (p)
i=1 ! ‘
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where AP € B([—1,1]%) with the Lebesque measure of AP\(AP)° vanishing, T € B(R)
with inf T > —c0 and o € C.

Proof. Let ¢ > 0. As ¢ is C* with compact support, the Fourier series of ¢ converges
uniformly. Without loss of generality, we can assume that the support of ¢ is included in
[—1,1]%*!, We can thus find K > 1, cx, 4, € C, k, € Z% k; € Z and t, € R such that the
uniform norm of

Tikg -  mikt -t
¢ — Yo Chek €T (g )
ko €74 ||k || <K
ktEZ,|kt\§K

is smaller than . This procedure separates the variables = and ¢. Now, writing v, and

u_ the positive and negative parts of a real number u, we decompose

Tiky T

e = (cos(mk, - x)), — (cos(mk, - x))_ +i(sin(mk, - x)), — i (sin(mk, - x))_ .

+ +

Hence, we conclude this lemma by decomposing these four previous functions into sums
of simple functions and we do the same thing for the variable t. We are going to detail
this. In particular, we are going to explain how to ensure that the boundary of the Borel
sets linked to the simple functions have zero Lebesgue measure. Let ¢ : R? — [0, 00)
be a continuous bounded function. We take & > 0 such that the Lebesgue measure of
oV ({k27P — £,k > 1,p > 1}) vanishes. It is possible because the set of non suitable £’s
is at most countable. Now we introduce

p2P
Wy 1= Z k27P1,,, where A, = @ ({k‘Z_p — & (k+1)277 — f)) )
k=0
Thanks to our choice of £, the Lebesgue measure of flp,k\A;’k vanishes. Also, since ¢ 4 £
is positive and bounded, 0 < (¢ + &) — ¢, < 27P for all p large enough. We have thus
uniformly approximated ¢ by simple functions with Borel sets of the form we desired.

This concludes the proof of the lemma. O
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Chapter 3

Planar Brownian motion and

Gaussian multiplicative chaos

We construct the analogue of Gaussian multiplicative chaos measures for the local
times of planar Brownian motion by exponentiating the square root of the local times
of small circles. We also consider a flat measure supported on points whose local
time is within a constant of the desired thickness level and show a simple relation
between the two objects. Our results extend those of [BBK94] and in particular
cover the entire L'-phase or subcritical regime. These results allow us to obtain
a nondegenerate limit for the appropriately rescaled size of thick points, thereby
considerably refining estimates of [DPRZ01].

3.1 Introduction

3.1.1 Main results

Gaussian multiplicative chaos (GMC) introduced by Kahane [Kah85] consists in defining
and studying the properties of random measures formally defined as the exponential of
a log-correlated Gaussian field, such as the two-dimensional Gaussian free field (GFF).
Since such a field is not defined pointwise but is rather a random generalised function,
making sense of such a measure requires some nontrivial work. The theory has expanded
significantly in recent years and by now it is relatively well understood, at least in
the subcritical case [RV10, DS11, RV11, Shal6, Berl7] and even in the critical case
[DRSV14b, DRSV14a, JS17, JSW19, Pow18]. Furthermore, Gaussian multiplicative chaos
appears to be a universal feature of log-correlated fields going beyond the Gaussian theory
discussed in these papers. Establishing universality for naturally arising models is a very
active and important area of research. We mention the work of [SW16] on the Riemann ¢
function on the critical line and the work of [FK14, Web15, NSW18, LOS18, BWW18] on
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large random matrices.
The goal of this paper is to study Gaussian multiplicative chaos for another natural
non-Gaussian log-correlated field: (the square root of) the local times of two-dimensional

Brownian motion.

Before stating our main results, we start by introducing a few notations. Let P, be the
law under which (B;);>o is a planar Brownian motion starting from z € R?. Let D C R?
be an open bounded simply connected domain, xq € D a starting point and 7 be the first

exit time of D:

T:=inf{t >0: B, ¢ D}.

For all z € R* ¢t > 0, > 0, define L, (¢) the local time of (|By — z|,s > 0) at € up to

time ¢ (here || stands for the Euclidean norm):

L
Lz,a(t) = hmi/o 1{5_r§|35_x|§8+r}d8.

o 2

One can use classical theory of one-dimensional semimartingales to get existence for a
fixed x of {L,.(7),e > 0} as a process. In this article, we need to make sense of L, .(7)
jointly in z and in e. It is provided by Proposition 3.5 that we state at the end of this
section. If the circle dD(z,¢) is not entirely included in D, we will use the convention
L,.(1) =0. For all v € (0,2) we consider the sequence of random measures p(dx) on D

defined by: for all Borel sets A C D,

1(A) =/ 72/2/ Wil Mgy, 3.1
H2(A) = yf[logele™* [ e x (3.1)

The presence of the square root in the exponential may appear surprising at first glance,
but it is natural nevertheless in view of Dynkin-type isomorphisms (see [Ros14]).

To capture the fractal geometrical properties of a log-correlated field, another natural
approach consists in encoding the so-called thick points (points where the field is unusually
large) in flat measures supported on those thick points. At criticality, such measures are
often called extremal processes. See for instance [BL19], [BL18] in the case of discrete
two-dimensional GFF, see also [Abel8] in the case of simple random walk on trees. In
our case, we can consider for all v € (0,2) the sequence of random measures v (dx, dt) on
D x R defined by: for all Borel sets A C D and T' C R,

VI(AXT) = |1ogg|g*v2/2/A b (3.2)

. . dw
\/ ELZ,E(T)f’Y log EET}

Theorem 3.1. For all v € (0,2), the sequences of random measures V2 and p) converge

as € — 0 in probability for the topology of vague convergence on D x (RU {+o00}) and on
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(a) y=0.3 (b) v=0.8

(c)y=13 (d) v=18

Figure 3.1: Simulation of p” for v = 0.3, 0.8, 1.3 and 1.8, for the same underlying
sample of Brownian path which is drawn in blue. The domain D is a square and
the starting point zg is its middle

D respectively towards Borel measures vV and p”.

The measure 7 can be decomposed as a product of a measure on D and a measure on

R. Moreover, the component on D agrees with 17 and the component on R is exponential:

Theorem 3.2. For all v € (0,2), we have P, -a.s.,
VI (dx, dt) = (2m) Y20 (da)e .

Moreover, by denoting R(x, D) the conformal radius of D seen from x and G p(xg,x) the
Green function of D in xo, x (see (3.8)), we have for all Borel set A C D,

E,, [1'(A)] = vV21y /A R(z, DY"*/2Gp (2o, x)dx € (0, 00). (3.3)

The decomposition of v7 and (3.3) justify that the square root of the local times is
the right object to consider. These two properties are very similar to the case of the
two-dimensional GFF (see [BL19] and [Ber16], Theorem 2.1 for instance).

Simulations of 7 can be seen in Figure 3.1. They have been performed using simple
random walk on the square lattice killed when it exits a square composed of 401 x 401

vertices.
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In [BBK94], a slight modification of v7(dz, (0, 00)) was shown to converge for v € (0, 1)
and the authors conjectured that the convergence should hold for the whole range v € (0, 2).
One part of Theorem 3.1 settles this question. Let us also mention that the random
measure 17 has been constructed very recently in [AHS20] through a very different method.
In Section 3.1.2 below, we explain carefully the relation between the articles [BBK94],
[AHS20] and the current paper.

Remark 3.3. We decided to not include the case v = 0 to ease the exposition, but notice
that v is also a sensible measure in this case. By modifying very few arguments in the
proofs of Theorems 3.1 and 3.2, one can show that this sequence of random measures
converges for the topology of vague convergence on D x (0, 0] towards a measure v which

can be decomposed as
VO (dz, dt) = pi°(da)1—ooy

for some random Borel measure p® on D. With the help of (3.64) in Proposition 3.28
characterising the measure p”, it can be shown that p° is actually P, -a.s. absolutely
continuous with respect to the occupation measure of Brownian motion, with a deterministic

density. This last observation was already made in [AHS20], Section 7.
Define the set of y-thick points at level € by

v . . Lee(7) 2
ﬁ.—{mGD.WZV}. (3.4)

This is similar to the notion of thick points in [DPRZ01], except that they look at the
occupation measure of small discs rather than small circles. In Chapter 2, the question to
show the convergence of the rescaled number of thick points for the simple random walk
on the two-dimensional square lattice was raised. As a direct corollary of Theorems 3.1

and 3.2, we answer the analogue of this question in the continuum:
Corollary 3.4. For all v € (0,2), we have the following convergence in L':

1
V 2Ty

where Leb (77) denotes the Lebesgue measure of T,

lim [log 2| e*/2Leb (T7') = —=——4(D)

Despite the strong links between the GFF and the local times, this shows a difference
in the structure of the thick points of GFF compare to those of planar Brownian motion
which cannot be observed through rougher estimates such as the fractal dimension. Indeed,
for the GFF, the normalisation is \/|log el ™"/2 instead of |loge|e~*"/2. See Chapter 2 for
more about this.

As announced earlier, in order to define the measures in (3.1) and (3.2), we establish:
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Proposition 3.5. The local time process L,.(1), v € D, 0 < € < d(z,0D), possesses
a jointly continuous modification EM(T). In fact, this modification is a-Hdlder for all

a < 1/3.

The proof of this proposition will be given in Appendix 3.C. In the rest of the paper,

when we write L, .(7) we actually always mean its continuous modification L, (7).

3.1.2 Relation with other works and further results

The construction of measures supported on the thick points of planar Brownian motion
was initiated by the work of Bass, Burdzy and Khoshnevisan [BBK94]. The notion of
thick points therein is defined through the number of excursions N? from z which hit
the circle dD(z, ¢), before the Brownian motion exits the domain D: more precisely, for
a € (0,2), they define the set

A, = {x € D :lim Ne a} : (3.5)

Note that our parametrisation is somewhat different; it is chosen to match the GMC
theory. Informally, the relation between the two is given by a = /2. Next, we recall that
the carrying dimension of a measure [ is the infimum of d > 0 for which there exists a set
A such that S(A°) = 0 and the Hausdorff dimension of A is equal to d. They showed:

Theorem B (Theorem 1.1 of [BBK94|). Assume that the domain D is the unit disc of
R? and that the starting point xq is the origin. For all a € (0,1/2), with probability one
there exists a random measure 3,, which is carried by A, and whose carrying dimension is

equal to 2 — a.

In [BBK94], the measure (3, is constructed as the limit of measures 55 as ¢ — 0 which
are defined in a very similar manner as our measures v (dz, (0, 00)) using local times of
circles (see the beginning of Section 3 of [BBK94]). We emphasise here the difference of
renormalisation: the local times they consider are half of our local times. We also mention
that the range {a € (0,1/2)} for which they were able to show the convergence of /¢ is a
strict subset of the so-called L?-phase of the GMC, which would correspond to {a € (0,1)}
or {y € (0,v/2)}. This is the region where 35(D) is bounded in L? see Theorem 3.2 of
[BBK94].

Bass, Burdzy and Khoshnevisan also gave an effective description of their measure [,
in terms of a Poisson point process of excursions. More precisely, they define a probability
distribution Q3’5 (written QF in [BBK94], defined just before Proposition 5.1 of [BBK94])

on continuous trajectories which can be understood heuristically as follows. The trajectory
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of a process under Qﬁ?ba is composed of three independent parts. The first one is a
Brownian motion starting from zy conditioned to visit x before exiting D and killed at
the hitting time of . The third part is a Brownian motion starting from x and killed
when it exits for the first time D. The second part is composed of an infinite number of
excursions from x generated by a Poisson point process with the intensity measure being
the product of the Lebesgue measure on [0, a] and an excursion law. In Proposition 5.1 of
[BBK94], they roughly speaking show that the law of the Brownian motion conditioned on
the fact that = has been sampled according to 3, is Q;’%,. This characterises their measure
Ba (Theorem 5.2 of [BBK94]). Once Theorems 3.1 and 3.2 above are established, we can
adapt their arguments for the proof of characterisation to conclude the same thing for our
measure p”: see Proposition 3.28 for a precise statement. A consequence of Proposition

3.28 is the identification of our measure p” with their measure 3,:

Corollary 3.6. If the domain D is the unit disc, T the origin, v € (0,1) and a = ~v*/2,
we have Py -a.s. v = /271y5,.

A consequence of Theorem B is a lower bound on the Hausdorff dimension of the set
of thick points A,: for all a € (0,1/2), a.s. dim(A,) > 2 — a. The upper bound they
obtained ([BBK94], Theorem 1.1 (ii)) is: for all @ > 0, a.s. dim(A4,) < max(0,2 — a/e).
They conjectured that the lower bound is sharp and holds for all a € (0,2). In 2001,
Dembo, Peres, Rosen and Zeitouni [DPRZ01] answered positively the analogue of this

question for thick points defined through the occupation measure of small discs:

. 1 T
771 = {QZ’ eD: zll—I}(l) (%WA 1{BtED(x7£)}dt = a} . (36)
In particular, their result went beyond the L?-phase to cover the entire L!-phase. This

allowed them to solve a conjecture by Erdés and Taylor [ET60].

Very recently, Aidékon, Hu and Shi [AHS20] made a link between the definitions of thick
points of [BBK94] and [DPRZ01] (defined in (3.5) and (3.6) respectively) by constructing
measures supported on these two sets of thick points. Their approach is superficially very
different from ours but we will see that the measure 7 we obtained is, perhaps surprisingly,
related to theirs in a strong way (Corollary 3.7 below). Their measure is defined through a
martingale approach for which the interpretation of the approximation is not immediately
transparent (see [AHS20] (4.1), (4.2) and Corollary 3.6).

Let us describe this relation in more details. For technical reasons, in [AHS20], the
boundary 0D of D is assumed to be a finite union of analytic curves. To compare our
results with theirs, we will also make this extra assumption in the following and we will

call such a domain a nice domain. Consider z € 0D a boundary point such that the
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boundary of D is analytic locally around z; we will call such a point a nice point. They
denote by P})* the law of a Brownian motion starting from xy and conditioned to exit D

through z. They showed:

Theorem C (Theorem 1.1 of [AHS20]). For all a € (0,2), with P}*-probability one
there exists a random measure M which is carried by A, and by T, and whose carrying

dimension s equal to 2 — a.

Their starting point is the interpretation of the measure 3, of [BBK94] described above

in terms of Poisson point process of excursions. For z € D, they define a measure Q%"

on trajectories similar to Q;°; mentioned above: the only difference is that the last part
of the trajectory is a Brownian motion conditioned to exit the domain through 2. In a
nutshell, they show the absolute continuity of Q7% with respect to P;"* (restricted to the
event that the Brownian path stays away from z) and define a sequence of measures using
the Radon-Nikodym derivative. Their convergence relies on martingales argument rather
than on computations on moments. As in [BBK94], they obtain a characterisation of their
measure in terms of Q%" ([AHS20], Proposition 5.1) matching with ours (Proposition
3.28). As a consequence, we are able to compare their measure with ours.

Before stating this comparison, let us notice that we can also make sense of our
measure p” for the Brownian motion conditioned to exit D through z. Indeed, as noticed
in [BBK94], Remark 5.1 (i), our measure u” is measurable with respect to the Brownian
path and defined locally. p” is thus well defined for any process which is locally mutually
absolutely continuous with respect to the two dimensional Brownian motion killed when
it exits for the first time the domain D. The Brownian motion conditioned to exit D

through z being such a process, ;” makes sense under P}y as a measure on D.

Corollary 3.7. Let z € 9D be a nice point and denote by Hp(x, z) the Poisson kernel of
D from x at z, that is the density of the harmonic measure P, (B, € -) with respect to the

Lebesgue measure of 0D at z. For all v € (0,2), if a =~?/2, we have P}*-a.s.,

W (d) = V2w Holo,2)

VMMZO(CW)-

In particular, our measure p” inherits some properties of the measure M¢% obtained in
[AHS20]. Recalling the definitions (3.5) and (3.6) of the two sets of thick points A, and

T., we have:

Corollary 3.8. For all v € (0,2), the following properties hold:
(i) Non-degeneracy: with P,,-probability one, u’(D) > 0.
(i) Thick points: with Py -probability one, j7 is carried by Ay2/5 and by Tiz)s.
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(iii) Hausdorff dimension: with P, -probability one, the carrying dimension of u7 is
2 —~2/2.

(iv) Conformal invariance: if ¢ : D — D’ is a conformal map between two nice
domains, xo € D, and if we denote by p’"P and """ the measures built in Theorem 1 for
the domains (D, o) and (D', ¢(xq)) respectively, we have

(177 0.67) ()2 [0 )| i ().

Let us mention that we present the previous properties (7)-(iii) as a consequence of
Corollary 3.7 to avoid to repeat the arguments, but we could have obtained them without
the help of [AHS20]: as in [BBK94], (%) and (%) follow from the Poisson point process
interpretation of the measure p” (Proposition 3.28) whereas (i) follows from our second
moment computations (Proposition 3.20). On the other hand, it is not clear that our
approach yields the conformal invariance of the measure without the use of [AHS20].

Finally, while there are strong similarities between u” and the GMC measure associated
to a GFF (indeed, our construction is motivated by this analogy), there are also essential
differences. In fact, from the point of view of GMC theory, the measure p” is rather
unusual in that it is carried by the random fractal set {B;,t < 7} and does not need extra
randomness to be constructed, unlike say Liouville Brownian motion or other instances of
GMC on random fractals.

3.1.3 Organisation of the paper

We now explain the main ideas of our proofs of Theorems 3.1 and 3.2 and how the
paper is organised. The overall strategy of the proof is inspired by [Ber17]. To prove the
convergence of the measures ) and 7, it is enough to show that for any suitable A C D
and T' C R, the real valued random variables 12 (A x T') and ) (A) converge in probability
which is the content of Proposition 3.27 (we actually show that they converge in L'). As
in [Berl7], we will consider modified versions 70 and i) of 2 and p2 by introducing good
events (see (3.21) and (3.23)): at a given « € D, the local times are required to be never
too thick around x at every scale. We will show that introducing these good events does
not change the behaviour of the first moment (Propositions 3.16 and 3.17, Section 3.3) and
it makes the sequences 77(A x T) and [i2(A) bounded in L? (Propositions 3.20 and 3.21,
Section 3.4). Furthermore, we will see that these two sequences are Cauchy sequences in
L? (Proposition 3.23, Section 3.5) implying in particular that they converge in L. Section
3.6 finishes the proof of Theorems 3.1 and 3.2 and demonstrates the links of our work with
the ones of [BBK94] and [AHS20] (Corollaries 3.6, 3.7 and 3.8).

We now explain a few ideas underlying the proof. If the domain D is a disc D = D(x,n)
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centred at z, then it is easy to check (by rotational invariance of Brownian motion and
second Ray-Knight isomorphism for local times of one-dimensional Brownian motion) that
the local times L, ,(7),r > 0, have a Markovian structure. More precisely, for all o € (0,7)
and all z € D(0,7)\D(0,7n'), under P, and conditioned on L, ,/(7),

L aw
(”C’;(T),r =ne "’ s> 0) 2 (Rz,s > 0) (3.7)

with (R, s > 0) being a zero-dimensional Bessel process starting from /L, ,/(7)/n'. This
is an other clue that exponentiating the square root of the local times should yield an
interesting object.

In the case of a general domain D, such an exact description is of course not possible,
yet for small enough radii, the behaviour of L, ,(7) can be seen to be approximatively
given by the one in (3.7). If we assume (3.7) then the construction of p? is similar to
the GMC construction for GFF, with the Brownian motions describing circle averages
replaced by Bessel processes of suitable dimension. It seems intuitive that the presence of
the drift term in a Bessel process should not affect significantly the picture in [Ber17].

To implement our strategy and use (3.7), we need an argument. In the first moment
computations (Propositions 3.16 and 3.17), we will need a rough upper bound on the
local times; an obvious strategy consists in stopping the Brownian motion when it exits
a large disc containing the domain. For the second moment (Proposition 3.23), we will
need a much more precise estimate. Let us assume for instance that D(x,2) C D. We
can decompose the local times (L, ,.(7),r < 1) according to the different macroscopic
excursions from 0D(z, 1) to 0D(z,2) before exiting the domain D. To keep track of the
overall number of excursions, we will condition on their initial and final points. Because
of this conditioning, the local times of a specific excursion are no longer related to a
zero-dimensional Bessel process. But if we now condition further on the fact that the
excursion went deep inside D(z, 1), it will have forgotten its initial point and those local
times will be again related to a zero-dimensional Bessel process: this is the content of
Lemma 3.24 and Appendix 3.A is dedicated to its proof. Let us mention that the spirit of
Lemma 3.24 can be tracked back to Lemma 7.4 of [DPRZ01].

As we have just explained, we will use (3.7) to transfer some computations from the
local times to the zero-dimensional Bessel process. Throughout the paper, we will thus
collect lemmas about this process (Lemmas 3.18, 3.19 and 3.26) that will be proven in
Appendix 3.B. Of course, we will not be able to transfer all the computations to the
zero-dimensional Bessel process, for instance when we consider two circles which are not
concentric. But we will be able to treat the local times as if they were the local times of

a continuous time random walk: for a continuous time random walk starting at a given

Antoine Jego 75



CHAPTER 3. PLANAR BROWNIAN MOTION AND GAUSSIAN MULTIPLICATIVE
CHAOS

vertex x and killed when it hits for the first time a given set A, the time spent by the walk
in z is exactly an exponential variable which is independent of the hitting point of A. We
will show that it is also approximatively true for the local times of Brownian motion. This

is the content of Section 3.2.

We end this introduction with some notations which will be used throughout the paper.

Notations: If A, B C R?, z,y € R%, ¢ > 0, and 7, j € Z, we will denote by:
— 74 :=inf{t > 0: B; € A} the first hitting time of A. In particular, 7 = 72\ p;

— D(x,¢) (vesp. D(x,¢€), dD(z,¢)) the open disc (resp. closed disc, circle) with centre

x and radius ¢;

— d(A, B) the Euclidean distance between A and B. If A = {x}, we will simply write
d(z, B) instead of d({z}, B);

— R(x, D) the conformal radius of D seen from z;

— Gp(z,y) the Green function in z,y:

Gp(z,y) = /Ooo ps(x,y)ds, (3.8)

where py(x,y) is the transition probability of Brownian motion killed at 7. We recall

its behaviour close to the diagonal (see Equation (1.2) of [Ber16] for instance):
Gp(z,y) = —log |z — y[ + log R(z, D) + u(z,y) (3.9)

where u(x,y) — 0 as y — x;

— IP, the law under which (Rs,s > 0) is a zero-dimensional Bessel process starting

from r > 0;
— [|#, 7]] the set of integers {i,...,j}.

Finally, we will write C, C’, C, etc, positive constants which may vary from one line
to another. We will also write o(1) (resp. O(1)) real-valued sequences which go to zero
as € — 0 (resp. which are bounded). If we want to emphasise that such a sequence may

depend on a parameter «, we will write 0,(1) (resp. O4(1)).

3.2 Preliminaries

We start off with some preliminary results that will be used throughout the paper.
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3.2.1 Green’s function

Lemma 3.9. Forallz € D, r > ¢ >0 so that D(x,e) C D and y € dD(x,¢), we have:
r
Ey [L:p,s(TE?D(ac,r))] =2 IOg ga (310)

Ey [Lye(T)] = 2¢ (logi +log R(z, D) + 0(1)> : (3.11)

Proof. We start by proving (3.10). By denoting ps(y, z) the transition probability of

Brownian motion killed at 7yp(.,), we have:

Ey [Lx,s(TaD(:c,r))] :/

00 1
dz [ ds oy 2) =~ [ dz Gpn(y,2).
OD(x,e) i 0 Sp(y Z) T JOD(x,) : D(’)(y Z)

But the Green function of the disc D(x,r) is equal to (see [Law05], Section 2.4):

1- (G- )2/

GD(ac,r) (y7 Z) - 1Og

ly—=z|/r
Hence
r, 1 € 1 y—1)(z—x
E, [Lw,s(TaD(w,r))} = 2elog —+— log dz+— log |1 — (¥ >§ ) d=.
€ T JOD(we) ly — 2| T JOD(ze) r

Because the last two integrals vanish, this gives (3.10). The proof of (3.11) is very similar.
The only difference is that we consider the Green function of the general domain D. Using

the asymptotic (3.9), we conclude in the same way. O

3.2.2 Hitting probabilities

We now turn to the study of hitting probabilities. The following lemma gives estimates on
the probability to hit a small circle before exiting the domain D, whereas the next one
gives estimates on the probability to hit a small circle before hitting another circle and

before exiting the domain D.

Lemma 3.10. Letn > 0. For alle > 0 small enough, for all x € D such that d(x,0D) > n
and for all y € D\D(x,¢€), we have:

P, (Ton(e) < 7) = (1 +0, (10‘;5» Gp(z,y) /log (R(”’;m) , (3.12)

Proof. A similar but weaker statement can be found in [BBK94] (Lemma 2.1) and our
proof is really close to theirs. We will take ¢ smaller than 7/2 to ensure that the circle

OD(x,¢) stays far away from 0D. If the domain D were the unit disc D and x the origin,
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then the probability we are interested in is the probability to hit a small circle before hitting
the unit circle. The two circles being concentric, we can use the fact that (log |By|,t > 0)

is a martingale to find that this probability is equal to:

P, (Tap(oﬁ) < 7'3]]])) = log |y| / loge. (3.13)

In general, we come back to the previous situation by mapping D onto the unit disc D and

x to the origin with a conformal map f,. By conformal invariance of Brownian motion,

Py (TaD(x,a) < TD) =Pr.) (sz(aD(xvf)) < TD) ’

As 0D(z,¢) is far away from the boundary of D, the contour f, (0D(z,¢)) is included into

a narrow annulus
D (0, |fi(z)| e + ca2> \D (0, |fi(z)|e — 052>

for some ¢ > 0 depending on 7. In particular, using (3.13),

P, (ton(.) < ™) < Pra) (Tonoisz@leres) < )

_ log | f2(y)] ~ log|fa(y)] €
log (fi(2)]e +e?)  log (| fi(x)le) (1 tOn <1og€>> ’

The lower bound is obtained is a similar manner which yields the stated claim (3.12)
noticing that R(xz, D) =1/ |f.(x)| and that Gp(z,y) = —log|f.(y)| (see [Law05], Section
2.4). O

Remark 3.11. If z,y € D are at least at a distance n from the boundary of D, the quantities

GD(xvy)

——— R(x,D) and R(y, D
Tlogla g 7 D) and iy D)

are bounded away from 0 and from infinity uniformly in z,y (depending on 7). We thus

obtain the simpler estimate:

P, <7’aD(az,s) < 7') Py (TBD(y,g) < T) = (1 + O, < L >> log | — y\. (3.14)

loge loge

Depending on the level of accuracy we need, we will use either (3.12) or its rougher version
(3.14).
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For z,y € D and € > 0 define

- : +
Day = zengl(Ialc,a) P, (TaD(w) < 7') and Pay = Zelrarbaz};,a) P, (Tap(w) < 7') ,
= in P, o) < dpt = P, o) < T).
Pya Zeggg’g) (TaD( e < T ) and py, Zegﬂ[?ég) (78D< e < T )

Lemma 3.12. For all z,y € D, € > 0 so that D(x,e) and D(y,e) are disjoint and
included in D, for all z € D\ (D(x,e) U D(y,¢)),

P, (TaD(m,a) < T) — p P (TaD(y,E) < 7)
L — pfiPey

<P, (TGD(JJ,a) <TA T@D(y,e)) (3.15)

< ]Pz (TBD(QC,S) < T) - p;$]P)Z (TaD(y,e) < 7_) ‘

Proof. By Markov property and by definition of pz‘fx, we have:
z (TﬁD(x,e) <TA T@D(y,s)) + ]P)z (TBD(y,s) < ToD(z,¢) < 7_)
P (TaD(a:,a) <TA TaD(y,a)) + P, (TaD(y,a) <TA T@D(x,a)) Dy

Similarly,

P, (TE)D(y@) < T) > P, (TaD(y@) <TA TaD(m)) + P, (TaD(x,a) <TA TGD(y@)) Dy

Combining those two inequalities yields

P, (TaD(:c,a) < T) — P (TaD(y,a) < T) < (1—p;pz,)P- (TaD(a;,a) <TA T@D(y,a))

which is the first inequality stated in (3.15). The other inequality is similar. O

3.2.3 Approximation of local times by exponential variables

In this subsection, we explain how to approximate the local times L, .(7) by exponential
variables. For # € R? ¢ > 0,y € dD(z,¢) and any event F, define

1 1
HY (E):= = lim Pi(F)/d(z,0D(x,e))+ = lim PI(FE)/d(z,0D(z,¢))
' 2 zeD(z) 2 2¢D(z)
2=y 2=y
where P? is the probability measure of Brownian motion starting at z and killed when it
hits for the first time the circle D(xz,¢). For A C R? x € R?, we will denote w”(z, d€)

the harmonic measure of A from z.
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Lemma 3.13. Let x € R* ¢ > 0 and C C R?. Assume that d(0D(x,¢),C) > 0 and that
there exists u > 0 such that for all y,y' € 0D(x,e) and E C C,

(1—ww(y, E) <y, E) < (1 +u)w(y, E).
Then for ally € 0D(z,¢) and t > 0,
(1 N u)e— max,cpp(z,e) Hi - (Tc<oo)t < Py (Lz,s(7'0> > t|BTc) < (1 + u>€— min, e p(a,e) Hj,E(TC<oo)t.

Remark 3.14. The previous lemma states that we can approximate L, .(7¢) by an expo-
nential variable which is independent of B, .. This is similar to the case of random walks

on discrete graphs. If we did not condition on B, ., it would not have been necessary to

TC
add the multiplicative errors 1 — u and 1 4 u. This statement without conditioning is also

a consequence of Lemma 2.2 (i) of [BBK94].

Proof. Since the proof is standard, we will be brief. Take r» > 0 small enough so that the
annulus D(z,e +7)\D(z,e — r) does not intersect C. Consider the different excursions
from OD(x,e + 1) to OD(x,e — r): denote 062) := 0 and for all i > 1,

)

oM .= inf {t > oz@l : By € 0D(z,e + 7’)} and 02(2) := inf {t > 0§1) : By € 0D(x, e — r)} :

(2

i

The number of excursions N, := max{i > 0: o

by:

< 7¢} before 7¢ is related to L, (7¢)

L, (1¢) = 411ni_r>r(1) rN, P, —a.s.

Hence, for any f : R? — [0, 00) continuous bounded function, we have by dominated

convergence theorem

Ey [Lis, .o f (Bre)| = lim I8, 1w gyamn £ (Bro)] -

Because

Ep o, [f(Br)l < (A +u+to01)E [f(Br)]  Py—as,
Lt/ (4r)]

and by a repeated application of Markov property, E, [1{ Nos(t/@ar) (BTC)} is at most

(L4 uto050(1)E, [f(Bro)] _max P (o < 08" < 7¢) =] (3.16)
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If 2z € OD(x,e +r) is at distance r from z. € 0D(x,¢),

1—-P, <U§2) < aél) < TC) =P, (TC < TaD(m_r)) + (14 0,50(1))P, (TC < O'él) ‘09) < Tc)

oo <oo) o PL(re < o)
T‘( +o —>0< )) Z,ngI(rglw) d(zl, aD(w7g)) z/elDI(ralc,s) d(z’, aD(ZL‘,&?))
2 2. 2 —ze

=4r(l1+ orﬁo(l))ijE(TC < 00).
Hence

2 1 . »
Zeagl(%?;ﬂ) P, (05 V<ol < Tc) =1—4r oin H _(1¢ < 00) + 0,50(7).

Coming back to (3.16), we have obtained
E, [I{Lz,s(Tc)>t}f (BTC)] < (4 uwE, [f(Br)le minseaD(s.e) Ha e (ro<oo)t

which is the required upper bound. The lower bound is obtained in a similar way. O

The next lemma explains how to compute the quantities appearing in the previous

lemma. Again, particular cases of this can be found in [BBK94] (Lemmas 2.3, 2.5).

Lemma 3.15. Let x € D,e > 6 > 0 and A C D such that D(x,e) C D\A and denote
d the distance between 0D(x,e) and AU 0D. Assume d > 0. Let B be either A or
AUOD(z,9) and denote

—= if B=A,

e+d
= +2if B=AUdD(z,0).

u =

We have for all y,y € 0D(x,¢), and E C BUJD,
WP (y, E) = (14 O(u)) wP7P (¢, B). (3.17)

Moreover, denoting T3, .y = inf{t > 75 : By € 0D(x,¢)} the first hitting time of 0D (x,¢)

after g, we have for any z € 0D(z,¢€),

1 dy
=(1+0 E,[L,. 1— / P (+B < .
H;E(T N B < OO) ( * (U)) yelarlﬁa();’e) Y [ y (T)] < OD(z.c) Ve y (TaD(az,s) T))

(3.18)

Proof. In this proof, we will consider n > 0 such that D(z,e +n)N(AUID) = &.
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Let us start by proving (3.17) for B = A. Let y € 0D(x,¢), E C AUOD. By Markov
property applied to the first hitting time of 0D (x, e + 1), we have

AP (y B = / wWIP@EN (4 dEYPe (Brypr € ).
OD(z,e+n)

But the measure wP@e+n) (y,d€) is explicit and its density with respect to the Lebesgue
measure on the circle dD(z, e + ) is equal to

L ey —af ol s
2m(e +n) ly — ¢ 2m(e +1n) e+n))’

Hence, up to a multiplicative error 1 4+ O(g/(e + 1)), wAY?P(y, E) is independent of
y € 0D(x,¢) which is the content of (3.17) for B = A. We now prove it for B = AUOD(z, ).
The reasoning is going to be similar. Let y € 0D(z,¢), E C BUJD. We only need to
treat the case of E C 0D(z,d) or E C AUOD. We will deal with the first one, as the
latter is similar. By Markov property applied to 74 A 7, we have

wBuaD(y, E)=P, (BTBD(JC,B) € E) -P, (BTBD(x,é) € E,Top(z,s) > Ta N 7')

— waD(z,(S) (y7 E) . ]Ey |: 0D(z,9) (BTA/\TJ E):| )

1{T3D(I,5>>TA/\T}M

Again the measure w?P@9(y, d¢) is explicit and its density with respect to the Lebesgue

measure on the circle dD(z, d) is equal to

1 |y — x> — 02 1 J
- 1 ).
2mo ]y-f]Q 2716 +0 €

Hence, up to a multiplicative error 14 O(6/¢), w?P@9)(y, d¢) is uniform on dD(x, ) and

does not depend on y. As AU D is even further from dD(x, ), the same is true with
WP (» d¢) for any z € AUID. To conclude that w?Y?P(y, E) does not depend on ¥,

we observe that

P, (TaD(x,é) > Ta N T) =Py (TaD(z,6) > TBD(m,eJrn)) (3.19)

OD(z,e+n)
% “ A8)Pe (Top(zs) > TANT) .
/aD(x’eJm) (y, d€)P¢ ( D (z,0) A )

By rotational invariance of Brownian motion, the first term is independent of y € dD(x, ¢).
We have already seen that up to a multiplicative error 1 + O(g/(e 4+ 1)), w?P@0 (y, d)
is uniform on the circle and thus does not depend on y. In the end, it shows that up to a
multiplicative error 1+ O(§/¢) +O(g/(e + 1)), wP?P(y, E) is independent of y € D(z, )
which was required by the claim (3.17) in the case B = AU dD(x,4).
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We now prove (3.18). We proceed as follows: we bound from above min.caope,c) HZ .(TA

T < o0) and we show that

min  H; (7 A7p < 00) > (1+O(

z€0D(x,€)

>> max H; (7 A7p < 00) (3.20)

c+d 2€0D(z,€)

which provides a lower bound on 1 / (1 A7) for any z € 0D(z, ). The upper bound
is obtained in a similar way.

Let us start by proving (3.20). Recall that 7 > 0 has been chosen such that D(z, e +
n)N(AUOD) =@. Let z € D(x,e+n/2)\D(z,d). We want to show that the dependence
of zon P, (T NTp < Tap(m)) relies almost exclusively on |z — z|. If z is inside D(x,¢€) it is
clear: if B = A this probability is equal to zero and if B = AU dD(z,J), it depends only
on |z — z| by rotational invariance of Brownian motion. Whereas if z is outside D(z,¢), a
similar argument as in (3.19) shows that up to a multiplicative error 14O (|z — z| /(e + 1))
this probability depends only on |z — z|. It concludes the proof of (3.20).

We now bound from below 1/ MiNechp(z,e) H;je(T A Tp < 00). Take a starting point
y € 0D(z, ). We decompose L, .(7) according to the different excursions between 0D(z, ¢)
and B. Denote 0(()1) =0 and for all ¢ > 1,

o? = = inf{t > ", : B, € B} and 0( )= inf{¢t > O'Z-(Q) : B € 0D(z,¢)}.

7

We also denote N :=sup{i > 0: 0\") < 7} the number of excursions from B to dD(z, )
and L _ the local time of 0D(z,¢) accumulated during the interval of time [0(1) ai(?)].

1 )
. . 2
Using the convention JJ(V) := 7, we have

N .
T)=> L.
=0

By Lemma 3.13 applied to C' = 0D U B and thanks to (3.17),

E, [Lyo(7)] < ioIPy (N =n)(1+n)14+O0(u)"*™ /Zeg};g: E)H AT NTE).
As d n
Pz = (00w [ Erwzn).
it leads to

z,€) 2me z€0D(z,e)

which is the required lower bound on 1/ min.cop(e,c) Hi (T A 7). O
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In the next sections we will consider v € (0,2), A € B(D) and T of the form T' = (b, 00)
with b € R. For 4 > 7, g9 € {e P,p > 1} and = € D, define the good event at x:

1
Ge(z,e9) := {Vr € [e,e0), =Lor(T) < 7 (logf)z} (3.21)
T
where for r > 0, we denote by 7 = inf ({e™?,p > 1} N [r,00)). We also define
Ijg(dl', dt) = I/Q(dx, dt)105(2;750)1{|x_m0|>507d(m7ap)>50}. (3.22)

To ease computations, we change a bit the definition of good events that we associate to

Y.
€

1 1
GL(x,e0, M) := G.(x,20) N {l —Ly (1) —vylog—| <M |10g5|} , (3.23)
\ e €
and we define
p(dx) = pl(dr) e (o.eo,m) L ja—a0|>c0,d(@,0D)>c0} - (3.24)

This change of good event is purely technical: it will allow us to easily transfer computations
linked to z) (in Proposition 3.21) to computations linked to 7 (in Proposition 3.20) rather

than repeating arguments which are very similar.

3.3 First moment estimates

In this section, we give estimates on the first moment of v7(A x T') and p?(A) and we show
that adding the good events G.(x,¢) and GL(z, e, M) does not change the behaviour of

the first moment.

Proposition 3.16. We have the following estimate
lim E,, [/7(A x T)] = /T e~ tydt /A R(x, D)Y"*/*Gp (o, x)dx. (3.25)
Moreover, for all € < g,
0 < Ko (12 (A X T)] = Eq [72 (A x T)] < pleo) (3.26)

with p(eg) — 0 as eg — 0. p(eg) may depend on ~,7,T.

Proposition 3.17. We have the following estimate

lim K, [1(A4)] = 2y /A R(z, D) 2Gp (0, z)dx. (3.27)
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Moreover, for all € < gy,
0 < Eq [12(A)] = Eay [2(A)] < p'(20, M) (3.28)

with p'(g9, M) — 0 as eg — 0 and M — oo. p'(g9, M) may depend on ~y,7.

The estimates (3.25) and (3.27) will be computations on the local times made possible
thanks to Section 3.2. To prove (3.26) and (3.28), we will be able to transfer all the
computations to the zero-dimensional Bessel process. For this reason, we first start by
stating the analogue of (3.26) and (3.28) for this process (recall that we denote IP, the

law under which (R;,t > 0) is a zero-dimensional Bessel process starting from 7r):

Lemma 3.18. Let 7 >~ >0, b,b € R, ro, 59 > 0 and define for all t > s the event
Ei(so) :== {‘v’s € NN so, t], Rs < 7s +5}
For all starting point r € (0,719), for all t > s,

P, (E:(so)|R: >yt +b) > 1 —p(s0), (3.29)
E, (€71 5,000 > (1 = pls0))E, [€7] (3.30)
with p(sg) — 0 as so — c0. p(sg) may depend on v, 7, b,b, 7.

In the previous proposition, the starting point r» was required to stay bounded away

from infinity. To come back to this situation, we will need the following:

Lemma 3.19. 1) Let a > 0. There exists C = C(a) > 0 such that for all t > 0, A > at
and r € (1,1/2),

T 1
P, (R, > \) < O\/Fe%xe 2

2) Let v > 0. There exists C = C(vy) > 0 such that for all t > 0, for all r € (1,~7t/2),
1 -
IE, [e“ﬂ < C'\/F(BC'PWGV 42, (3.31)

The first and second points will be used to prove Propositions 3.16 and 3.17 respectively.

The two previous lemmas will be proven in Appendix 3.B and we now prove Propositions

3.16 and 3.17.

Proof of Proposition 3.16. We start by proving (3.25). We have

1 1
E,, [VJ(AxT)| = /A loge| e~ 7"/, (g/ng(T) > vlog -t b) dx (3.32)
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and we are going to estimate the probability

1 1
P, ( ng75(7') > ~vlog B + b) ) (3.33)

Assume that e > 0 is small enough so that « [loge| + b > 0 to ensure that the probability
we are interested in is not trivial. Take a € (y?/4,1). If z is at distance at most £* from
xg, we bound from above the probability (3.33) by 1 and the contribution to the integral
(3.32) of such points is at most Ce2*~7°/2log 1/ which goes to zero as & — 0.

Let n > 0. We are now going to deal with points x € D at distance at least € from x
and at distance at least n from the boundary of the domain D. We will then explain how
to deal with points close to the boundary. By Markov property, the probability (3.33) is

equal to

Py, (TaD(x,a) <7 ) Eq,

1 1
Py ( —Ly (1) > vlog — + b)
€ €

where Y € 0D(x,¢) has the law of B
Take any y € 0D(z,¢). By Lemma 3.15 we have

ToD(.e) starting from xy and knowing that 7opq) < 7.

minHE(r < 00) = (14+0(/m)_max  H:.(r < o0) = (14 0(/) /B, (L)
But Lemma 3.9 gives

E, [Ly:(7)] = 2¢ (log1/e + log R(z, D) 4+ o(1)) .

Hence, with the help of Lemma 3.13, starting from y, L, .(7) is stochastically dominated

and stochastically dominates exponential variables with mean equal to
2e (log1/e +log R(x, D) + 0,(1)) .
It implies that
P, (\/m > ylog 1 +b>

=(1+0,(1))P (2 (logé + log R(x, D) + 0,7(1)> Exp(1) > {vlogé + b}2>

= (14 0,(1)) "2 R(z, D)2,
On the other hand, Lemma 3.10 shows that

Py (Tope) < 7) = (14 0,(1))Gp(z0,7)/ [loge| . (3.34)
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Putting things together leads to

1 1 1
log =7 /P, “Leo () >~log =+ b Ligw d
/Aogge 0( E (1) 70g€+ ) {d(z,0D)>n} AT
— (1 + 0,(1))e " /A R(z, D)"*/*Gp (w0, 1)L {a(.op)>ny .

To conclude the proof of (3.25), it is enough to show that
. _ 2/2 ]. 1
limsup [ |loge|e 7 /“P,, ng(T) > vlog R + b | 1ja@op)<pde = O(n).  (3.35)
e—0 A B

Consider a larger domain D so that D is compactly included in D. Now, all the points

x € D are far away from the boundary of D and what we did before shows that
1 1 1 1 2/9
P, ng’E(T) > vlog B +b| <P, ELW(TB) > v log B +b| <Ce"/%/|loge]

which shows (3.35).

We have finished to prove (3.25) and we now turn to the proof of (3.26). Let &y > .
As we have just seen, the contribution of {x € D : |z — x| < & or d(z,0D) < £y} to
E., [V2(A x T)] is O(éy). Hence E,, [V2(A x T)] — E,, [77(A x T)] is equal to

R 1 1 1 .
O(é) + /Alog gg 72/2]}%0 ( ELM(T) > ylogg +b,G.(x,e0) ) L{jo—a0|>0,d(z,0D)>20} AT

Take x € D such that |x — xo| > &y and d(z,dD) > &;. Considering a larger domain than
D will increase the probability in the above integral. As we want to bound it from above,
we can thus assume in the following that D = D(x, Ry) where Ry is the diameter of our
original domain. It is convenient because we can now use (3.7) which relates the local
times to a zero-dimensional Bessel process.

We claim that we can take M > 0 large enough, depending only on &y, Ry and b, such
that

1 1
P, ( —L, (1) > vlog— 4 b, L,z (1) > M) < &y e’ /2, (3.36)
€ £

log &

Indeed, (3.7) and Lemma 3.19 imply that there exists C' = C(£y,b) > 0 such that if ¢ is
small enough and if ¢ < % log (§?0)2’

Loz (T) = e) < CoeVi_ L2

1 1
P, -L,. >~vlog—+0b
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As, starting from any point of 0D(x, &), L, z,(7) is an exponential variable (with mean

A 92 ~ 2
€07 €0
PIO (L%éo (T) > 4 10g <€> )

goes to zero faster than any polynomial in £ and also

depending on &, and Ry),

Egpo [Lz,éo (7-)1/460 V/ Ea.o (T)].{L

. (T)>M}]

goes to zero as M — oo. Putting things together then leads to (3.36).
On the other hand, by (3.7) and claim (3.29) of Lemma 3.18 that we use with

3 2 M 1 ~ 1
t<—log€—0,so<—10g@,r0<—A—,beb+7log7 and b < vlog —,
3 3 o o

0 €0

there exists p(go) (which may depend on 7,7, b, &y, M) such that p(ey) — 0 as £ — 0 and
for all € < &,

1 1
Pxo ( *Lx,E(T) > ’Ylog -+ b, Ge(xa 50)07 Lfb,éo (T> < M)
e £

1 c
< ]E‘TO |:1{Lz,éO(T)SM}IPw /Lz’éO(T)/éQ (Rt > 7t + b+ Y lOg go, Et(SO) >:|
1
< Pleo)Bay [I{Lx,éo n=m}P T (Rt >yt +b+ylog 50)}

1 1
= p(eo)Py, ( ELM(T) > vlog B +b, L,z (1) < M) )
With (3.36) it implies that

/1 1 1
]P)xo ( ng,s(T) > \/g’)/ log g =+ b> G5($7 50)c> S (J(50)10g8572/2

for some g(g9) — 0 as g — 0 which may depend on ~, 7, b. It shows that E,, [12(A x T)]—
E., [72(A x T')] < Cq(ep) which finishes the proof of (3.26).

]

We now turn to the proof of Proposition 3.17. As it is similar to what we have just

done we will be brief.

Proof of Proposition 3.17. Takenn > 0 and x € D at distance at least n from the boundary.

As we saw before, conditioned on Typ(.) < 7, L -(7) is approximated by an exponential
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variable with mean 2¢(log 1/ +log R(x, D)+ 0,(1)). Hence, denoting 6 = log(R(z, D)/e)+
o(1) and with the change of variable u = v/t — 7,/6/2, we have

]ECCO |:6’y %Lz,a (T)

ToD(ee) < T} = (1+0,(1)) /0 etV gy
= (14 0,(1)) "2 /OO e VIV gy

0

= (1 0,(1) W22 [ e ( ff)

=1+ On<1))’7\/%R(x,D)'y ﬂmgﬂ /2

In particular, the impact of points = such that |z — x| < 1/log(1/¢) is negligible. For

points that are far away from z,, we can use (3.34) which then shows that

log (1)57 /2Ex0 {67 1Lee(r )} =(1 +0n(1))’Y /_QWR(LD)%/QGD(IO,:L‘),

By the same reasoning as in the proof of Proposition 3.16, it concludes the proof of (3.27).
We now focus on (3.28). First of all, we notice that requiring /L, .(7)/e to belong to the

interval

1 1 1 1
vlog — — My/log —,vlog — + My /log —
€ £ £ €

has the consequence of restraining the variable ¢ in the above computations to the interval

2 1 1 2 1 1
llog— — M~y /log — —l—O(l),llogf + M~yy/log — 4+ O(1)
2 € € 2 € €

which then restrains the variable u to the interval:

[—\}EM +o(1), %M + 0(1)] .

Therefore, the integral over w is still equal to (14 0ps00(1))+/7 showing that we can safely

{‘V a:e ’ylog*

in the good event G.(x,e9, M). To bound from above

Ewo |:€PY v iLz’E(T):| —E |:€7V iLI’E(T)]~Gg(ﬂc,6o):| )

forget the event

< M\/log — }

zo

we proceed exactly as in the proof of Proposition 3.16. We notice that this quantity
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increases with the domain, so we can assume that D is a disc centred at x which allows us
to use the link between the local times and the zero-dimensional Bessel process (3.7). We
then conclude as in the proof of Proposition 3.16 using claim (3.31) of Lemma 3.19 and
claim (3.30) of Lemma 3.18. O

3.4 Uniform integrability

This section is devoted to the following two propositions:

Proposition 3.20. If 7 is close enough to vy, then

sup E,, [ﬁg(A X T)ﬂ < 0. (3.37)

e>0

Proposition 3.21. If 7 is close enough to vy, then

sup E,, [/jg(A)ﬂ < 00. (3.38)

e>0
We start by proving Proposition 3.20.

Proof of Proposition 3.20. The proof will be decomposed in three parts. The first part is
short and lay the ground work. In particular, it shows that it is enough to control the
probability (written in (3.41)) that the local times are large in two circles and small in
an other circle. The second part describes the joint law of the local times in those three
circles whereas the third part computes the probability (3.41) left in the first part. To
shorten the equations, we will denote L, . := L, .(7) the local times up to time 7 in this

proof.

Step 1. Denoting A., = {z € A: |x — x¢| > g9 and d(z,0D) > &¢}, by definition of 2
(see (3.22)), E,, [72(A x T)?] is equal to

£

1\2 1 1 1
<10g ) e~ / dxdy Py, ( —Lye\/—Ly.>vlog—+0b,G.(2,60), Ge(v, 50)) )
€ Acyx Acy \ e \ e €

Take a € (v2/4,1). The contribution of points z,y such that |z — y| < &® goes to zero as

¢ — 0. Indeed, this contribution is not larger than
N 2, 1 1 L 29194
C (log ) e [ dn P, (Lo 2 yl0g- 1] = ClogZe AR, 1 (A,,)]
€ Aey € € €

which goes to zero by the first moment estimate (3.25) of Proposition 3.16. We take now
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x,y € A, such that |z — y| > £ By symmetry, it is enough to bound from above

1 1 1
Pxo ( ng,aa gLy,s Z Y log g + b, Ga(x7 60)7 Ga(ya 50)a T@D(:c,a) < T@D(y,a)) . (339)

Take M > 0 large and R € (e™?,p > 0) such that

|z —y|
eM

<R<

|x]\_4y|. (3.40)

We ensure that R < ¢g by taking M large enough, but M will play another role later. The
probability in (3.39) is at most

P, (V zs,\/ Lys>710g +b\/ Lyr < 7log— TaD<xe><TaD(ya))- (3.41)

The rest of the proof is dedicated to bound from above this probability. For this purpose,

the next paragraph describes the joint law of the local times in those three circles.

Step 2. We are going to decompose those three local times according to the different
excursions between 0D(x, R), 0D(x,¢) and 0D(y, ). Denote by Ag_,, (resp. Ar_,,) the
number of excursions from 0D(z, R) to 0D(z,¢) (resp. to dD(y,e)) before 7, and denote
by

— L7 _ the local time of 9D(x,¢) during the n-th excursion from dD(z,¢) to dD(z, R),

— Ly _ the local time of dD(y, ) during the n-th excursion from 9D(y, ¢) to dD(z, R)U
oD,

— L7 p the local time of 9D(x, R) during the n-th excursion from 9D(z, R) to dD(x, €)U
0D(y,e) UOD.

For any 2’ € 0D(x,¢), we have under P,

1+AR—a ARﬁy AR—PI"'_AR*)y
n n
Ly.= Z LY, Ly.= > Ly, and Ly > > Ll (3.42)
n=1 n=1

The stochastic domination is not exactly an equality because if the last visited circle
before 7 is D(x, R) (it could be 0D(y,¢)), the number of excursions from dD(z, R) to
0D(z,e) UOD(y,e) before 7 is 1 + Ap_,, + Agr_, rather than Ap_,, + Ar_,,. Lemma 3.13
allows us to approximate (in the precise sense stated therein) the L} s, L} s, L} g's by
exponential variables independent of Ag_,, and Ag_,,. We are going to compute the mean
of those exponential variables and the transition probabilities between the different three

circles.
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Let us start with the study of the transition probabilities. We will denote

_logl/ |z —yl

= A4
Py log1/e (3-43)

Because |z — y| > €%, note that p,, is bounded away from 1: 0 < p,, < 1 —a. We first
remark that by (3.14) we have

Vz € 0D(x,¢e),P, (TaD(%E) < 7‘) = puy + O(1/loge),
Vz € 8D(y75)7Pz (TaD(z,a) < T) = Pay + O(l/logs),
Vz € 0D(x, R),P, (TaD(M) < 7') = Dy + O(1/loge), P, (TaD(yva) < T) = pyy + O(1/loge).

Here and in the following of the proof, the O’s may depend on ¢y, M, a. By Lemma 3.12 it
thus implies that for all z € 0D(x, R),
Py +O(1/l0ge) — (pay + O(1/loge))*

P, (TaD(x,a) < TA TBD(y,e)) = 1_ (pxy n O(l/log 5))2 (344)

) 1
- Pw Lol —),
1+ Pay log e

z 1
P, (TBD(y,s) <TA TBD(x,s)) = 1 f_; +0 (10g5> . (345)
zy

Of course, for any z € dD(z,¢),

P, (TBD(:L‘,R) <TA T@D(y,a)) =1 (346)

and (3.14) implies that for all z € 9D(y, )

1
]P)z (TaD(:r,R) <TA TaD(m,s)> = ]Pz (TaD(m,R) < T) =1-0 (bg‘l’—y‘) . (347)

To summarise, despite the apparent asymmetry between x and y, the circle 9D(z, R) plays
a similar role for 0D(x,¢) and 0D(y,¢) and the transition probabilities between those
three circles are given by (3.44), (3.45), (3.46) and (3.47).

We now move on to the study of the Ly ’s, Ly_’s, Ly p’s. Starting from any point
of 0D(x,€), Ly (Top(,r)) is an exponential variable with mean given by (see (3.10) in

Lemma 3.9)

2z log(R/e) = 2(1 — pxy)elogi (1 +0 <1>> .

loge

Starting from any point of dD(y, €), Lemma 3.13 allows us to approximate L, (T ATop(z,r))

by an exponential variable with mean equal to (see Lemma 3.15 applied with A < dD(x, R)
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and see (3.11) in Lemma 3.9)

(1 +0 (%)) (1 Pay + O (log )) 2e (log% + 0(1)) =2(1 —pmy)elogi (1 + 0 (logs)) )

Similarly, starting from any point of dD(z, R), we can approximate L, zr(T A Top(z,e) /A
ToD(ze)) Dy an exponential variable with mean equal to (we apply Lemma 3.15 with

A<« 0D(y,e),e < R,0 + ¢)

(1052 (1 - 2122 + 0 (i) 2R (log £ + 0(1)) = (14 §F) 7222R log 4
for some universal constants C,C;. In the following we will denote 4 = 7/4/1 — C1/M.
As we can take M as large as we want, we will be able to require 4 to be as close to v as
we want.

Finally, to use Lemma 3.13 to approximate either Ly _, Ly _or Ly p by exponential
variables independent of the exit point, we need to control the error we make in estimating
the harmonic measure (what was written « in Lemma 3.13). For this, we use (3.17) of
Lemma 3.15 which tells us that the hypothesis of Lemma 3.13 (used in our three above

cases) is satisfied with u = C/M for some C > 0.

Step 3. We are now ready to start to compute the probability (3.41). We will
denote I'(n, 1),T'(n/, 1) independent Gamma variables with shape parameter n, n’ and scale

parameter 1. We recall the following elementary fact: for any n,n’ > 1 and ¢t > 0,

P(T(n,1),T(n,1) > t) = ¢ <§t> (nz_t) ”i S 'L

iz U =0 J! 0<i<n—1 ily!
0<j<n/—1
=k
n+n -2 n+n’72 (Qt)k
ey Loy
k=0 1,720 k=0 :

iti=k

By (3.42), we have:

(\/ (EE7V Ly€>710g + 0, \/ mR<’YlOg TaDa:e)<7_6D(ye))

270
<P (TaD(a; e) < T A Tap(y, e)) sup > Py (Apsy =1y, Apsy = ny) (1 +£

)1+2nz+2ny
2'€0D(2,€) 1y >0
My>1
A1+ pay, 1 v*log1/e
x P(F(nm 1) < G og Dl + 1,1, Dy, 1) 2 2 (1+0()) )

The term (1 + C/M) """ in the above inequality comes from the fact that every time
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we approximate one of Ly, Ly, L} p by an exponential variable independent of the last

z,er My,

point of the excursion, we have to pay the multiplicative price (1 4+ C/M). See Lemma

3.13. Now,

mg (V T,€9 V Lys > 710g +0, \/ xR < 71Og y ToD(z,e) < TaD(ys))

logf 1+2n
< N T 1= ]P:E’ A T A - ]-
10g€€ n=12 62%1()1 €) ( e A n) < ! )
_ k
P ldpey, 1VE1 [ ,logl/e
XP(“"’D = 21-p, IOgR> ;CZ::OH T, (140 (52))

r _ og L s n—1 n—
<O LT S (40 (5:)) (o

n=1

A~

2 n—1 k
A% 1+ Pay 1 1 [ 5logl/e
P(I'(n,1 log C — C . 3.48
: <(” 'S T, B T 2>Zk! gy, (3:45)

Here av > 0 is of order 1/M and can be required to be as small as necessary. We are going
to bound from above the last sum indexed by n. We decompose it in three parts that we

will denote S7, Sy and S5 respectively: by denoting

14 p, log 1
g +py1 + Cy and ng := 2log1/e
21_pxy |a:—y| 1_pxy

ny \=— —

+ (s,

S1 is the sum over n = 1...nq, Sy corresponds ton =n; +1...ny and Ss is the remaining
n > ng + 1. Let us comment that if 4 is close enough to v, we have n; < ny because
(14 pey)3?/2 < (1 +a)4?/2 < 4. In the sum Sy, it will be difficult for L, (1) and L, (1)
to be large at the same time. In the sum S5 it will be difficult for all the three events to
happen and in the sum Ss, it will be unlikely for L, r(7) to be small.

Later in the proof, we will use the two following elementary inequalities that we record

here for ease of reference: for all n > 1 and p > 0, we have:

< (ue)", (3.49)

pe) L, (3.50)

e 57 : We bound from above the probability appearing in the sum by 1 and we exchange

the order of the summations: we first sum over £k = 0...n; — 1 and then we sum over
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n > k+ 1. The sum over n being a geometric sum, it is explicit and it leads to

k
1 . 1
S1<0@1) Y k!<2(1+a)fy21p;2 log€—|—03>.

0<k<n1—1

We now use (3.50) with

o 2 Paxy 1 / _ v 1
o= (2(1+oc)’y T, 1og€+03> /n1—4(1+0¢)@2(1+w( +0 (1))

Ty
2
2
Z 7’}/A >1
(14 a)y

if 4 is close enough to ~v. It gives

2

1 . "
S, < 0(1) (4(1 +a) ZYZ(l"‘pxy)z (1 +0 (m)) e>
:O(l)exp{’y 1—|—p:13y1 |$iy| <1+21Og(2v1+047>}‘

21— pyy 1+ pay)¥

e 55 : For n > ny + 1, we have (see (3.49))

52 n—1 52 -
L Pay log L + Cz) < (7 L+ Pay log o) 6) e—%ifiwi log \gily)\
1 |z — y 21—py |z —y|n

(3.51)

and we also have for n < ny (see (3.50))
n—1 k
z:{7210551/<6+03} §€<7 ,1og O(1 )/56)
k=0 1- Pxy - Py T

Recalling that p,, = log |x — y| /log e, these two inequalities show that S is at most

o T EH e > (1 + @) 5275 log (24 (paylog 2+ 0(1)) " (5"
n=n1+1

n—1
_ 42 Loy 242 o)\’ e\ 2(n=1)
< O(1)e” T v BT 77<lo ) <) '
<o) Z( VT B To—y] n

By Stirling’s formula, there exists C' > 0, such that for all n > 2, (e/n)?™=) < C/((n —
1)!(n — 2)!). Also, denoting I; the modified Bessel function of the first kind (see (3.74))

and using its asymptotic form (3.76), we notice that

> 1

2 (n—1)l(n—2)!

n=2

v = 2021 (24/v) < Cv¥/4e?V?,
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Hence

1 \"? 321 4 5 1
Sy < O(1) <log ) exp{( 7 Pay +2v1 +a1 7 )10g | |}
— Py =Y

e S3: We again use (3.51) and we simply bound

1 ( Llogl g log1/c
> {72 LT os} < O)e
i k! 1 — pay

to obtain

1Og 1/6 ’?2 L+ ps Pz o@) € nl
S3 < O(1 exp{fy2 - — Y log L } (14—04’?2 Y log )
3 ( ) 1— Day 21— Day lz—y| nznZQ+1 ( ) 1 — Pay |z—y| n

Again by Stirling’s formula, (e¢/n)"~' < C'y/n/(n — 1)! and with an inequality of the kind
of (3.49) we have

72

22
o 7 14pe 52 Topay 18
S5 < O(1) exp {ﬂg;g _ jifizi log |w1y} (14 @) 2pay (pay + O (1ik2) ) €) 7

A2 2
Y1+ pay Y 1
=01 —— 2 1
()GXP{< 21—ny+ 1_pxy> Og|$_y|

2 1 7 1 !
X exp Day 2+1—pxy10g (1+a)¥pxy<pxy+0(logg)> tog v —yl )

But supy,.; , 1+ (logp)/(1 — p) < 0. Hence if 4 is close enough to 7, a close enough to

1
€

0 and if ¢ is small enough

22

log ((1 + a)::pry (pxy +0 (1026))> <0

2+
1_pzy

which implies that

22 2

Y1+ pay Y 1
Ss < O(1 - 2 1 .
= ()eXp{< 21_pwy+ 1_pﬂcy> Og|m_y|

Finally, the worst upper bound we have is for Sy and coming back to (3.48) we have

96 Thick points of random walk and multiplicative chaos



3.4. UNIFORM INTEGRABILITY

obtained

/1 /1 g 1 /1 g 1
]Pmo ( ng,a gLy,s Z \/;")/ lOg g + b, ELI,R g \/gfy log Ea TOD(z,¢) < T@D(y,s))
(3.52)

11/2 A A~
/ 2V +ayy = = 4(1 + pay)/2 1
exp log e[

1 _pzy

< 0(1) ! e (log

— (loge)? [z =yl

We can ensure that the coefficient

2VT+ avy — 72 = A2 (1 + pay) /2
1 _pxy

is as close to v2/2 as we want. In particular, it is smaller than 2 and we have shown that

(log £)2e™7"/2 times

/1 /1 1 [1 - 1
]P):vo ( gL:v,ea gLy,a Z 710g g + b, ELQC,R S 'ylog Ea ToD(xz,¢) < T@D(y@))

is bounded from above by a quantity independent of € and integrable. It concludes the

proof. [

Remark 3.22. We now do a small remark that will be useful in the proof of Proposition
3.21. If in the inequality (3.48) we had a worse estimate with an extra multiplicative error
(1 + O(1/4/log(1/e)))" in the sum indexed by n, we could have absorbed this error by
increasing slightly the value of o and it would not have changed the final result: we would

have still obtained an upper bound which is integrable over x, y.

We now prove Proposition 3.21. We are going to see that this is an easy consequence

of the proof of Proposition 3.20 and we will use the notations defined therein.

Proof of Proposition 3.21. By definition of 17 (see (3.24)), E,, [#2(A)?] is equal to

1
log () 5'72 / Ezo |:6V\/ 1Lz ]_G/s(x,so,M)e'y\/ 1Ly 1G”€(y,€o,M)] dxdy.
g Acg X Agg

As before, if a € (7?/4,1), the contribution of points x, y such that |x — y| < &% is negligible:

it is at most

1 1 /2 [ 1
log () £’ g2 exp (72 log — + /=M~y /log ) / E.,
3 € g el Ja

_ 8772/2+2a70(1)Ex0 [V'Y(A)]

£

2
Y *Lx,s
e V7 ] dx
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which converges to zero thanks to the first moment estimate (3.27) of Proposition 3.17. For
x,y € A, with |z — y| > €%, we proceed in the exact same way as before. In particular,
we have the same description of the joint law of (L, ., L, g, L, .): starting from any point
of 0D(x,¢) and conditioning on the event that the number of excursions from 0D(x, R)
to 0D(z,¢) is n, we can approximate L, .(7)/e by a Gamma random variable I'(n + 1, 20)

which is the sum of n 4+ 1 independent exponential variables with mean 26. Here
1
6 =logR+ O(1) = (1 — pyy) log o O(1).

The only difference with the case treated in Proposition 3.20 is that we consider

1 2
gz )e € {‘m—wlog(us) <M log<1/a>} (3:33)
rather than
log Le=*/2P (T(n +1,1) > L log » (3.54)
8- = 0p 08 ) .

We are actually going to see that the first quantity can be bounded from above by
second one, up to an irrelevant factor. This will allow us to conclude the proof thanks to
Proposition 3.16. With the change of variable u = v/t — v,/6/2, we have

E |e7V200(n+1,1)1

{ ‘ /20T (n+1,1)— log(1/e)| <M log(l/s)}]

_ / > ewani—t dt
0 nl ™ { [Vi-vtos(1/)/ V28] <t flog(1/2)/ /28 |

n 2n+1

(vV/0)? +1€729/2/ I (1 N \/§u> |
12n Vo

n R Y {

dt
u+y 9/27710g(1/s)/\/@’§M\/log(l/s)/\/@}

In the range of admissible u, we have

Vau 1 1
Ve T T, +O( 1og<1/e>)

and we also have
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Hence

| |7V/20T(nt1,1)1

<M 1og(1/e>}]
_ 1 n@ 20 ™ ~420/2 _ Ppe 1 1
= (HO( 1og(1/5>>> o (atr) e eXp( Hipay) 108 gy T O(1)y/108 |xy|)

which then implies that the term in (3.53) is at most

1 R __ 1 1 72 1\"
(1 O ( 1og<1/e>>> TRCE eXp( 315y 108 oy + O(1)y/l0g |x—y) (st loe?)"

Recalling that the term in (3.54) is equal to

{ ’ 20T (n+1,1)—~log(1/e)

n

X ' : 1, X n
log L exp (— g2y log gy + 0(1)) ,;) k! (sl t +0O()",

it shows that the term in (3.53) is at most (1 + O(1/4/|logel|)" exp (O(l) |log |z — y| ’)
times the term in (3.54). As we mentioned in Remark 3.22; it implies that we obtain the
same upper bound as in the proof of Proposition 3.20 with an extra multiplicative error
exp (O(l)\/log(l/ |z — y[)) which is still integrable over x,y. It concludes the proof. [

3.5 Convergence

In this section, we will prove the following proposition:

Proposition 3.23. If ¥ is close enough to v, (02(A x T),e > 0) is a Cauchy sequence in

L? and moreover,

lim E,, {(ag(A % (b,00)) — e T (A x (0, oo))ﬂ —0 (3.55)
and )
s | (g ) = 7204 % (0.00)) | <o) (3.56)

with p(M) — 0 as M — oo. p(M) may depend on .

As mentioned in the introduction, to use the link between the local times and the

zero-dimensional Bessel process (3.7), we will use the following lemma proven in Appendix
3.A:

Lemma 3.24. Let k. k',n >0 with k' > k+1 andn > k' — k. Denoten=e%, n =e ¥
and for alli=1...k' —k, r; = ne™". Consider 0 <1, < -+ < rp_ps1 < rpw_r =1 and
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fori=1...n, T, € B([0,00)). For anyy € 0D(0,n/e), we have

P, (Vi =1...n, Loy (Topm) € Til7on0m) < Top©m) Bropiom )

1—ply) < <1+p(n)

]P)y (VZ = 1 ...on, LO,ri (TBD(O,n)) c E|T8D(O7nl) < 7—8D(07n)>
(3.57)

with p(n') — 0 as ' — 0. p(n') may depend on 7.

Remark 3.25. If we had conditioned on 7op(,) < Tan(o.m): Bropo., Lon/e(Topo,m) rather

than on 7yp) < Tap(om), B the same conclusion would have held: up to a

ToD(0,m)’

multiplicative error 1+ o0,_0(1), we can forget the conditioning on the exit point B, DO

This is a direct consequence of Lemma 3.24.
We now state the result that we will need on the zero-dimensional Bessel process to

prove Proposition 3.23. This lemma will be proven in Appendix 3.B.

Lemma 3.26. Let 7 >~ > 0, b,b € R, so > 1 an integer and for all s € (11, s0l], As €
BR). Letn > 1 and (R¥,s > 0),i = 1...n, independent zero-dimensional Bessel

processes. Denote for all s > 0,

(R9)"

1

R, =

n
1=

Then the following two limits exist

I,(b) := lim te =

t—o0

x P (Ry > 7t +b,Ys € [|1,50]], Re € Ay, Vs € [J50, 1], Re <Fs+b|Vi=1...n,R) > 0)
and

1 -2
lo(M) := lim ——=+/te” ="

t—o00 27‘(

x IE Vi=1...n,RY >0].

el 1 ~
{IRe—t|<M/E} H{Vs€[|1,50[), Rs € As VsE[|s0,t]], Rs <ys+b

Moreover,

L(B)e" = L(0) = (1 + p(M))la(M) (3.58)
for some universal sequence p(M) going to 0 as M — c.
We now prove Proposition 3.23.

Proof of Proposition 3.23. For convenience, if u,v € R, we will write v = 4v in this proof

when we mean —v < u < v.
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We start by proving that (77(A x T'),e > 0) is a Cauchy sequence in L. We want to
show that
lim sup By, [(#2(A x T) = (A x T))*| = 0.

£,0—0

By expanding the product, we notice that it is enough to show that

lim sup By, [#7(A x T)72 (A x T)] — By, [77(A x T)7J (A x T)] < 0.

£,0—0

Take ,0 > 0. In this proof, we will denote f. s(x,y) := |log 8] |loge| (5g)~7"/? times

L. 1 L 1

Take n € {7,r < g0} and denote (A x A), the subset of A x A made of "good points":

r<eo

(Ax A), = {(:E,y) € AxA:D(y,n)n | dD(z,7) = @} . (3.59)

If (z,y) € (A x A),, the two sequences of circles (0D(z,7),r < gy) and (0D(y,7),r < €0)
will not interact between each other inside D(y,n). Since the Lebesgue measure of
(Ax A)\(Ax A), goes to 0 when n — 0, Proposition 3.20, or more precisely (3.52), implies
that

/(AXA)\(AXA)n feelz,y)dady < (Ax AP\ (AxA), Sgpfe,e(x,y) xdy = 0,-1(1)

E. [P7(AX T)0X(A X T)] —E,, [P72(A x T)d (A x T)] is thus at most
< — .
= 017%1(1) + /(A><A)n (fs,s<x7y) fs,é(x’y))dxdy

Our objective is now to bound from above f. .(x,y) — f.s(x,y) for (z,y) € (A x A),. The
two probabilities in f. .(z,y) and in f. 5(z,y) differ only from what is required around
y. We are thus going to focus around y. We consider the excursions from dD(y,n/e) to
0D(y,n): define o =0 and for all i > 1,

oM = inf {t >0 B € 8D(y,77/e)} and ¢ := inf {t > oM B, € dD(y, 17)} :

We denote by N := max{: > 1 : al@) < 7} the number of excursions. The local times
of circles centred at y inside D(y,n/e) accumulated during the i-th excursion, that we

will denote by (LZ(f)T, r < n/e), depend on the starting point B_) and on the exit point
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B O But this dependence is weak if the excursion goes deeply inside D(y,n/e): this is
the content of Lemma 3.24. This is why we consider ' € (7,7 < g¢) much smaller than 7

and for all 7 > 1, we consider the random variable v;

Lif B |otY, ot N D(y, ' e) #
vV, =
0 otherwise.

We claim that there exists N, independent of x,y, e such that

1 1 1 1 2
P, —L, (1), L, > ~1 b,N > N, —0c . 3.60
W () J () = ylog ~ + ) T (3.60)

This is in the same spirit as what we did in Section 3.4. To not interrupt the flow of the
proof, we postpone the justification of this claim at the very end of the proof.

It is thus actually enough to bound from above g. .(x,y) — g-5(z,y) where g s(z,y) is
the modification of f.s5(z,4): ges(z,y) := log(1/0) log(1/)(de)~""/? times

L. 1 L 1
Py, ( ’S(T) > ylog — +b, y’gm > vlog =+, Ge(x, ), Gs(y, &), N < Nn) :

We are going to condition on the whole trajectory except the excursions from 9D(y,n/e)
to dD(y,n) which visit D(y,n’/e). The only randomness remaining will come from L, ,(7)
for r < n. We have:

1 2
——(08)" g s(1,y) = B, {1
log(4) log(€)< ) s(@:Y) ’ {\/L”’jmzvlog i+b7Gs(w,Eo),Gn(y,50)1N<Nn}

N )
x Py, (Vr en',n/el,> 1{%:1}[13(,1,)? < 47 (log 7)° Z Liv,— O}Lé)r

P =1
\/@ Z f}/log% + b, Gé(yan/)7

We are interested in this last conditional probability. For a given i > 1, Lemma 3.24 (or

), B (2)71)17(1{111 o}Lé)T, [n',n/e]),izl...Nﬂ.

more precisely Remark 3.25 following Lemma 3.24) tells us that there exists p(n’) which
may depend on 1 and which goes to 0 as 7’ — 0, such that for any sequence (7T}.,7 < n/e)
of Borel subsets of R,

IP’(L() € Ts,Vr € [0,n/e), L(Z €T

)7B 5 Vi = 1, LY

yn/@)

= (L£p(n)P (LYs € T, ¥r € [6,n/e), Ly) € Tr|v; = 1, LY ).

y,0
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(4)
y.mn/e’

. N2
LY r = Mo—s o< 0) law ( R® > 0)
< yms?T 66 S Z ( s) S 2

Now, (3.7) tells us that, conditioned on v; = 1 and L

where R is a zero-dimensional Bessel process starting from 1/eLz(f;)n Je /n conditioned to be
positive at time sy = logn/(en’). By denoting for all s > 0,

we thus have

1

log(0) log(e) (68)"2ge 5(2, )

(L+p(n) =™

1
1 Py | Rige . > vlog = + 0,
{1 / LI%(T)ZW log i+b7Gs(x750)»Gn(9750)7N<N,]} 0 ( log 5 )

N, v, (1{1;1':0}-[/&)77,7" € [77',77/6]) NVi=1... N)] .

A

1,logg

],Rs gfys—i—’ylogg, and Vs € [
n

2 N
2 _ ~2 € i
Rs S 7 (8 + log 77) - E :1{v¢=0}L§/,)rs
i=1

By Lemma 3.26, the conditional probability times log(1/8)6~7"/2 converges as § — 0.

Hence

lim sup {(1 +p() Mgec(z,y) — (1 — p(n’))’N”gg,a(:U,y)} <0.

€,0—0

ges(z,y) and N, being independent of 7 it yields

lim sup gg,g(x, y) — 95,5(37, y) <0.

£,0—0
This concludes the proof of the fact that (72(A x T),e > 0) is a Cauchy sequence in L?,

assuming the veracity of the claim (3.60). To prove (3.55), we notice that

E., (7704 x (6,00)) - e #52(A x (0,00))]

= {Ea, [v2(A x (b,00))?] = € "Ey, [v2(A x (b,00))72 (A x (0,00))]}
+e " {e By [v(A x (0,00))?] = Eqq [v(A x (b,00))72 (A x (0,00))]}

and we want to show that the two terms in brackets go to zero. We proceed in the exact
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same way as before. We have to control the difference of two probabilities of events
which differ only around one point. Around this point, the local times behave as a
zero-dimensional squared Bessel process and we use the first equality of claim (3.58) of
Lemma 3.26. The proof of (3.56) is similar with the use of the second equality of claim
(3.58) of Lemma 3.26 and a claim similar to (3.60) (we omit the details).

We now finish the proof by proving (3.60). As this is a similar reasoning as the ones we
saw in Section 3.4, we will be brief. Conditioned on B_u), B_2) and on the fact that the
i-th excursion visits 0D (y, €), the local time L) of 6D(y, £) accumulated during the i-th
excursion is approximatively an exponential variable with mean 2log(O(1)/¢) (see Lemma
3.13 for a precise statement). Moreover, conditioned on the starting and ending points of
the excursion, the probability for the excursion to visit D(y, ) is at most O(1)/log(1/¢).
Hence, conditioned on the number of excursions N, L, .(7) can be stochastically dominated
by a Gamma random variable with scale parameter 1/(2log(C/e)) and shape parameter
having the law of a binomial variable: the sum of N independent Bernouilli random
variables with success probability C'/log(1/¢). By increasing the value of C' if necessary,
the same is true for L, (7) with N replaced by N + 1 (we could visit 0D(z, ) before
0D(y,n/e)). Hence

1 1 1
P, (\/LM(T), \/Ly75(7') > ~log—+b,N > Nn)
€ € €

< ¥ pr(N:n—l){zn: (Z) (@)kgﬁﬂ%;(gl%g)l}z

n>N,—1 k=1 1=0
2 n k—1 I—k+1) 2
1 2 n 1 1
_ g P, (N=n—1 o= (1 ) . (361
<10g6> ) anzv;—l o ! ) {1; <k> lz:% I! o € ( )

Noticing that the last sum over [ = 0---k — 1 is at most (by decomposing it into the sums
over [ =0...|k/2] —1and [ = |k/2]...k — 1 for instance)

_’_7

(k2]

we see that for any a > 0, there exists C' = C'(a) > 0 such that the sum over k =1...n

1\ Lk/2]—k L
K (bg )

in brackets is at most C'(a)(1 + a)". Moreover, P,, (N =n — 1) < p"~! for some p < 1
depending on 7. Hence, by considering a small enough so that (1 + a)p < 1, the sum over
n in (3.61) is at most C'(p(1 + a))™ < n if N, is large enough. This proves the claim
(3.60) and finishes the proof. O
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3.6 Vague convergence, identification of the limits

and properties of y”

Our proof of Theorems 3.1 and 3.2 relies on the following:

Proposition 3.27. The sequences (VI(A X T),e > 0) and (u2(A),e > 0) converge in L.

Moreover,
1
im e’ — lim ” — im —
ll_r}(l)e v (A x (b,00)) = ll_r}(l) v (A x (0,00)) = N ll_r)% pl(A) P,, —as. (3.62)

The proof is straightforward from Propositions 3.16, 3.17 and 3.23:

Proof. By (3.26), for any ¢, > 0 small enough,
Eoo [ [W2(AXT) = vf(AxT)| ] <2p(eo) + By [ [P2(AXT) —v5(AxT)| .

Proposition 3.23 giving

1/2

limsup Eq, [ [77(A x T) = 53 (A x T)| ] < limsup By, [(72(A x T) = 73 (Ax T))*] " =0,

€,0—0 £,0—0
it implies that
limsupE,, [ [1J(AXxT)—vi(AxT)| ]<2p(e).

€,0—0

Since the left hand side term does not depend on ¢y and since p(g9) — 0 as g9 — 0, it

finally implies that

limsupE, [ [2(AXT)—vj(AxT) ]<0

£,0—0

which proves the convergence in L' of (V2(A x T),e > 0). Using (3.26) and (3.55),
respectively (3.26), (3.28) and (3.56), we can show in the same way that

limsup E,, [ ‘evbyg(A X (b,00)) — V7 (A x (0, oo))’ } =0,

e—0
respectively
1
limsup E, T(A) —v) (A x (0,00 = 0.
s | |l <24 % (0.00) |
As (V7(A x (0,00)),e > 0) converges, this shows the convergence of (u2(A),e > 0) and
the identification of the limits (3.62). O

Proof of Theorems 3.1 and 3.2. By Proposition 3.27, for any A € B(D) and T of the
form (b, 00) with b € R, the sequences (V2(A x T'),e > 0) and (u2(A),e > 0) converge in
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probability. From this, we obtain the convergence in probability for the vague topology of
the random measures (v2,¢ > 0) and (p2, e > 0) through classical arguments which can be
found in [Ber17], Section 6 (the reasoning therein is for the topology of weak convergence
but there is no difficulty to adapt it to the topology of vague convergence). This proves
Theorem 3.1. We now turn to the proof of Theorem 3.2. We will abusively denote the
measure A € B(D) — v7(A x (0,00)) by v7(dx x (0,00)) and we consider the measure v”
on D xR
U (dx, dt) == v (dx x (0,00))e "ydt.

The first equality of (3.62) shows that P, -a.s. the measures v? and 77 coincide on
the countable m-system of subsets of D x R of the form [x1,y1) X [22,y2) X (b, 00) with
x1, T2, Y1, Y2, b € Q. This m-system generates the Borel o-field on D x R and the measures
vY and U7 are P, -a.s. o-finite. Hence 17 = 17 P, -a.s. The same reasoning and the second
equality of (3.62) shows that the measures v/7(dz x (0, 00)) and u(dz)/(v/277) are P, -a.s.
equal. This finishes to prove Theorem 3.2. O

We now explain how we obtain the links between the work of Bass, Burdzy and
Koshnevisan [BBK94] and the one of Aidékon, Hu and Shi [AHS20] with ours. For this
small part, we are going to use their notations that we recall: if z € 9D is a nice boundary

point, i.e. a point where the boundary 9D is locally an analytic curve, and = € D,

- P7Y* denotes the probability measure of Brownian motion starting from z, and
conditioned to exit D through z (see [AHS20], Notation 2.1 (i)),

- Q3°p is the probability measures of trajectories consisting of, first a Brownian motion
starting from x( and conditioned to hit x before exiting the domain, second a Poisson
point process of excursions from x, and third a Brownian motion starting from = and
killed when it exits for the first time the domain (written Q7 in [BBK94], p.606),

- Qpp " is similar to Q3’5 except that the last part of the trajectory is a Brownian
motion conditioned to exit D through z (see [AHS20], Proposition 3.5).

We will also denote C,[0, c0) the set of all parametrised continuous planar curves ¢ defined
on a finite interval [0,t.] with t. € (0,00). C,[0,00) is equipped with the Skorokhod
topology. For any event C' € B(C.[0,00)), we have
QS5 (C,|B, — 2| < 1)
T0,2,a . x,
nd Qe ™O) = M g B, — <)
(3.63)

The following proposition characterises the measures p?. Let us emphasise that we

. P, (C)|B,—z| <)
P (C) = lim —2=
3O = R, (1B — A < 1)

only assume that the domain D is bounded and simply connected here.
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Proposition 3.28. For every v € (0,2) and every non-negative measurable function f on
R? x C,[0,0), we have with a = v*/2,

E., | [, £ Bt (dr)| = Vam7 [ Eqroslf e BIA(. D) *Gplao. x)dr.  (364)

Proof of Proposition 3.28. Proposition 5.1 of [BBK94] states that if the domain D is the
unit disc and if the starting point x( is the origin, for any x € D, the distribution of

Brownian motion conditioned on

1
{LI,E(T) > 7*(loge)? — 2 |loge| log \loge\}
£

converges to Q7% as € — 0. No restriction on the value of ~ is required here and their

proof actually works in a general setting of a bounded open simply connected domain and

a starting point x¢y € D. Moreover, we notice that if we had conditioned rather on

L Lac(r) 2 (107} (3.65)

we would have obtained the same result: this can be seen in their equation (5.7) where
the term 2 [loge|log|loge| is killed by bigger order terms. Hence, we also have: the
distribution of Brownian motion starting from x, and conditioned on (3.65) converges to
Q5 as € — 0. We can now conclude as in [BBK94], Theorem 5.2: by standard monotone
class argument, it is enough to prove (3.64) for f of the form f(x, B) = 14(z)1¢(B) for
some A € B(D) and C € B(C.[0,00)). In that case

Buy | [, £00, BY (0, 0,00))| — By [ [ (0 B2, (0,00))|
< s, [1o(B) (A, 0,00)) = 12(A, 0.50))] < sy (4, (0,50)) = 12(4,(0,50))]

which goes to 0 as ¢ — 0 by Proposition 3.27. Hence

Er, | [, f(o B (e, (0.00)] =l s, [ [ 5l B2 (dr, (0,0))

2 1 1
= li_r>r(1) lloge|e™ /2/ P, <C LLM(T) > 72(10g a)2> P, <Lm,5(7') > 72(10g 5)2> dx
€ A

€
= [ Q)R DY G, )
A ?
by Proposition 3.16, (3.25). Recalling that Theorem 3.2 shows that
W (dx) = V27 (dx, (0, 00)) P,,—a.s.,

this finishes to prove (3.64). O
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From Proposition 3.28, Corollary 3.6 is immediate:

Proof of Corollary 3.6. When D is the unit disc and zy = 0, R(xz,D) = 1 — \:U]Q and
Gp(xg,x) = —log|z| (see [Law05], Section 2.4). Hence by Proposition 3.28 and by
[BBK94], Theorem 5.2, 17 and v/273, both satisfy (3.64). Moreover, these two measures
are measurable with respect to the Brownian path. As noticed in [BBK94], Remark

5.2 (i), there is only one measure satisfying these two conditions implying that P, -a.s.

p = /217y, u
The proof of Corollary 3.7 is quite similar:

Proof of Corollary 3.7. For the same reason as before, it is enough to show that for all

non-negative measurable function f,

By [ [ £, BY0 (40)] = VErrEgy- [/ eI s )| (a60)

and we can assume that f is of the form f(z, B) = 14(x)1¢(B) for some A € B(D) and
C € B(C,[0,00)). By [AHS20], Proposition 5.1, the right hand side term of (3.66) is equal

to

Nors, /D Egeoze [f(2, B)] R(z, D)'G (o, x)d.

On the other hand, by (3.63), (3.64) and by dominated convergence theorem, the left hand
side term of (3.66) is equal to

lim E,, UR f(x, B)u 7<dx)1{|BT—z|<r}:|/]Pzg (|1Br — 2| <)

r—0
QX (Be A, B — 2] <)
— lim /2 /

g v2my P, (|1B, — 2| <r)

r—0
= vary [ QI5“(B € A)R(w, DY G (wo,)ds.

R(z, D)’ ?Gp(xo, )dx

This shows (3.66) and concludes the proof. ]

We finish this section by proving Corollary 3.8. We are basically going to collect
properties in [AHS20].

Proof of Corollary 3.8. Let a = ~?/2. For any nice point z € 9D, the first three properties
are satisfied by M% under P7* (see [AHS20], Proposition 5.4 and Theorem 1.1). By
Corollary 3.7 it is thus also the case for p?. To change the probability measure P})* to
P.,, we notice that

P, (-) = - PP *(-)Hp(xg, 2)dz.
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So if an event E satisfies P})"*(E) = 0 for all nice point z € 9D, P, (E) = 0. This
concludes the proof of (7)-(ii7). We now turn to the proof of the claim (iv). It is enough

to show that for all non-negative measurable function f,

2

E,, { /D @, B) (1P 0 67) (dx)} — Eytan { /D . B) 2 0 (4]
(3.67)
To help us to do the change of variable z’ = ¢(2) in the computations below, we recall that
for any y € D and z € 9D, Hpi(¢(y), d(2)) = |¢'(2)| " Hp(y, z) (see [Law05], Section 5.2).
By Corollary 3.7, and by the conformal invariance of M% ([AHS20], Proposition 5.3), the

left hand side term of (3.67) is then equal to

(67 (2)]

/az) dz Hp(zo, z)Epeo-- {/D/ f(z, B) (M%D o ¢71) (da:)}

=V e Hpton, Py | [ BT (M0 )

= Vamy [ dz Hp(wo, 2)E oo [ / HD{;f;i )) 3 o @) QMgo(d@]
= Vary [ dz 16/(:)] Ho (6(x0). 6(2))
<Bpgiir | [ fo. 3|0 @) EREELES e )
= [, 4= 16/ Hip (0(a0). 0N By oo [ [ 1o B) [0/ t67 )T i ()
= [ 4 Ho (o) B [ [ 1 B[00 @) 0 (o)
= Eopan | [, £, B0 @) i )]
This shows (3.67). O

Appendix 3.A Proof of Lemma 3.24

We now prove Lemma 3.24.

Proof of Lemma 3.24. To ease notations, we will denote 7, := Tap(o,y), Ty 1= Tap(o,y) and
foralli=1...n,L,, := Lo, (7). Take C' € B(0D(0,n)). We will denote Leb(C) for the
Lebesgue measure on dD(0,n) of C. It is enough to show that

P, (B, € Ciry <7,,Vi=1...n,L, €T) (3.68)
P, (B, € C,ry < 7,)

= (14 0y-01)) Py (ry <)

Py, (ry <m),Vi=1...n,L, €T;).
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Moreover, establishing (3.68) can be reduced to show that

P, (B, € Ciry <7,,Vi=1...n,L, €T) (3.69)
Leb(C)

= (L+oymn(D) 5

Py (ry <m),Vi=1...n,L,, €T;).

Indeed, applying (3.69) to T; = [0,00) for all i gives (which was already contained in
Lemma 3.15)

Leb(C)

Py (BTn €y < TW) = (L+ oy—0())Py (1 < 7) 21

)

which combined with (3.69) leads to (3.68). Finally, after reformulation of (3.69), to finish

the proof we only need to prove that

Leb(C)
2mn

Py (B, € Clry <7, Vi=1...n, L, € T;) = (14 0yo(1)) (3.70)

The skew-product decomposition of Brownian motion (see [Kal02], Corollary 16.7 for

instance) tells us that we can write
(Bi,t > 0) L (IB,] €, > 0) with (6,,¢ > 0) = (w,,,t > 0)

where (wg,t > 0) is a one-dimensional Brownian motion independent of the radial part
(|B¢|,t > 0) and (04,t > 0) is a time-change that is adapted to the filtration generated by
(1Bef .t = 0):

t 1 p
oy = | —=ds.
' /0 |B,|*
In particular, under P,, we have the following equality in law

(Tn, |Bi| ,t < 7, Bm> @ (Tn, |By| .t < Tn,newOHgN) (3.71)

Nt

where 6 is the argument of y, NV is a standard normal random variable independent of
the radial part (|B;|,t > 0) and

Tn 1
g = ds.
/0 |B,|”

We now investigate a bit the distribution of e!®**V for some t > 0. More precisely,
we want to give a quantitative description of the fact that if ¢ is large, the previous
distribution should approximate the uniform distribution on the unit disc. Using the

probability density function of N and then using Poisson summation formula, we find that
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the probability density function f;(#) of e titN at a given angle 6 is given by

£(0) Z —(0—00+2mn)%/(2t) _ Zezpe 00) o —P?t/2

v 27T nez 27T pEZL
1 2

=5 <1+2ZCOS (0 —0p))e® t/Z) :
T

p=1

In particular, we can control the error in the approximation mentioned above by: for all
6 € [0, 2],

1 1 5 1
< = —P°t/2 C 1. — —t/2
fi(0) — 7| < g e < 1max<,\/¥ e

p 1

for some universal constant C; > O.
We now come back to the objective (3.70). Using the identity (3.71) and because the

local times L,, are measurable with respect to the radial part of Brownian motion, we

have by triangle inequality

Leb(C) ’

P, (BT,] eClry <t,Vi=1...n,L, € Ti) — 2
-

<, [ [7]5:00) = |1 ey

S Cl Leb<C>Ey [maX <1’ 1) e—§/2
7 V3

Leb(C) l ( 1 ) »
<(C;———E, |max | 1, e /2
=y NG

, ™ 1
¢ = / ds.
Trn |BS|2

To conclude the proof, we want to show that

1 /
E, |max |1, es/?
! [ ( \/?>

By conditioning on the trajectory up to 7, it is enough to show that for any 7, €
B([0,00)),i =1...n, for any z € 9D(0,7'),

1 /
E, |max (1, — | /2

In the following, we fix such 7} and such a z.

Ty < Tp,Vi=1...n,L,, ETZ-]

Ty < Ty, Vi=1...n,L, €T;

Ty < Ty, Vi=1...m,L, ETZ-]

where

Ty <Tp,Vi=1...n,L, € Tl] = oyo(1).

Vi=1...n,L, € T;] = 0y50(1). (3.72)

Antoine Jego 111



CHAPTER 3. PLANAR BROWNIAN MOTION AND GAUSSIAN MULTIPLICATIVE
CHAOS

Consider the sequence of stopping times defined by: a :=0andforalli=1... kK +k,

o) = inf {t >0 1B = e 1/2} and 0¥ := inf {t > oM 1 |B,| € {nfe ,77’6"’1}} :

We only keep track of the portions of trajectories during the intervals [07?1),01(2)} by
bounding from below ¢’ by
K=k (2) _ 01(1) B
— P (n/ei)2

By Markov property, conditioning on {Vi = 1...n,L,, € T/} impacts the variables
c? _ oW only through ‘Bg@)‘. But one has that there exists ¢ > 0 such that for all

i=1...K —k,
1 c
E, | ——+ < —0.
[afz) — oM ] (n'e’)?
Then for all S > 0 we have by Markov’s inequality and then by Jensen’s inequality applied
to u— 1/u:

‘B%@)

|
P.(L<SNi=1...n, L, €T) < SE. Hw:y..n,Lm ET]

S

(m'e)? | .
_/ 221@{.2 (1)\1 1...n, L, €T

In particular, P, (L < S|Vi=1...n,L,, € T}) < 0,,0(1)S and it implies that

1 /
E, |max 1, —= | e/
<E, [max (1 —VL/2

Vi=1...n,L. €T,

,L1/4>e Wzl...n,LmeTi’]
< Y max (1,2000/4) 22 (970 < L < 27PYi=1..n, Ly, €T))
p=—00
s —(pt1)/2
— oy0(1) Y 277 max (1, 2<P+1>/4) e TR — o (1),

p=—00

This shows (3.72) which finishes the proof. O
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Appendix 3.B Zero-dimensional Bessel process

This appendix is dedicated to the proofs of the properties we have collected on the zero-
dimensional Bessel process throughout the article. Because those properties are fairly
classical, we will sometimes be brief. Recall that we denote by IP, the law under which
(Rs)s>0 is a zero-dimensional Bessel process starting from 7.

In this section, we will denote ¢s(x,y) the transition probability of (R;)s>o. It satisfies

the following explicit formula (see Proposition 2.5 of [Law18] for instance)

T _2%+y? T
wlay) = L0 () (3.73)

S

where [; is a modified Bessel function of the first kind:

L) =Y — (;‘)Ml. (3.74)

=0 n!(n +1)!
We also recall (see [Par84]) that for all v > u > 0,

Li(v) < —e" "I (u) (3.75)

ﬁ\@

and that I; has the well-known asymptotic form:
Li(u) ~ ——=e". (3.76)

We start by proving Lemma 3.19.
Proof of Lemma 3.19. Take t, A and r as in the statement of the lemma. We have
P. (R >\ = / qi(r, x)dx.
A

For all > A, we have rz/t > a. Hence, by (3.73) and (3.76), there exists C' = C(a) > 0
such that for all x > A,

i 1' 1 rT ‘T*TQ
q(r, )<C e 6T§C’,/L6_%.
m:/t At

Using tail estimates of normal random variable, this leads to

P, (R > \) < C’\/_ \/_et—e
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This proves the first claim. The second claim follows from the first one and from

24 00 |
E [ <+ [ P <Rt > Og“) dy.
v

er?t
We omit the details. O]

We now move on to the proof of Lemma 3.18.

Proof of Lemma 3.18. For ease of notation, we will assume that b =0 in the proof. We
are going to show that there exist ¢ = ¢(vy,7) > 0 and s¢g = so(y,7, ro, b) > 0 such that for
all 7 € (0,79) and t > s > s,

P, (R, >yt +b, R, > 7s) <

SRR

1
—e “IP.(Ry >yt +0), (3.77)
c
1
—e I, (e . 3.78
~e T, [ (3.78)
Lemma 3.18 is then an easy consequence of these estimates.

Define e = (§ — 7)/4 > 0. Assume that t is large enough so that et > b. Take s < ¢
and A < (7 + ¢)t. We are going to show that

P, (R € [\ (v + )], Ry > ) <

1
S (R 2 ) (3.79)

for some ¢ = ¢(v,7) > 0. We will then see that we can conclude with a proof of (3.77)
and (3.78) quite quickly. We have:

o0

P, (R, € [\, (y +€)t], R, > 7s) = Z / 6 (r,32/7) P, (Ri—s € [\, (7 + £)t]) da.

vYs

But by (3.75)

i (B e () = [ T g <_W> I Gxg/s’v) "

\ 2 - -
F\° o+t @ Fz/?+y* (A > ( = )

< (7 _OTTTY (0 I d

_<7> /,\ t—seXp< 2(t —s) * v i—s) i —s)Y

go(r, 52 /) < ZZ exp (—W + (i - 1) m) L (m) . (3.80)

2s y s S
After elementary simplifications, we find that P, (R; € [\, (v + €)t], Rs > 7s) is at most

(3)4 /jo dz gs(r, ) /A(W)t dy qi—s(, y) exp < - (it__li;v (Fj ; ot — s - r(t— s)>>.

and
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We have chosen € < (7 —v)/2 so that for all x > s and y € [\, (v + ¢)t],

/v +1
2

xt —ys > cts

for some ¢ = ¢(v,7) > 0. Hence if s and ¢ are large enough (depending on v,% and rg),

/v +1

5 xt—ys—r(t—s) > ts

for some ¢ = ¢/(7y,7) > 0. This implies (3.79).

This finishes almost entirely the proof. Indeed, to prove (3.77) we use (3.78) with
A = 7t + b and we notice that (3.80) (used with s = ¢t and ¥ = v + ¢) implies that
IP, (R; > (v +¢)t) is at most

<7 +6>2/°° () exp (_((v +e)/y -1z <<7+6)/7+ L T))

vy t t 2
< 76—015")7- (Rt 2 "}/t)

[

for some ¢ = ¢(y,7) > 0 and if ¢ is large enough. This shows (3.77). For (3.78), we see
that (3.79) gives

/0 ( Qi TP RCAR I A) dA

~  (log A
/ <0g <Rt§(7—|—s)t,R52%>d/\
0

1 o (1 1
< e / P, ( %A L R < (v+ s)t) dX < —e, [e].
c 0 v c

lEr 'y t]-{R >75}1{Rt< ~v+e)}

On the other hand, we have by (3.31)

IE,. [e'y 1{Rt>(v+e)}} Si ', {esz}

which concludes the proof of (3.78). This finishes the proof. O

We finish this appendix by proving Lemma 3.26.

Proof of Lemma 3.26. The sum of n independent zero-dimensional squared Bessel pro-

cesses is still a zero-dimensional squared Bessel process. Hence, by conditioning on
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(RW,s < s9),i=1...n, we have
P (R >t +b,s € [|1,50]], Re € A, ¥s € [[so,t]], Ry < Fs+b|¥i = 1...n, R) > 0)

= {IP o (Rt,so >yt +b,Vs € [|1,t — so|], Rs < 7(s + so) +5)
2ima | B

=1

X 1vse[1,50[],Rs€As)

v@':1...n,Rgg>>o].

Now we focus on the asymptotic of
P (Ri—sy > 7t +b,Ys € [|1, — soll, Ra < (s + 50) + D)

for a given r > 0. Take € > 0. By (3.29) of Lemma 3.18, there exists s, > 0 such that for
all t > s+ so,

0 <P, (Ri—sy > 7t +b,¥s € [|1, 5[], B < (s + 50) + D)
— P, (Rt_so >t +b,Vs € [|1,t — sol], Rs < (s + so) —1—5) <e.

But
IP,. (Rt—so >yt +b,Vs € (|1, s0], Rs < (s + so) +g)
=IE, [I{VSEHL%H,RS<§(S+SO)+Z}|PRS,0 (Rtfsofsg) > At + b)} ‘

We could have done the same reasoning with the expectation of e?f1 (1Rt <MVE}: the

only difference is that we would have to replace

Pr, (Ris-sy 27 +0) by g,
0 0

<Mm}]

e’YRt—sOfsé) 1{

Ry sy—sp ~v(t=50=57)

(see also claim (3.30) of Lemma 3.18). To conclude the proof, we thus only need to show
that for a given r > 0 and ty > 0,

2 1 2
Tt -t Ry
ter P (Rity 2 9t 4+9) and —pi/te™ 5, Ty et}

converge and that the limits satisfy (3.58). This is a simple computation:

r2 o z2 I 1 2
t Yt+b t t—=oo t
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implying that
TIl (’YT) €_b’y_§t0

2
2 ¢
te2 IPT (Rt—to > ’)/t + b) . ~

whereas

r 'ytJrM\[ rx
+ x
|E 1{\Rt 7t|<M\f}] —-e 5 /yt M\f e = I <t>d£€

~ 7“[1 (yr)—= 77/ e yQ/Qdy

t—

implying that

’\/2 ] ’YQ
\/E@iTtIET |:€’YRt—t0:| ~ r 1(770) 677t0<1 - p(M))

t—o00 y

1
YV 2T

for p(M) =1 — (M, e=¥"/2dy/+/2x. This concludes the proof. O

Appendix 3.C Continuity of the local times. Proof
of Proposition 3.5

Consider any norm |-|| on R? x R. By Kolmogorov’s continuity theorem, to prove

Proposition 3.5, it is enough to show:

Lemma 3.29. For allp > 1 and n > n > 0, there exists C' = C(p,n,n') > 0 such that
forallz,y € D and 0 < e,0 <1 such that D(x,n)U D(y,n) C D,

Eaq [|Loe(7) = Lys ()] < O () = (3. )" Jlog ||, &) = (5, ]I (3.81)

Let us emphasise that the previous lemma considers the local times L, .(7) rather than
their normalised versions L, .(7)/e. Before proving this lemma, we collect one more time

a property on the zero-dimensional Bessel process:

Lemma 3.30. For all integer p > 1, there ezists C' = C(p) > 0 such that for all0 < s < 1
and for all starting point r > 0,

E, |

L — rz‘p} < CsP? max(1,r%). (3.82)

Proof of Lemma 3.50. Take A\ > 0. We are going to bound from above P, (|R? — r?| > \).
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Denoting T := inf {t > 0 : |R} — r?| > A}, we have:

P, (

R?—TQ‘ > )\) < IP, (sup

0<t<s

Rf—r2\>A>

=P, (Ty < 5) =P, (T3 < s,

R% — 7“2‘ > )\) .
And recalling that (see [Law18])
d(R?) = 2R, dW,

where (W;);>0 is a standard one-dimensional Brownian motion, we see that (R?);> is a

local martingale whose quadratic variation is given by
T
VT >0, (R?) = 4/ R2dt.
T 0
In particular, (R?), < 4(r? + \)Ty a.s. Also, because (R7,z, —r?,t > 0) is bounded, for
all u > 0,
() o)
is a martingale uniformly integrable. We thus have by Markov’s inequality: for all u > 0,

A (&

P, (T < s, B3 — 12> ) <P, (TA < s "

S IPT (eu(R%Arz)u2<R2>T)\/2 >

(R%}\fr2)fu2<R2>T /2 > u/\u2<R2>TA/2>

eu)\72u2 (r2+)\)s)

)\2
< —ud+2u?(r2+N)s — _
= P 8(r2 4+ \)s

with the choice of u = A/(4(r?+))s). The same reasoning can be applied to the probability
IP, (T,\ <s Ry —1?* < —)\> and we have found

VA >0, IPT(

)\2
2 _ 2 < R
R; T‘>/\\/§)_26Xp< 8(7"2—1—)\\/5))

It then implies that

R? —TQW = sp/Q/OOO IPT(

o ([l ) o )
<O (P + Va5 + (7 + Vo))

. |

R’ — r2\ > AVPy/s) d
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which yields (3.82) recalling that s < 1. O
We are now ready to prove Lemma 3.29.

Proof of Lemma 3.29. The proof will be decomposed in two steps. The first one will
bound from above the left hand side term of (3.81) when = = y whereas the second one
will treat the case § = e. In the first part, we will be able to transfer all the computations
from the local times to the zero-dimensional Bessel process. For the second part, we will
use the result of the first step to compare the local time L, .(7) with the occupation
measure of a narrow annulus around the circle dD(z, ¢). Then an elementary argument of
monotonicity will allow us to conclude.

In the entire proof, we will consider p > 1, n >n >0, z,y € D, 0 < e,§ < n such
that D(z,n') U D(y,n') C D. Without loss of generality, we will assume that £ > §. All
the constants appearing in the proof may depend on p, n and 7. Before starting off, let us
notice that if we fix K > 0, the result (3.81) is clear if |z — y| V |¢ — §| > /2 /K. Indeed,

in that case we have:

Eoo [|Lae(T) = Ly s ()] < 227 By [Lo o (7)P + Ly (1)) < CeP [logel’
< CKPPer [logel” (|lz — y| V [e — ])"/°
< Cl “('r?g) - <y76)||p/3 .

In the rest of the proof, we will thus assume that |z —y| V |¢ — | < %/?/K. It will be
convenient for us in particular because it forces ¢ — |z — y|** — |# — y| to be positive (if
K is larger than 232 say).

Step 1. In this step, we assume that z = y. To use the links between the local times
and the zero-dimensional Bessel process, we consider the different excursions from 0D(x, €)
to 0D(x,n): we define o :=0and for all i > 1,

oV = inf {t >0 B € 8D(x,€)} and 0¥ := inf {t >0V B, e 0D(z, 7))}

We also denote N := max {z >0: 01(2) < 7'} the number of excursions before exiting the
domain D and for all i > 1, we denote L, . and L, ; the local times of dD(z, €) and dD(z, 9)
accumulated during the ¢-th excursion. To avoid to condition on N, we do the following

rough bound which follows from Jensen’s inequality: for No > 1, E,, [|Lyc(7) — Las(7)["]
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is equal to
Exo Z L;:,e - LZa,é 1{N§N0} + Ewo [|Lx75(7_) - Lx,6(7)|p 1{N>No}}
i=1
p—1 al i i [P 2p]1/2 1/2
< VoV S Euy [|L . = L g"] + Eay [| L (7) = Laal(7) ] 7 Py (N > No)
i=1

< (NP E,
< (o)’ |, max o |

) ’ No/2
Lo e(ron(am) = Las(Top(en)| | +Ce” llogel” <llog 6I> |

(3.83)

If we choose Ny to be the first integer larger than

e |log | llog €|
2p log <‘€_5|1/2>/10g < C s

the second term of (3.83) is at most C' |¢ — 8|"/2. Thanks to (3.7) and Lemma 3.30, the first
term of (3.83) can be easily controlled: denoting s = log(e/d) and Ry = \/LM(TBD(M))/g,
for any z(, € 9D(x,¢), Eyy [

P .
L:p,z—:(TaD(.t,n)) - Laz,é(TaD(z,n))‘ ] 1s at most

p 1 1 !
} +277 e — 0" By K(;LL(S(T@D(%"))) }

R2— RY"|| +Cle — 6 [log 0"

1 p
< Cgp(log(é/é))pﬂ[@% {max (1, <€Lx,€(TaD(m))) )] + C'|e — 6|7 [log 6]
< CeP(log(e/8))P/? |logel” + C |e — |7 |log 6|7 .

3

2p71E16 |: L:r,s (T(’)D(ac,n)) - ng,(S(TaD(:c,n))

< 'Ry [Eg, |

Recalling that |¢ — 6| < £%/2/K, it leads to

Er, |

p
Lac,6<7_8D(x,77)) - Lx,d(TaD(:{;,n))‘ } S C |€ - 5|p/2 .
Coming back to (3.83), we have just proved that
Euy [|Lee(7) = Las(7)I”) < C [log e — 8|[" e — 6]/ (3.84)

Step 2. Thanks to the first step we can now assume that ¢ = §. In this step, we will

denote for u € R, {u}t := max(u,0)?. It will be convenient because it is a non-decreasing

2/3

and convex function. We will also denote a = |x — y|”". By taking K large enough and

decreasing (resp. increasing) slightly the value of 1 (resp. 1) if necessary, we will be able
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to use the results of the first part for the circles
{0D(z,r),e —a—|z—y|<r<e+a+|r—y|} and {0D(y,r),e —a<r<e+a}.

Recall that € — o — |z — y| > 0 thanks to the assumption |z — y| < £3/2/K. We notice

that P, -a.s.
eta+|z—y| eta
[(E = Lx’r(T)dT and [y = / Ly,r<7—>dr (385)

e—a—|z—y| e—a

are equal to the occupation measures up to time 7 of the annuli
D(w,c+a+ |z —y)\D(z,2 —a — [z — y|) and D(y,= +a)\D(y,e — a)

respectively. As the first annulus contains the second one, I, > I, P, -a.s. We have

p

Bay [{Lye() = Lea(D)Y,] < CBuy ({51, — b))

OB [{Laetr) = 01, + OB (st = 2o}

By our previous observation, the first term on the right hand side is at most

lz —yl\" 1 g
o("2") B fari =

thanks to our choice of a. The two other terms can be controlled thanks to (3.84): by

< Clx -y

Jensen’s inequality

E,, [{Lyﬁ(ﬂ - 211}] _E,, [{21& [ 0etr) ~ L par)

(07 + e—«a +

1 eta
= 200 Je—a By [{Lyva(T) - Ly,r(ﬂ}ﬂ dr < Ca?? [log af’

and the third term satisfies a similar upper bound. We have thus obtained:
By [{Lye(7) = Leo(r)}] < C'lz — y"* [logla — ]I

By symmetry, the same thing is true for E,, [{Lx,e(r) - Lyﬁ(T)}ﬁ_} which concludes the
proof. ]
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Chapter 4

Characterisation of planar Brownian

multiplicative chaos

We characterise the multiplicative chaos measure M associated to planar Brownian
motion introduced in [BBK94, AHS20, Jeg20a] by showing that it is the only random
Borel measure satisfying a list of natural properties. These properties only serve to
fix the average value of the measure and to express a spatial Markov property. As a
consequence of our characterisation, we establish the scaling limit of the set of thick
points of planar simple random walk, stopped at the first exit time of a domain,
by showing the weak convergence towards M of the point measure associated to
the thick points. As a corollary, we obtain the convergence of the appropriately
normalised number of thick points of random walk to a nondegenerate random
variable. The normalising constant is different from that of the Gaussian free field,
as conjectured in [Jeg20b]. These results cover the entire subcritical regime.

A key new idea for this characterisation is to introduce measures describing the
intersection between different independent Brownian trajectories and how they
interact to create thick points.

4.1 Introduction and main results

The study of exceptional points of planar random walk has a long history. In 1960, Erdds
and Taylor [ET60] showed that the number of visits of the most visited site of a planar
simple random walk after n steps is asymptotically between (logn)?/(4r) and (logn)?/=
and conjectured that the upper bound is sharp. This conjecture was proven forty years
later by Dembo, Peres, Rosen and Zeitouni in the landmark paper [DPRZ01]. These
authors also considered the set of thick points of the walk, where the walk has spent a time
at least a fraction of (logn)?, and computed its asymptotic size at the level of exponents.
Their proof is based on planar Brownian motion and uses KMT-type approximations to

transfer the results to random walk with increments having finite moments of all order.
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[Ros05] provided another proof of these results without the use of Brownian motion and
[BRO7] extended them to planar random walk with increments having finite moment
of order 3 + . [Jeg20b] streamlined the arguments by exploiting the links between the
local times and the Gaussian free field (GFF) and extended the above results to walks
with increments of finite variance and to more general graphs. [AHS20] and [Jeg20a]
constructed simultaneously a random measure supported on the set of thick points of
Brownian motion extending results of [BBK94]. Finally, [Okal6] studied the most visited
points of the inner boundary of the random walk range.

A closely related (but in fact distinct as we will argue below) area of research is the
study of planar random walk run until a time close to the cover time. It has become very
active since Dembo, Peres, Rosen and Zeitouni [DPRZ04] found the leading order term of
the cover time for both planar Brownian motion and random walk settling a conjecture
of Aldous [Ald89]. Since then, the understanding of the behaviour of the walk in this
regime has considerably improved. We mention a few works. On the torus, the multifractal
structure of the set of thin/thick/late points has been studied [DPRZ06, CPV16, Abel5],
the subleading order of the cover time has been established [Abe20, BK17] and even the
tightness of the cover time associated to Brownian motion on the 2D sphere is known
[BRZ19]. For a walk resampled every time it hits the boundary of a planar domain,
the scaling limit of the set of thin/thick/late points has been established [AB19]. The
picture is even more complete on binary trees where the scaling limit of the cover time
[CLS18, DRZ19] as well as the scaling limit of the set of extreme points having maximal
local times [Abel8] have been derived.

The current paper is closer to the setup of the first series of articles where the walk
is stopped at the first exit time of a planar domain. Its aim is to establish the scaling
limit of the thick points of planar simple random walk stopped at the first exit time of a
domain by showing that the point measure associated to the thick points converges to
a nondegenerate random measure M. This gives much finer information on the set of
thick points and, as a corollary, we obtain the convergence of the appropriately normalised
number of thick points of random walk to a nondegenerate random variable considerably
improving the previously known above-mentioned results. In that sense, it is the final
answer to the question raised by Erdos and Taylor.

In this regime a comparison to the GFF is too rough, in contrast with the regime
corresponding to times closer to cover time; and indeed, in this latter case the limiting
measure is related to the so-called Liouville measure of GFF (see [AB19] and see [RV10,
DS11, RV11, Shal6, Berl7] for subcritical Liouville measures and Gaussian multiplicative
measures). In our delicate setting of limited time horizon, the limiting measure M, that

we can call “Brownian multiplicative chaos” in analogy to Gaussian multiplicative chaos
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measures, was introduced in [BBK94, AHS20, Jeg20a] and was so far fairly mysterious.
On the one hand, it shares a lot of similarities with the Liouville measure such as carrying
dimension and conformal invariance. But on the other hand the measure M is very different
in the sense that it is carried and entirely determined by the random fractal composed of
a Brownian trace. One of the main result of this paper consists in characterising the law
of the measure M. We show that it is the only random Borel measure satisfying a list of
natural properties which fix its average value and express a spatial Markov property. This
demystifies the measure M and shows its universal nature.

We start by presenting our results on random walk. We then discuss our characterisation

of Brownian multiplicative chaos.

In this paper, we will consider simply connected domains with a boundary composed
of a finite number of analytic curves. Such a continuous domain will be called a “nice
domain” and a boundary point where the boundary is locally analytic will be called a

“nice point”.

4.1.1 Scaling limit of thick points of planar random walk

We will extend the definition of the integer part function by setting for z = (z,15) € R?
|z| = (|z1], [22]). For a nice domain U, a reference point zy € U and a large integer N,

let Uy and OUy be discrete approximations of U and OU defined as follows:

Uy = {LNJCJ el there exists a path in Z? from |Nz| to |Nuxg] }

whose distance to the boundary of NU is at least 1

and
Uy = {:E €Uy :3y € Z\Uny,|z —y| = 1}.

This intricate definition of Uy is just to avoid issues with “thin” boundary pieces. For
z € 0U, we will abusively write | Nz| any point of Uy closest to z. Let (X;)i>0 be a
continuous time simple random walk on Z? with jump rate one (at every vertex, it waits
an exponential time with parameter one before jumping) and define its hitting time of

OUy and local times:
¢
Touy = inf {t 2 0, X, € 0Uy} and for v € 2t > 0,6 = [ 1, _pds.
0

For z,z € C, we will denote by PUN the probability measure associated to the walk
(Xi,t < Ty, ) starting at Xo = |z] and PYY := PI~ ( ‘XTBUN = 2] )
Let zy € D and z € 9D be a nice point. Let a € (0,2) be a parameter measuring the
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thickness level,
2 2 1
g=— and ¢y= <’VEM + = log8> (4.1)
s m 2
be universal constants appearing in the asymptotic behaviour of the discrete Green function
(see Lemma 4.11); here gy stands for the Euler-Mascheroni constant. We define a random

Borel measure ug(fN on C by setting for all Borel sets A C C,

log N

U,a L U

Mwo,N(A) T N2_a 262; 1{1’/N6A}1{£;8UN ZgalogzN} under ]P)N].;O (42)
We also define the conditioned version ugé?z; N of /LZ;?N by replacing IP’%;VCO by IP’]L\[/;O’ Na

One of our main theorems is the following.

Theorem 4.1. For all a € (0,2), the sequence ug(;‘fN,N > 1, (resp. ,ug(fz;N,N >1)
converges weakly relatively to the topology of weak convergence (resp. vague convergence)

on U. Moreover, the limiting measure has the same distribution as 600“/9/\/156“ (resp.
e°YIMY ) budlt in [BBK94, AHS20, Jeg20a].

In Section 4.1.2, we recall a precise definition of the above-mentioned Brownian
multiplicative chaos measures MJ* and M%¢, .

We now emphasise the difficulties inherent to the random walk setting that are not
present in the Brownian motion case considered in [BBK94, Jeg20a]. Theorem 4.1 looks
very similar to [Jeg20a, Theorem 1.1] (see also [BBK94] for partial results) which studies
flat measures M., e > 0, supported on the set of thick points of planar Brownian motion.
See Section 4.1.2 for more details about this. But let us emphasise that the approach of
[Jeg20a] cannot be adapted to prove Theorem 4.1 and that a new strategy is needed. Indeed,
the proof of [Jeg20a, Theorem 1.1] is based on the L!-convergence of (M (A), e > 0) for
all Borel set A C C. This strong form of convergence is crucial to the strategy in [Jeg20al.
Here, it is not even a priori clear how to build the random measures umU(’fZ; NN > 1, on the
same probability space so that (,ug(fz; ~(A), N > 1) converges in L'. For instance, coupling
the random walks via the same Brownian motion through KMT-type couplings does not
seem to be tractable, or is at least too rough. As mentioned in the introduction, our proof
of Theorem 4.1 will rely on a characterisation of the law of Brownian multiplicative chaos,
which we describe below.

We first mention however that Abe and Biskup [AB19] have recently established a result
with a similar flavour but important differences. Indeed, they consider a random walk on
a box with wired boundary conditions (so it is uniformly resampled on the boundary every
time it touches the boundary) and run the walk up to a time proportional to the cover
time. In this regime, the local times of the walk are very closely related to the Gaussian

free field and indeed their limiting measure is the Liouville measure (in contrast to here).
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A direct consequence of Theorem 4.1 is the convergence of the appropriately scaled
number of random walk’s thick points. This answers a question raised in [Jeg20b] and
considerably improves the previous known estimates on the fractal dimension [DPRZ01,
Ros05, BRO7, Jeg20b] of the set of thick points. For a € (0,2), we denote

. 2
Tn(a) == {x € 72,6, > Zalog? N} .
T

Recalling the definition (4.1) of g and ¢y, we have:

Corollary 4.2. For all a € (0,2), the following convergence holds in distribution: under

Un
PNQ?U )

log N o “
W#TN(G) oo € 0 /ngUé (U).

Moreover, the limit is nondegenerate, i.e. MY*(U) € (0,00) a.s.

As mentioned in [Jeg20b], despite the strong link between the local times and the GFF,
this shows a subtle difference in the structure of thick points of random walk compared to
those of the GFF which cannot be observed through rougher estimates such as the fractal
dimension. Indeed, the analogue of Corollary 4.2 with the local times replaced by half of
the GFF squared uses a normalisation factor with \/log N instead of log N. See [BL19).

Remark 4.3. To ease the exposition we decided to focus on the measures qu(’J‘?N defined
above, but one can consider random measures on C x R defined by: for A € B(U) and
T € B(RU{+0o0}),

_ logN
o (A X T) N2 %Z:Q 1{I/N€A}1{V OON \/ﬁlogzve:r}'
Once the convergence of ug(’)‘;lN is established, it can be shown that ﬂwU(’J‘?N, N > 1, converges,
relative to the topology of vague convergence on U x (R U {+00}) to a product measure:
M times an exponential measure. See [Jeg20a] for the case of local times of Brownian

motion.

Finally, the convergence of thick points of random walk to Brownian multiplicative
chaos opens the door to other scaling limit results. We mention the paper [ABJL21]
which builds and studies a multiplicative chaos associated to the so-called Brownian loop
soup. When the intensity of the loop soup is critical, [ABJL.21] shows that the resulting
chaos is closely related to Liouville measure elucidating connections between Brownian
multiplicative chaos, Gaussian free field and Liouville measure. This identification of
measures heavily relies on the scaling limit results of the current paper. A stronger form

of convergence than what is stated in Theorem 4.1 is actually needed in [ABJL21]. This
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convergence is stated in Theorem 4.23 and is a by-product of our approach to Theorem
4.1. We preferred to defer the exposition of this result to Section 4.5 because it requires

the introduction of many more notations.

4.1.2 Brownian multiplicative chaos: background and extension

Background This section recalls the definition of Brownian multiplicative chaos measure
M as well as provides the extension of the results of [BBK94, AHS20, Jeg20a] that
we need. We follow the construction of [Jeg20a] (see also [BBK94] for partial results and
[AHS20] for a different construction). For a nice domain U C C and z¢ € U, let PY be
the law under which (B;,t < 75y) is a Brownian motion starting at zo and stopped at the
first exit time of U:

Tou == inf{t >0: B, € oU}.

For 2y € U and a nice point z € U, we will also consider the conditional law PY , :=

PY (- |B,, = #z) which is rigorously defined for instance in [AHS20, Notation 2.1]. For all
x € U and € > 0, define the local time L, . of the circle 0D(z,€) up to time 7oy

ToU

. 1 ToU
Lm,s = lim 7/(‘) 1{€—r§|Bt—m|§s+r}dt

=0 2
with the convention that L, . = 0 if the disc D(z,¢) is not fully included in U. [Jeg20a,
Proposition 1.1] shows that these local times are well-defined for all z € U and € > 0
simultaneously. For all parameter values a € (0,2) measuring the thickness level, we can

thus define the random measure
A€ B(C) > |loge|e™® /A Liss, aafoge?) 00 (4.3)

[Jeg20a] shows that for all a € (0,2) and under IP’IUO,Z, the previous measure converges as

¢ — 0 to a nondegenerate random measure ./\/le(’)‘fZ, our object of interest. Let us point out
that this measure can also be constructed by exponentiating the square root of the local
times L, ., justifying the name “Brownian multiplicative chaos” This random measure
is conformally covariant and, almost surely, it is nondegenerate, supported on the set of
thick points of Brownian motion and its carrying dimension equals 2 — a (see e.g. [Jeg20a,

Corollary 1.4]).

Extension In this paper, a crucial new idea will be to consider the “multipoint” analogue

of this measure. We will denote by S the collection of sets
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where r > 1, for all i = 1...r, D; is a nice domain, z; € D;, z; € dD; is a nice boundary
point, and the z;’s are pairwise distinct points (i.e. z; # z; for all i # j). f DXZ € S,
we will (with some abuse of notations) see the set DX Z as a triplet D, X', Z of domains,
starting points and exit points. We will for instance write “D € D” when we mean that
we pick a domain that occurs in DX Z. Similarly, we will write DX when we forget about
the exit points.

We now define the multipoint analogue of MY . Let DXZ = {(D;, x4, 2),1 =
1...r} €S. Foralli=1...r, we consider independent Brownian motions distributed
D,

Ti,24

level a € (0,2) and Borel set A C C, we define

according to P and we denote by Lfﬁa their associated local times. For all thickness

MRE(4) = flogel = | s 0 saaonet ) im0} 0

We emphasise that, in this definition, the thick points arise from the interaction of the
different trajectories. In particular, the single trajectories are not required to be a-thick.
In fact, as we will see in Proposition 4.7, a single trajectory will typically be a-thick where
« is uniformly distributed in [0, a]. Note also that the normalisation is the same as the
individual measures (4.3). This indicates that they contribute in the same manner to the
occurrence of thick points.

A rather simple modification of [Jeg20a, Theorem 1.1] shows:

Proposition 4.4. For all a € (0,2), relative to the topology of weak convergence, the
sequence of random measures MZ;‘;.;E converges as € — 0 to some random measure M}@‘;

in probability.

The proof of this result is contained in Appendix 4.A. Let us comment that M,’@“Z
clearly vanishes almost surely if (,_; D; = &. Section 4.1.4 investigates some further
properties of this multipoint version of Brownian multiplicative chaos. In particular, we
explain that we can express M,,’@“Z in terms of the integral of the “intersection” of one-point

Brownian multiplicative chaos measures

T

(VM
i=1
This “intersection measure” is a natural measure supported on the intersection of the set
of thick points associated to each single Brownian motion with suitable thickness level.
Further surprising properties of these measures are discussed in Section 4.1.4. See in
particular Proposition 4.7.
Finally, we will consider the process of measures (./\/lg’,%,DX Ze S). We have al-

ready defined the one-dimensional marginals of this process. The definition of the finite-
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dimensional marginals is done in the following way: if D;X;Z;, € S,5 = 1...J, for all
(D, xo, 2) appearing in one of the D;X;Z;, we always use the same Brownian motion from
Zo to z to define the measures ./\/l%% In particular, if DXZND'X’'Z' = &, the measures
Mg% and Mgl,flz, are independent. This definition is consistent and thus uniquely defines
the process (Mf@“z, DXZ e S). We mention that we will sometimes write M% . - instead

of MQ“Z to clarify the situation.

4.1.3 Characterisation of Brownian multiplicative chaos

We can now state our characterisation of the law of Brownian multiplicative chaos. We
start off by introducing some complex analysis notations. Let a € (0,2) be a thickness
level. For any nice domain D C C, x € D and a nice point z € 0D, we will denote by
CR(z, D) the conformal radius of D seen from x, GP the Green function of D with zero
boundary conditions and HP(z, z)dz = P, (B

measure of D. See Section 4.1.6 for precise definitions. We set

.o € dz) the Poisson kernel or harmonic

HP(z,2)

R(e) i= OR(w, D)'GP(w0,2) g5 =5

0,2

(4.5)

By convention, we will set )24 (z) = 0 if z ¢ D. We also introduce, for any r > 1, a

notation for the (r — 1)-dimensional simplex
E(a,r):={a=(a1,...,a,) € (0,a]" :a1 + -+ a, =a}. (4.6)

The Lebesgue measure on F(a,r) will be denoted by da = da; .. .da,_1.

We are about to consider properties characterising the law of the process (Mg:%)DXZES
defined in Section 4.1.2. The most important one will be the spatial Markov property
(Property (P)). Because it will be notationally heavy, we first present a simple particular
case of it which explains the main idea. Let DX Z € S be of the form DX Z = {(D, o, 2) }.
Let D’ be a nice subset of D containing zy. Then Property (FP) amounts to:

MEe and M5+ MY+ M vy pve) (4.7)

0,2

have the same law, where Y has the law of B under P2 .. This comes from the

oD
following simple observation. Let (B, t < 79p) be a Brownian motion in D starting at
xo and conditioned to exit D through z. We divide (By,t < 7yp) into (By,t < 75pr) and
(B, Tapr <t < Typ). An a-thick point for the overall trajectory is either entirely generated
by one of the two small trajectories and missed by the other one, or comes from the

intersection of both.
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We now explain our characterisation. Let (u 1z DXZ € S) be a stochastic process

taking values in the set of finite Borel measures. We consider the following properties:

(Py) (Average value) For all DXZ = {(D;,x;,2;),i=1...r} € S and for all Borel set
A cCC,

]E / dr ~/aEE' (a,r) da H wikz{ik

(P,) (Markov property) Let DXZ € S, (D, x¢,2) € DXZ and let D’ be a nice subset
of D containing xo. Let Y be distributed according to B, under ]P’f0 .. The

joint law of (;@',Q“Z,,D’ X'Z' C DX Z) is the same as the joint law given by for all
DX'Z CDXZ,

{ % it (D, xo,2) ¢ D'X'Z!,

HDRZU(D wov)} T HDRZU(D,Y,2)} T HDRZU((D w0,v),(D.y,2)}y OtREIWISE,

where in the second line we denote DX Z = D'X'Z'\{(D, ¢, 2)}.

3 ' D' ; 2% and p3%)
(P5) (Independence) For all disjoint sets DX Z, D'X'Z’ € S, the measures py'% and pi,%

are independent.

(P;) (Non-atomicity) For all DXZ € S, with probability one, simultaneously for all
v e C RS ({a}) = 0.

Theorem 4.5. Let a € (0,2). The process (M?f;, DXZ e S) from Section 4.1.2 satisfies
Properties (Py)-(Py,). Moreover, if (,u%}%,DXZ € S) is another process taking values in

the set of finite Borel measures satisfying Properties (Py)-(Py), then it has the same law
as (MR%. DXZ €8).

Biskup and Louidor [BL19] provide a somewhat similar characterisation of the Liouville
measure. The main difference is that Properties (P) and (P;) are replaced by how the
spatial Markov property of the Gaussian free field translates to the Liouville measure.

Other characterisations have been formulated before: let D be a fixed nice domain,
xo € D, z € 0D nice and consider the pair given by the measure Mfoaz together with the
Brownian motion (By,t < 7p) from which it has been built. Then the pair (M2%, B) is
uniquely characterised by

e the measurability of MD ¢ with respect to the Brownian path B,

e the way the law of the path B is changed given a sample of /\/l@,0 L.

See Theorem 5.2 of [BBK94]. See also Proposition 4.8 for an extension of this charac-

terisation to finitely many trajectories. The advantage of this characterisation is that it
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considers only one domain, with given starting and ending points and does not need to
rely on the multipoint version of Brownian multiplicative chaos. But its drawback is that
it refers explicitly to the underlying Brownian motion and it seems to be less applicable in
practice. For instance, in the context of our application to random walk, it does not seem
easy to apply this characterisation (even measurability is not a priori clear).

Let us also mention that the proof of Theorem 4.5 provides a construction of ./\/lfo‘fZ
through a martingale approximation (see Lemma 4.10). This is very similar to some
aspects of the construction of [AHS20] except that they divide the domain into small
dyadic squares rather than long narrow rectangles. This might seem to be a cosmetic
difference but it is in fact significant since it leads to a decomposition of the Brownian path
into excursions from internal to boundary point rather than from boundary to boundary.

This is at the heart of what leads to the recursive decomposition of the proof and in turn

a
Y

to the theorem, since the measure ./\/lfO’ is also itself of this type.

Finally, it is possible that Properties (P;)-(Ps) are enough to characterise the law, but
Property (P,) is necessary for our current proof; see especially Lemma 4.9. In practice,
Property (P;) is a consequence of uniform-integrability-type estimates that are needed in

order to verify Property (P;).

4.1.4 Further results on multipoint Brownian multiplicative

chaos

In this section, we study in greater detail the multipoint version of Brownian multiplicative
chaos measures. We start by introducing the “intersection” of Brownian multiplicative
chaos measures: a measure whose support is included in the intersection of the support
of each intersected measure. Let DXZ = {(D;,z;,2;),i = 1...r} € S and consider

independent Brownian motions szl distributed according to P?i_ for all i = 1...7.

TiyZq

Denote by L§}>€ their associated local times. Let a; > 0,72 = 1...7r, be thickness levels such

)

that a := " a; < 2. We now consider the measure defined by: for all Borel set A C C,

T

r
Di,ai . T _—a
ﬂ Mmi’zi;E(A) o ‘10g6| c /A g 1{%L(zi,)522ai\log€|2}dx

=1

Proposition 4.6 below studies the limit of these measures and Proposition 4.7 studies the
link between this limiting measure and Mg’% introduced in Section 4.1.2. These results

are proven in Appendix 4.A.

Proposition 4.6. (i) Relatively to the topology of weak convergence, the measure
Di,a;

Ti,24

T MDigi - converges as e — 0 towards a random finite Borel measure (i—; M

Tj,245€

in probability.
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(7i) Inductive decomposition. If r > 2, the sequence of random Borel measures

r—1
—ar Dj,a;
A e B(C) + |loge|e /A 1{%L&222ar|10g8|2} ZQ M (dx) (4.8)

converges as € — 0 to (;_, MIDZZ‘“ in probability, relative to the topology of weak

convergence.

(iii) The measure Ny MEi% is measurable with respect to o (Mfl;“,z =1.. .r), the

underlying topology being the topology of weak convergence.

(iv) For all A € B(C),

- D;,a; — : D;,a;

=1

(v) With probability one, simultaneously for all Borel set A of Hausdorff dimension
strictly smaller than 2 — Y0_, a;, Ni_y MPu3i(A) = 0.

TiyZq

(vi) The stochastic process
(a)imr.r € {(@0)izrr € (0,2)" Y S0y <2} = (Y M
i=1

taking values in the set of finite Borel measures, equipped with the topology of weak

convergence, possesses a measurable modification.

For the following proposition, we consider the measure M}i% built from the same

Brownian motions as the ones used to defined the previous intersection measures.

Proposition 4.7 (Disintegration). Let a € (0,2). If r > 2, then

r

ME‘; = / da () MDrm a.s.

acB(ar) gy

Note that the integral of intersection measures above is well-defined thanks to Proposi-
tion 4.6, Point (vi).

This result can be compared to the disintegration theorem in measure theory. In
words, this proposition shows that the measure Mzaz “restricted to the event” that, for
all k= 1...r, the contribution of the k-th trajectory to the overall thickness a is exactly
ay, agrees with the intersection measure (;_, MID: ok, With the standard disintegration

theorem, one is able to make sense of the disintegrated measure for almost every a € E(a,r).
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Here, the randomness of the measures helps us and we are able to make sense of these
measures almost surely, simultaneously for all a € F(a,r).
In view of Proposition 4.7, we can rewrite Property (P) in the following way. Let

D' C D be two nice domains, xg € D' and z € 0D be a nice point, then

a D' a—«
MBE =MD+ M2+ [ ME5 0 MY da
with Y = B, ,. A surprising consequence of Proposition 4.7 is the following.

For all z € D', if we condition x to be an a-thick point for the overall trajectory
(B;,t < 19p) and if we condition the two small trajectories (By,t < 7op) and (By, Topr <
t < 7pp) to visit z, then the thickness level of = for one of the two small trajectories will
be uniformly distributed in (0,a). To see why this is surprising, consider the following
related question. Let h; and hs be two independent GFFs with zero boundary condition
in the domain D. h := hy + hy is now a GFF in D with a variance which has doubled
compared to h; and hy. h will therefore have points strictly thicker than any thick point
of hy and hy. This situation is very different from the one presented earlier with the local

times.

We finish this section by giving an intrinsic characterisation of the intersection measure
- ijzi” Using Proposition 4.7, this will also provide an intrinsic description of
the multipoint measure ME/% The characterisation below is a simple extension of the
characterisation of the multiplicative chaos associated to one Brownian trajectory, but it
is nevertheless an important result since it allows one to quickly identify the measure.
The next result uses the notations introduced above Proposition 4.6. In particular,
recall that B, denotes the Brownian motion distributed according to PL¢, associated to
iy MDisi Foralli=1...r, we view B, as a random element of the set P of cadlag
paths in R? with finite durations. See Section 4.5 for details, in particular concerning the
topology associated to P. The following proposition describes the law of the Brownian
paths after shifting the probability measure by N_ Mgl’z‘?(dm) (the so-called rooted

measure). As we will see, the resulting trajectories can be written as the concatenations of

three independent pieces B, A ZD#% A BDi . The first one is a trajectory BL?, with law

D; D,a
]P>ZE ,x) 1,0

consists in the concatenation of infinitely many loops rooted at x that are distributed

i.e. a Brownian path conditioned to visit & before exiting D;. The second part =

according to a Poisson point process with intensity a;vp,(z, z). Here vp,(x, z) is a measure
on Brownian loops that stay in D; (see e.g. (2.12) in [AHS20]). Finally, the last part of
the trajectory is a Brownian motion ngi distributed according ,uszi, that is, a trajectory

which starts at x and which is conditioned to exit D; through z;.
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Proposition 4.8. Let F': C x P" — R be a bounded measurable function. Then

[ / F(x Jimt) (| ME dfv] / b [[v2 ) (4.9)
M

=1 v =1

X B [F(z, (BE, NED™ A B )im )| da

Moreover, if ju is another random Borel measure which is measurable w.r.t. BL o ,z =1.

and which satisfies (4.9) for all bounded measurable function F, then u = ./\/lD““’

Ti,24

almost surely.

As already alluded to, this type of characterisation is of little help when one wants
to establish scaling limit results since it relies on the measurability of the underlying

Brownian trajectories.

4.1.5 Outline of proofs

We now present the organisation of the paper and explain the main ideas behind the proofs
of Theorems 4.1 and 4.5.

Section 4.2 is devoted to the proof of Theorem 4.5. It will start by proving that
Brownian multiplicative chaos satisfies Properties (P;)-(P,) assuming Propositions 4.4, 4.6
and 4.7 on the multipoint version of Brownian multiplicative chaos. These propositions
will be proven in Appendix 4.A. The rest of Section 4.2 will deal with the uniqueness
part of Theorem 4.5 and we now sketch its proof. Let (uz’%, DXZ e 8) be a process of
Borel measures satisfying Properties (P;)-(P,). Let D be a nice domain, xy € D and a
nice point z € dD. We are going to explain the characterisation of the law of u . The
characterisation of the law of more general marginals follows along the same hnes. The
only extra difficulty lies in the notations. We will start by noticing that Property (Fy)
implies that we can find a deterministic direction such that almost surely all the lines
parallel to this direction are not seen by the measure Mg{fz- Without loss of generality,
assume that this direction is the vertical one (straightforward adaptations would need to
be made in the case of a general direction). We will slice the domain D into many narrow
rectangle-type domains D N (¢277, (¢ + 2)27?) x R, ¢ € Z. By iterating Property (FP), we

will be able to decompose

D,a (d) D.a
P Z Hx z-
DXZC{(DY 2}« ) i<I,—1}

D? will be a narrow rectangle as above centred at =¥ and z¥,i > 1, will correspond to
the successive hitting points of 2777 x R of a Brownian trajectory. See (4.17) for precise

definitions. The idea is then that most of the randomness comes from the points ¥ 7 > 1,
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and we do not change the measure so much by replacing each term

s by B [pR%|at,p > 1.

This latter expression is entirely determined by Property (P;) and does not depend on
the process (M;’@:“Z, DXZ e S) any more. This conditional expectation encodes a lot of

information. For instance, it ensures the measure to be concentrated around the Brownian

D,a

rox AS We

trajectory. In fact, it provides a martingale approximation of the measure pu

will see in Lemma 4.10. The proof will then consist in showing that the error in the

D,a
0,2

gives zero-mass to any vertical line will be useful for this purpose making sure that we

above approximation tends to zero when p — oo. The fact that almost surely pu

decomposed the initial measure into many small pieces.

We now turn to the random walk part. We will first show the convergence of uggf;; N-
The convergence of the unconditioned measures uxU(’)f‘N will then follow fairly quickly thanks
to the weak convergence of the discrete Poisson kernel. To show the convergence of
M;{;‘;; ~, the overall strategy is simple: we will prove that this sequence is tight and we
will then identify the subsequential limits. The tightness is the easy part and relies on
a first moment computation. Section 4.3.1 is devoted to it. The identification of the
subsequential limits uses Theorem 4.5 and is done in Section 4.3.2. We sketch the main
steps of this identification. Let x, € U and z, € OU be a nice point. Let (Ny, k > 1) be
an increasing sequence of integers so that (ugfz*; N k> 1) converges. In Lemma 4.15, we
will show that we can extract a further subsequence (N}, k > 1) of (Vi, k > 1) such that
foral D’X'Z' € S,

(43%. DXZ CDX'Z')

converges. The above measures are the discrete analogue of the multipoint versions of
Brownian multiplicative chaos and are defined in (4.23). We denote by (ug’%, DXZ €
S) the limiting process of finite Borel measures. Showing that we can extract such a
subsequence requires some work since we consider an uncountable number of sequences.
Thanks to Theorem 4.5, to conclude the identification of the limiting measure pxU;‘fz*, it
is then enough to show that the process (;&“Z, DX Z € S) satisfies Properties (P;)-(Py).
This will roughly follow along the same lines as in the Brownian case. In particular, the
uniform integrabilitiy of ugf@; ~(Z?), N > 1, which is the content of Proposition 4.17 is
key. This comes from a careful truncated second moment estimate which is similar to

what was done in [Jeg20a]. The proof of Proposition 4.17 is written in Section 4.4.
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4.1.6 Some notations

We finish this introduction with some notations that will be used throughout the paper.
Let D C C be a nice domain. For z € D and a nice point z € 9D, we will denote
by CR(z, D) the conformal radius of D seen from z, GP the Green function of D with
zero boundary conditions normalised so that GP(x,y) ~ —log|z — y| as |z — y| — 0 and
HP(z,2)dz =P, (B

quantities can be expressed in terms of a conformal map fp : D — D onto the unit disc

. € dz) the Poisson kernel or harmonic measure of D. These three

(see e.g. [Law05, Chapter 2]): for all x,y € D and for all nice point z € 9D,

CR(z, D) — W (4.10)
D _ ’1 _ fp(x)fT(y)‘

G"(x,y) = log o) = @)l (4.11)

HP(,2) = | fip(2)| ——00) (1.12)

21 | fo(x) — fo(2)]*

With the notations of Section 4.1.1, we will similarly denote by GP~ and HP~ the discrete

Green’s function and Poisson kernel defined by: for all =,y € Z2,
GPN(z,y) = E, [E;BDN] and HPY (z,y) := PP~ (XTBDN = y) : (4.13)

In the rest of paper, a € (0,2) will always denote the thickness level that we look at.

4.2 Characterisation: proof of Theorem 4.5

We start by proving that Brownian multiplicative chaos satisfies Properties (P;)-(Py).

Proof of Theorem 4.5, existence. Property (Py), resp. (P;), is a direct consequence of
Proposition 4.6 (7v), resp. (v), and Proposition 4.7. Property (P;) follows from the fact
that we consider independent Brownian motions.

We now prove Property (P,). To ease notations, we will only prove this in the simplest

case DX Z = {(D, x¢, z)}. The general case follows along the same lines. Let D" be a nice

D
o,z

local times and let Lg?g be the local times of B stopped at the first exit time of D’ and

subset of D containing xq. Let B be a Brownian motion under P L, . its associated
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L) = L,.— LP). We can write

x, ,€

D7 _ — _ —
May'seldr) = logel 7111, aaiogep}de = [logele™ (1{2L$z>2alogaﬁ}l{m;z:o}

(4.14)

+1 1 +1 dzx.
{Le8z2aftoge b {100=0} T {1 (1804 L0 ) 220/ 0gel2 L 50,100 |

If we denote by Y the first hitting point of 0D’ of the Brownian trajectory B, Proposition
4.4 shows that the last term on the right hand side converges in probability towards
M 2ox)(Dy,)- We are now going to argue that the first right hand side term converges
in probability towards ./\/leO:’;. Indeed, for all Borel set A C C,

E

D' .a —a
M7 (A) — |logele /1 1 dx
xo,Y,s( ) | g' A {%L,Ec%ZQGUOgEP {LQ%:O}
a

1
= |1oga|g*a/ PP (€L<Og > 2a|logel?, L) > O)d :
A b b

0,2

We can dominate

z0,2 x0,2

1 1
sup | log e|e*P? (ong > 2a|logel?, L) > O) < sup |logele™"P? (Lx,e > 2a|log £|2)
€ e 7 ’ € €
which is integrable (see (4.60)). Moreover, for all = ¢ 0D’,

1
|log e|e P <L0 >
8 b

0,2

2
=EP [[ log ele_a]P)ﬁ;Y (

0,2

tends to zero as ¢ — 0. By dominated convergence theorem, it implies that

|

converges in probability towards Mﬁ)’} (Proposition

E

D'a . —a
Maoye(A4) ~ [logele /A1{;L;9g22a|logep}l{ng:o}dx

D'a

tends to zero as € — 0. Since M5

4.4), this shows that
llog €| 5_“1{ }dx

1
gL;?gzm\logaP} {LE}@:O

converges in probability to the same limiting measure. Similarly, the second right hand
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side term of (4.14) converges in probability towards M?Za which overall yields

a D,a
ME, Mxo v+ My MUp e yv)py,e)

0,2

This is Property (P,) and it completes the proof. O
The rest of this section is devoted to the uniqueness part of Theorem 4.5.

Proof of Theorem /.5, uniqueness. Let (MX 2, DXZ € 8) be a process satisfying Proper-
ties (P;)-(Py). Let D be a nice domain, g € D and z € 0D be a nice point. We are
going to identify the law of uﬁ)’fz. As mentioned in Section 4.1.5, the identification of
more general marginals follows along the same lines. The only extra difficulty lies in the
notations. We start this proof by noticing that we can find a deterministic angle # € R
such that all the lines with angle 8 are not seen by the measure ufo’g. Here and in the
following, we say that the angle of a line L is 0 if we can write L = x + €?({0} x R) for

some z € C.

Lemma 4.9. There exists an angle 6 € R such that for all € > 0,

lim # {aez:ple (¢ (27(q¢+(0,1)) xR)) > e} =0 as.

Proof. We proceed by contradiction. Assume that for all # € R, there exists €4 > 0 such
that

limsup# {g € Z: % (¢” (277(¢ + (0,1])) x R)) > 29} > 1

p—00
with positive probability py. It implies that for all # € R, the event Fy that there exists a
line Ly with angle 6 such that ,ufo ’i(Lg) > €y has a probability at least py. Moreover, since
[0, 7) is uncountable, there exists n > 0 such that {6 € [0,7) : pg > 1,9 > n} is infinite.
Let {0,k > 1} be a subset of this set. For all £ > 1, we have by the Paley-Zygmund

inequality

n>1 1<n<k

P(ZlE%Z;}) (Z 1E9n2

Z 1E0n] )
1<n<k

S 1 E {Zgngk 1E9J2 > nz

- ZE {(Zgngk 1Egn)2]

Hence the probability that an infinite number of events Ejy, ,k > 1, occur is positive. On

this event, we have
Yo pi(Le) >0 1g, = oco.

k>1 k>1
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But because p2% is non-atomic (Property (Py)), we almost surely have

Z'uxoz Lek H’JP(;?Z (U Lek) — a:() Z((C)

k>1 k>1

which is almost surely finite (Property (F;) implies that it has a finite first moment). We

have obtained an absurdity which concludes the proof. O]

This result will be used at the very end of the proof; see (4.22). Roughly speaking, in
the course of the proof we will decompose the measure into small pieces and Lemma 4.9
ensures that these pieces are indeed small.

Without loss of generality, we will assume that the specific angle 6 provided by Lemma
4.9 is equal to 0. In other words, the measure ufo . almost surely vanishes on all vertical
lines. We will also assume for convenience that D C (0,1) x R.

Let us introduce some notations. We will need to consider small portions of the domain
which are well-separated from one another. For this reason, we introduce a Cantor-type
set K°° which we define now. Let py > 1 (to be thought of as large) and for all n > 1, let

©,, be the set of dyadic points of generation exactly n, i.e.
D, = {(2m+ 27" :me{0,...,2"" - 1}}

For instance, ©; = {1/2}, ©, = {1/4,3/4}, ©3 = {1/8,3/8,5/8,7/8}, etc. We now define
K°®=10,1] and for all n > 1,

K™= K"\ | (@ — 27 ®ot2m) gy 9 (ot2m), (4.15)

x€©n

We then define
=) K" (4.16)

n>0
Later in the proof, we will restrict some measures to the set DN K> x R. This will capture
almost entirely our measures since the Lebesgue measure of D\ (D N K> x R) is at most
C277. Note also that, as py — oo, K* increases to [0,1] \ U,>1 Dn.

We now start more concretely the proof of Theorem 4.5. Let p > 1 and (B;,t < 75p)
be a Brownian motion distributed according to }P’fo .. We are going to keep track of

the successive Brownian hitting points of 27PZ x R: define of := 0, 2} := 7 and
Db :=DnN (277 |2Px] + (—277,27P) x R) and for all 7 > 1,

=inf{t > o7, : B ¢ D! \},af := Byy and D := D (a? + (-277,277) x R).
(4.17)
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Let I, :=sup{i > 1: 0} < 7yp}. Note that ai = 75p and xi = z. Let
DPXPZP .= {(DF ot a? 1), i=0...I,— 1}

and let
(A%%, DXZ C DPArz2?)

be the process so that conditionally on z7,i =1...I, — 1, it has the same law as
(u2% DXZ Cc DPAPZP).

Note that with the definition (4.17), D¥ may be formed of several connected components.
To be more precise, we define D? as being the connected component that contains z?
which is a nice domain belonging to D. 2% ; being almost surely a nice boundary point of
D? and the z¥ i > 1 being almost surely pairwise distinct, the above random measures
are well defined. An elementary iteration of Property (F») shows that
RS D 8 (4.18)
DX ZCDPXPZP
has the same law as ufo’fz. These definitions are consistent and by Kolmogorov’s extension
theorem, we can define z¥,i = 0...1,, p > 1, MXZ? DXZ C Up>DPXPZP on the same
probability space.
In the rest of the proof, we will work on the specific probability space given by

Kolmogorov’s extension theorem as above. We will drop the bar and simply write
Da . _Da -D,
Hage Mz instead of [, fiy%

In the following, we will denote by F, (resp. F) the o-algebra generated by z¥,i =
1...I, =1 (rvesp. 2¥,i=1...I,—1,p>1) and

() = B [y (de)| F]. (4.19)

By (4.18) and Property (P;), u,(dx) does not depend on the process (ug’%,DXZ €S)

any more since it is equal to
Ip P a
D / da H Yo (2)da. (4.20)
=1 {i1...iy}C{0...1,—1} Y 2€E(@r) Pl

The following lemma is a key feature of the proof:

Lemma 4.10. There exists an a.s. finite random Borel measure ji such that for all
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bounded measurable function f: D — R, ({ip, f),p > 1) is a martingale and converges

a.5. to (fioo, f)-

Proof. Let P be a countable m-system generating the Borel sets of D. For all A € P,
(pp(A), Fp)p>1 is a non-negative martingale thanks to (4.19). Hence, almost surely for all
A € P, u,(A) converges towards some L(A). By standard arguments (see Section 6 of
[Berl7] for instance), one can show that it implies that there exists an a.s. finite random
Borel measure pi, such that almost surely for all A € P, L(A) = poo(A). It moreover

implies that almost surely for all bounded measurable function f, (u,, f) converges towards
(Hoos [)- O

Since i is entirely characterised by Properties (Py)-(Py), it is enough to show that
ufo’fz = [l a.s. to conclude the proof of Theorem 4.5. Since two finite measures which
coincide on a (countable) m-system generating the Borel sets of C are equal, it is further
enough to show that for all Borel set A C C, u2%(A) = jios(A) a.s. We then notice that

it is enough to show that for all ¢ > 0 and Borel set A,
E {e’t“fdflz(“‘)‘ }'OO} = e e g (4.21)

Indeed, it proves that conditionally on F,, the Laplace transform of pg)’fz(A) is almost
surely equal to the Laplace transform of the constant pi.,(A) on all the positive rational
numbers which in turn proves that z2%(A) = pio(A) a.s. Until the end of the proof we
will fix such a Borel set A. We reduce the problem one last time: recall the definition
(4.16) of the Cantor-type set K> (which depends on the integer py) that we introduced at
the beginning of the proof and recall that K increases with py towards [0,1] \ U,>1 D»
(see the discussion below (4.16)). By computing the first moment of the variables below,

we see that

(U Dn X R) = pios (| D xR) =0 aus.

n>1 n>1

Therefore, as pg — oo,
NSO’Z(A NK>) — Mfo’fz(A) and oo (AN K™) = f1o6(A) a.s.

In other words, we can safely assume that A is included in K°°. This assumption will be
made for the rest of the proof.
Our objective is to show (4.21). Without loss of generality, we can assume that ¢t = 1.

One direction is easy: by (4.19), we have

E[uho(A)| F)] = m(4)  as,
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so by Jensen’s inequality,
E |:6_“1Dd:zZ(A)‘ Fp:| Z e_/»‘p(A) a.s
By Lemma 4.10, 11,(A) = 1100 (A) a.s. So by letting p — co we get

E {e—u%f’z(ﬁl)‘ ]:OO} > g Hoo(A) 2.5

2

For the reverse direction, we use Lemma 3.12 of [BL.19] which provides a “reverse Jensen

inequality that we recall.

Lemma D ([BL19], Lemma 3.12). If X3, ..., X,, are non-negative independent random

variables, then for each € > 0,

E [e_ :”:1X1~] < exp (—6_5 iE (X X; < 6]) )
i=1

Let p > 1 be much larger than py and let n > 1 be such that py + 2n = p (or such
that pp + 2n = p — 1, depending on the parity). Recall the definition (4.15) of K. We
will denote by K™™ m = 1,...,2", the connected components of K. We notice that
conditioned on F,, the measures ,umo 2(«NK™), m=1...2" are independent. Indeed,
looking at (4.18) we see that Property (Ps) implies that conditioned on Fp, p2% (- N Ay)
and p2% (- N Ay) are independent as soon as the projections of A; and A, on the real axis
are at distance at least 2.27P from each other. The whole introduction of the set K is
motivated by this fact. Now, because A C K*° and by Lemma D, we deduce that for each
e >0,

E [e_MzDo’:lz(A)‘f}
Sexp( ZE{M:CM ANK™™); ,umOZ(AﬂK”m)<6‘.7—"pD a.s.

To conclude that
E[e g (A ’]—" } e Heo(4) a.s.,

it is thus enough to show that a.s.

lim inf lim inf Z E [,uxoz(Aﬁ K™™); plhe (AN K™™) < ‘fp] > loo(A).

e—0 p—00
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We have

2”
llmlélfllprgloglf Z E [,uxoz(AﬂK ) (AN K™™) < 5’.7:13}
2n

> fioo(A) — limsuplimsup Y E [,uxo (AN K™™); p% (AN K™™) > 5’ fp} a.s.

e—0 pP—=0 -1

But by Lemma 4.9 and dominated convergence theorem,
[Z]E{,uxoz AN K™™); umOZ(AﬂK”m)>5’]:p” (4.22)
= Z E [uwoz (ANK™™); u2 % (AN K™™) > 8}

tends to zero as p — oo (recall that n — 0o as p — o). Hence, by extracting a subsequence

if necessary, we have

on
limsuplimsup > E {,u:BOZ(A NE™); pt (AN K™™) > 5’]—},} =0 a.s.

e—0 p—o0 m=1

which concludes the proof of Theorem 4.5. n

4.3 Application to random walk: proof of Theorem
4.1

We start off by defining the multipoint analogue of l’[’mU(fz; y- Let 7 > 1 and DXZ =
{(D"z4,2), i =1...r} € S. Let X0 = L...r, be r independent random walk
distributed according to IP’JI\),QZ Nz, Or according to IP’]I\),ZXL_ and let £{) be their associated
local times. We define simultaneously for all D'X'Z’' = {(D', x;, 2;),i € [} C DX Z the
measures given by: for all Borel set A,

log N

N?(/ N2 N(A) = No—a Z l{x/NeA}]-{ZiGI (9> galog? N}l{VieI,ng)>0} (4.23)

T€Z?

under the probability &;_; IP’][\),% Nz We define similarly the unconditioned measures ,ug,’jv,
DX’ C DX, under Q[_, Py? .
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4.3.1 Tightness and first moment estimates

In this section we fix a nice domain D. We start by recalling Green’s function and Poisson

kernel asymptotic behaviours. Recall the notations of Section 4.1.6.

Lemma 4.11 (Green’s function). Let K € D. There exist C,Cx > 0 such that for all
x,y € 72,

GPN (2,y) < glogm +C, if 2,y € Dy, (4.24)
GPN (z,y) Zglogm—C’K, if %,% € K. (4.25)
Moreover, for all x # y € D, we have
Nliinoo GP¥ (|[Nz|,|Nz|) — glog N = glog CR(z, D) + ¢y, (4.26)
lim GPN ([Nz|, [Ny]) = gG”(x,y), (4.27)

N—o0
where ¢ is the universal constant defined in (4.1).

Proof. (4.24) and (4.25) are direct consequences of [Law96] Theorem 1.6.2 and Proposition
1.6.3. (4.26) and (4.27) are contained in Theorem 1.17 of [Bis20)]. O

Lemma 4.12 (Poisson kernel). Let K € D and o > 0. For all N large enough, z,y € K

and z € 0D a nice point, we have

HP~(|Nz],|Nz|]) HP(z,2)

HPy(|Nyl, [Nz]) HP(y,z)

<a. (4.28)

Moreover, for all x € D, the following weak convergence holds:

; HPN(|[Na] ,2)d.n () S [ HP(2,2)5.(). (4.29)

Proof. Statements of the flavour of (4.28) have been extensively studied to show the
convergence of loop-erased random walk towards SLE,. (4.28) is a direct consequence of
[YY11, Lemma 1.2] for instance. (4.29) is the content of [Bis20, Lemma 1.23]. O

These two lemmas allow us to derive the first moment estimates that we need. In the
following we let DXZ = {(D",z;,2;),i=1...r} € S and DX = {(D",z;),i=1...7} and
we denote %) the local times associated to the i-th random walk as at the very beginning

of Section 4.3. For all nice domain D and xy € D, we will also denote for all x € C,

P (x) = GP(z0,2) CR(2, D)1 4epy.
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Lemma 4.13. There exists C > 0 such that for all N > 1 and x € C,
. r D r ; . :
log(N)N* @ Py, (Z} (e > galog? N Wi=1...r ([}, > o) (4.30)
<C]I

lo |I_:m\/i
i=1 & ¢ NJI

Let K @ N/_yD'. There exists C > 0 depending on K, such that for all N large enough
and z € K,

T

log(N)N R Pa . <Z (e = galog? N Wi=1...r ([}, > 0) (4.31)
=1 =1

L\ e YV )|

< o]

Moreover, for all x € C,

. o an D" . (@) 2 . (i)
A}l_Igolog(N)N ESEIP’NJL (;fwﬂ > galog” N,Vi=1. E Na) > 0) (4.32)

cpa

=€ dangD ak (

acE(a,r)

and

lim log(N N“(X)]P)N% Mo (Z (e > galog? N Vi =1...r 01}, > 0) (4.33)

oo =1

cga k
D ak
=ey9 / da || ¢
acE(a,r) H Tho%k

k=1
where E(a,r) is the (n — 1)-dimensional simplex defined in (4.6).

Proof of Lemma 4.13. We start by proving (4.31) and (4.33). To ease notations, we will

write

s .
D,
-— N
P:= ® Py Nz

i=1
Let x € Z?. We have
P (Z (9 > galog? N,Vi=1...r (0 > O) (4.34)
i—1

=TI P ., (49 >0)Pp (Zzgﬁ > ga log2N| Vi=1...r0D> o) .

i=1 i=1
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The Markov property gives that for alli =1...r,

| P2 (X@ = Nzi)
Di Di,

P ve, (£ > 0) = PR (49 > 0)

D? i
PO (Xﬁa)% _ Nzi>

_GDﬁv(in,x) HPN(z, Nz)
GPx(z,2) HPN(Nz;j, Nz)

Dy Topi, . . . . - C
Moreover, under Pz ~, {; ~ is an exponential variable with mean GP~(z,x) which is

independent of XT(?D (see Lemma 4.22). Therefore, conditioning on X%)D does not
N N
change the law of 0"N and
P (Z (9 > galog? N|Vi=1...r (0 > 0) (4.35)
i=1
— dty ... dt,je” 2l .
[0,00)7 ! € ' {22:1 GPN (@,x)t;>galog? N}
To bound this term from above, we use (4.24) which allows us to bound
N, 6P anzgngt v} = Hiotos N40) L tizgaton® N}
which yields
P (Z (9 > galog? N‘ Vi=1...r 09 > 0) < C(log N)"'N—. (4.36)
i=1

(4.24), (4.25) and (4.28) then concludes the proof of (4.31). To get (4.33), we come back
to (4.35) which gives

P <Z (% > galog? N

=1

Vi=1...r(Y >o>
r—1 ]

=P (ng(j) > galog® N
i=1

r—1 Dt
G~ (z, )
X dty...dt,_ 1] t|1 1 _pi )
/[Ovoo)rl ' P (zz:l (GDN (ZL‘, ZL’) ) > {22:11 GPN (2,2)t;<galog? N}

(4.36) shows that the first right hand side term is at most C'(log N)""?N~ which is going

to be of smaller order than the second term. Using (4.26) and performing the change

Vi=1..r—1,09> o) | ggalog? N/GPN (@)

of variable s; = t;/log N shows that when x = | Ny| the second right hand side term is
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asymptotically equivalent to

% r—1par—a rya y’Dl>
e (logN)" "N~ CR(y, D") /[O’OO)M dSrlH( ijT)> Lesrr<als

Using (4.28), this shows that

- ; HD"( %)
a 2 . (3) D
]\}l_lgolog(NN]]?(E ELNJ>gCLIOg N’Vl_]‘r7€\_]\/yj>0> |IG .ZUZ, W
r—1
X e ot dsy...ds,— ZA|:|1 CR(y, D")* CR(y,D") 1 1{21’:11 si<a)

which proves (4.33).

We omit the proofs of (4.30) and (4.32) which are very similar and even slightly easier
since there is no conditioning to deal with. We nevertheless mention that in (4.30), we do
not need to restrict ourselves to the bulk of the domains (compared to (4.31)) because
the probability increases with the domains. We can thus assume that all the points we

consider are deep inside the domains. This finishes the proof. O]
We are now ready to prove:

Proposition 4.14 (Tightness). The sequences
(1% D'X" € DX), N > 1) and (5%, D'X'2' C DXZ),N >1)

are tight for the product topology of, respectively, weak and vague convergence on (\pep D,
D' C D. Moreover, for any Borel set A C C,

DF ak
A}l_r)nooE {,uX N dx B da kl_ll O (4.37)
and if A is compactly included in Ni_, D,
lim E s / d / da T w2 o ( 4.38
Nl—rgo ['MXZN L acE(a,r) akl_Ilwl’kzk ( )

where E(a,r) is the (r — 1)-dimensional simplezx defined in (4.6).

Proof of Proposition 4.14. To prove the desired tightness, it is enough to show that for all
DX C DX and D'X'Z"' C DX Z and K € Npep D, the sequences of real-valued random
variables

(HVH(©), N 2 1) and (3% (K), N > 1)
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are tight. This is a direct consequence of Lemma 4.13: (4.30) and (4.31) show that
E [134(C)] and E (134, (K))

are uniformly bounded in N. (4.37) and (4.38) follow from dominated convergence theorem
and (4.32) and (4.33) respectively. O

4.3.2 Study of the subsequential limits

As described in Section 4.1.5, we start by showing that we can extract a subsequence such
that the convergence holds for all domains and starting/stopping points at the same time.

The difficulty lies in the fact that we consider uncountably many sequences.

Lemma 4.15. Let (N, k > 1) be an increasing sequence of integers. There ezists a
subsequence (N}, k > 1) of (N, k > 1) such that for all D'X'Z’ € S,

(3%, DXZ C D'X'Z')

converges as k — oo in distribution, relative to the product topology of vague convergence
on Npep D, D CD'.

Before proving this result, we state an elementary lemma for ease of reference:

Lemma 4.16. Let (Xy, k > 1) be a sequence of random variables. Assume that for all
k>1andp > 1, Xj can be written as X, = Yy, + Zy, where Yy, and Zy, are two
non-negative random variables defined on the same probability space. Assume further that
for all A >0,

lim E {e*’\y’“w} and lim lim E {e*)‘Y’C’P}
k—o0 P—00 k—00

exist and that for all p > 1, sup,s, E[Ys,] < oo and sup,s, E[Z;,] — 0 when p — oo.
Then (X, k > 1) converges in distribution.

Proof of Lemma 4.16. As supys; E[X}] < oo, (Xi,k > 1) is tight. To show that it
converges, it is thus enough to show the pointwise convergence of the Laplace transform.

Take A > 0. Since Zj, is non-negative,

E[e™¥] <E [e7er]

and

lim sup B 7% ] < Jim B[] S i Jim B[]
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On the other hand,
B [e_)‘Xk] _F {e_xyk’p} - _[k [G—AYk,p (1 . e—AZk,pﬂ > —)\E [Zk,p]
and

o AX : “AYi,] _ ; 1 —AYip
ll}gg}fl@ [e ’“} > ’CILI&E [e ‘“ } )\i};}l)E [Zk )] P phjf}o klggoE [e ’“ } :
We have shown that E [e*’\x’c} ,k > 1, converges to lim, . limy_,c E [e*’\y’cvp} which

concludes the proof. n

Proof of Lemma 4.15. In this proof, the topologies associated to the unconditioned (resp.
conditioned) measures will be the topology of weak convergence (resp. vague convergence)
on the underlying domain. We will denote by ® the collection of simply connected domains

that can be written as a finite union of discs with rational centres and radii and

S:= {{(Di,xi),i =1...r}:Vi=1...rD; €D,z € DiﬂQQ}.
r>1
Notice that S’ is countable.

Let DX € S. By Proposition 4.14, the sequence (,ug’;?vk, k > 1) is tight. Moreover, the
associated random walk (N N 1Xﬁ}§i,t <N, QTé,V }}) ,k > 1, is also tight because it converges
to Brownian motion. Hence, by Cantor’s diagonal argument, we can extract a subsequence
of (Ni, k > 1) (that we still denote (Ny, k > 1) in the following) such that for all D’X’ € &',
the joint distribution

(1R (N XR3 ¢ < NP7k )) DX C DY, (4.39)

converges as k — 00.

We will conclude the proof with the following two steps.

(i) We will first fix D; € ©,7 = 1...7 and show that the fact that for all z; € D;NQ?,i =
1...7, (4.39) converges with D'X" = {(D;, x;)} implies the same statement for all
v, €D i=1...r.

(77) We will then fix nice domains D; and initial points x; € D;,i = 1...r, and we will
show that the fact that for all D} € © containing x;,i = 1...7, (4.39) converges
with D'X’ = {(D}, z;)} implies that for all pairwise distinct nice points z; € 9D, and
DX'Z ={(D;,x;, )}, (u?i%;Nk,DXZ C D’X’Z’) converges as k — 00.

We will only prove (7i) since (i) is very similar. See the end of the proof for a few comments

about the step (i) above. To ease notations, we will moreover only prove (ii) for r = 1.
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The general case r > 1 follows along the same lines by considering multivariate Laplace
transforms.

Let D be a nice domain, xy € D and z € 0D be a nice point. Let (X;);>o be the
associated random walk. We assume that we already know that for all D’ € © containing

Zp, the joint distribution of
D, - N,
Nwo;]cifw (Nk 1XN,3t7t < N 2TD’k)

converges as k — oo and we want to show the convergence of [Lg;i,; Nk > 1. Let
f € C.(D,[0,00)). Our objective is to show that <uﬁ)“sz, f> .k > 1, converges in law.
Let p > 1 and consider D? € ® such that

{x € D : dist(z,0D) > 277} C D? C {x € D : dist(x,0D) > 277~ '}.

In the following, we will consider the measure /%DO IjZN which is defined as ufﬂ pﬁ] but under the
P

conditional probability IP’]%];O, v, instead of Pﬁﬁo. (B, t < Topr) under PL and (B, t < 7yp»)

under ]P’fo . are mutually absolutely continuous: if 7

oDP

by (By,t < Topr), we have (see [AHS20] (2.7) for instance)

denotes the o-algebra generated

dPD _ HD(BTaDp7Z)

Zo,2 = H.
dPD Frop Hp(zo,2)
Similarly (direct consequence of Markov property),
dPLy Hy(X.~x Nz
Wrine| Xy Vo) (4.40)
dPyy, 17 Hyx(Nxy, Nz)

P
ODN

Hence the convergence of (<u$0 Noo S > X i /Nk> ,k > 1, implies the convergence of
< DF,a f> k > 1: by Lemma 4.12, for all a > 0 and k large enough,

l‘oZNk’

E [exp (= (i )] = B [Hovexp (= (it 1)
Hp (XTN5 /N, z)
Hp(xg, 2)

IN

E

tafoxp (= (. /)

—— E[(H+a)exp (= (ub, f))]

k—o0

and

imsup® e (- (1275,.))] < B oo (- (u2.1)]

k—o0
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We obtain similarly that the liminf is bounded from below by the above right hand side

term implying that E [exp (— <Mrlf:301:ZNk’ f>>} converges as k — 0o. Since DP p > 1, is an

increasing sequence of domains, for all £ > 1, E [exp (— <M$D()Ij;ij7 f >)} is non-increasing

with p. Hence
lim E [exp (— <MxDop,ZNk’ ! >)}

k—o0

converges when p — co. By Lemma 4.13, we also notice that for all N > 1 and p > 1,

0 <E (s /)] = B [(peg v £)] < 050 (D).

By lemma 4.16, it implies that <ufo ’i;Nk, f>,k > 1, converges in distribution. This
concludes the proof of the step ().

We finish this proof with a comment about the step (7). The proof is very similar. One
would need to first stop the walks at the first hitting times of small discs centred at the
starting points x;. One would need to argue that the main contribution comes from the
rest of the trajectories which converge by an h-transform-type of argument as above. We
leave the details to the reader. O

As mentioned in Section 4.1.5, to prove that the subsequential limits satisfy Properties

(P) and (Py), we need the following result which is proven in Section 4.4:

Proposition 4.17 (Uniform integrability). For all DXZ € S and K € Npep D,
(HRH(C), N > 1) and (uR% 5 (K), N >1)

are uniformly integrable. Moreover, any subsequential limit /Lg’% of (ug:‘;;N,N >1
satisfies: almost surely for all Borel set A of Hausdorff dimension less than 2—a, u?f;(A) =
0.

Before jumping into the proof of Theorem 4.1, we state the following result which is a

quick consequence of (4.29).

Lemma 4.18. Let xy € U and let ¢ : C — [0, 1] be a sequence of functions converging
pointwise towards ¢. Let {z;,i =1...p} C OU be the points where the boundary OU is not
analytic. Assume that for all o > 0 and for any compact subset K of C\{z;,i =1...p},
there exists Cy ¢ > 0 such that for all N large enough and for all z,2' € K,

o (2) — on(2)| < Cox |2 — 2| + .

Then,
> HY(|Nxzo|,2)¢n(z/N) —— HY (20, 2)$(2)dz.

z2€0UN N—oo ou
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dz denotes here the one-dimensional Hausdorff measure on OU.

Proof. In this proof, when we say that a set K C C is smooth, we mean that each
connected component of the boundary of K is analytic. Let a,e > 0. Since 0 < ¢ < 1,
there exists a smooth compact subset K of C\{z;,7 = 1...p} such that

HY(z,2)¢(2)dz < .
L Y 2002z <
Using the weak convergence (4.29), this upper bound in particular implies

limsup Y 1e gy H'V ([Nz], 2)¢n(2/N) < a.

N—o0 z€0UN

We now decompose K = U/_, K; into smooth compact sets of diameter at most € and such
that for all 7 # j, K; N K; N QU is composed of at most one point. Forall ¢ =1...1, let

y; be any point of K;. By the weak convergence (4.29), we now have

limsup > lpyvexyH™([Nz],2)dn(2/N)

N—oo z€0UN

I
<a+Cuxe+limsupd odn(yi) > lg/vexyH ([ Nz, 2)

N—oo ;=1 2€8UN

I
<a+Cuk e+ Z/ HY(z,2)dz
St Coxst 3o [ H (@

<20+ 2C, k 5+/ HY(z,2)¢(2)dz.
AUNK
We have obtained

limsup S HU(|Nx|,2)én(z/N) < 3a + 2Ca x & + /6 HY(z,2)9(2)d=.

N—o0 z€0UpN

We obtain the desired upper bound by letting ¢ — 0 and then v — 0. The lower bound is

similar. [
We are now ready to prove Theorem 4.1.

. U,a
Proof of Theorem 4.1. Let xg € U. We start by assuming the convergence of (u,",.n, N >
1) for all nice points z € OU and we are going to explain how we deduce the convergence
of (MmUé‘;N,N >1). Let f € C(D,|[0,00)). It is enough to prove that

E [exp (— </ﬁxUé(;le f>)}
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converges. By Lemma 4.13 (4.30),
. U,a . _
}ql_I)I(l] s%pE {umo;N ({x €U :d(z,0U) < r})} =

We can thus assume that f has a compact support included in U (see Lemma 4.16). We

have

Efoxp (— (uloy. £))] = 30 H (o, N2))E [exp (— (1% o £))]

zedUn

To obtain the convergence of the above sum, we are going to show that we can cast our

situation into Lemma 4.18. Let o, > 0 and define
U :={zx €U :dist(z,0U) > r}.

By Lemma 4.13, if r is small enough (possibly depending on U,z and f), we have for all
z € 0D,

o (— (1))~ e (= (15 2] Xy = L)
<E[(upton: £)] = B[ (oo £)| Xruy = IN2)] < /3.

We now notice by Lemma 4.12 (4.28) that for all N large enough and z, 2z’ € 9D,

Bl () o, = 0] Bl (- 85.7)] v, = 15

— TBUT7LNZJ) HUN( TaUT7LNZJ>

- eXP< </Lm0N7 >) HUN 1'0 NZJ) B HUN(I'O, LNZJ)
HY(z,z) HU(SE 2')

<ot S W) T By, )|

Using (4.12), we see that for all compact subset K of an analytic portion of OU, the above
supremum is at most C, g |z — 2’| for all z, 2" € K. We have proven that for all N large

enough, all such compact subset K and z,z" € K,

o (- (2. £)] ~ B e (~ {4 )] < Co 2 1

We can thus conclude with Lemma 4.18 that

E {exp (_ <Mg(;(;1N> f>>} — HU(I()v Z) ]\}I_IE)O]E {exp <_ <//Ja:U(fz;N7 f>)} dz.

N—oo JoD

This finishes the transfer of the convergence of conditioned measures to unconditioned
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measures.

We now turn to the proof of the convergence of (,ugfz*; N> N > 1) where z, € U and
z. € OU is a nice point. Let (Ng,k > 1) be an increasing sequence of integers such
that (,ugfz*; N k> 1) converges. By Lemma 4.15, by extracting a further subsequence if

necessary, we can assume that for all D’X'Z’ € S,
(125, DXZ C DX'Z)
converges as k — oo towards some
(3% DXZ C DX'Z).

By Theorem 4.5, to show that pl*, @ eI pMYe,
DX Z € S) satisfies Properties (P))-(P).

Property (P;) is a direct consequence of what we have already done. For instance, for
DXZ ={(D,x,2)} €S, the arguments are as follows. In order to identify the two finite

Borel measures

it is enough to prove that (,u?,%,

E[phe(de)]  and eyl (x)de,

we only need to check that for any continuous bounded nonnegative function f : C — R, the
integrals of f against these two measures agree. For r > 0, let f,. be a continuous function
with support compactly included in D which agrees with f on {x € D : d(x,0D) > r}
and such that 0 < f,. < f. By Proposition 4.14, for all » > 0,

. D,a ___coa
kh—{{oloE |:</“’LZ'07Z;Nk7fT = /g/ fr zo, Z< )dZU

Since Proposition 4.17 shows that (<,u£)’fz; Nyo> fT> ,k > 1) is uniformly integrable, we can

interchange the limit and the expectation which gives

E [<Mz0 29 - coa/g/ fr zo z

We then obtain Property (P;) by letting » — 0 and using monotone convergence theorem.

The proof of Property (P,) is very similar to the Brownian case. For instance, in the
case DX Z = {(D, x¢,2)} € S and D' nice subset of D containing xo, we can very similarly
show that for all continuous function f : C — [0, 00) with compact support included in
D\oD', and all y € 0D’, <Mz0 ZN,f> under ]PLNx LNz ( ‘XTE)D, LNyj) has the same

law as

<M§;,’;N7 f> + </~L£7ZC;LN7 f> + </~L((ID’,x0,y),(D,y,z);N7 f>
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plus smaller order terms which converge to zero in L!. This shows the conditional version
of Property (P,). To obtain Property (P,) without having to condition on the hitting
point of dD’, we have to integrate over y € dD’. For this, we use the same argument as
what we did at the very beginning of the proof to transfer results from the conditioned to
the unconditioned measures.

Finally, Property (P3) follows from the fact that we consider independent random
walks and Property (P,) is a direct consequence of the carrying dimension estimate of

Proposition 4.17. This concludes the proof. ]

4.4 Uniform integrability: proof of Proposition 4.17

To ease notations, we will prove Proposition 4.17 for DX Z = {(D, x¢, z)}. Our approach
is very close to the one of [Jeg20a]. We have simplified some minor aspects since we only
need to show the uniform integrability of the sequence but not its convergence in L. For
instance, our definition of “good events” limits the number of certain excursions rather
than limiting certain local times.

If z € Z* and R > 1, we will denote by Cr(z) the contour Z* N d(z + [—R, R]?), by

An(z — R) the number of excursions from = to Cg(z) before 79p, and
N
qr = log ()/log N. (4.41)
R
For b € (a,2) and € > 0, we introduce
D :={x € D :dw(x,0D) > 2¢ and |z — x| > 2¢},

the good event at =

b1 N
G?\’f(x) = {VR € (27)p>1 N [N1/2’“/4,5N},AN(SU — R) < ¥ + ZR log R}
—qr

and the modified version of ufo’f}v((:)?

log N
7Dﬂa/ o_ =
,um;N((C) T N2-a x%Z:Q 1{z/NEDE}1G?\}E(x)1{€;8DN ZgalogzN}‘

We will see that adding these good events does not change the behaviour of the first

moment and makes the second moment finite.
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Lemma 4.19. For all b > a,

limsup E [ uﬁ)’z\,(C) — ﬂﬁﬁv(C)H = 0.

e—=0 ny>1

Lemma 4.20. If b > a is close enough to a,

sup E [ﬂfo’z\,(((j)ﬂ < 0. (4.42)
N>1

Moreover, if b is close enough to a, for alln >0,

< 00. (4.43)

1 —D.a —D.a
JS\/'uin E [/(:2 |QZ — y|2_2b+a_n :u:vo;N(dI):U’a:o;N(dy)

We now explain how these two lemmas imply Proposition 4.17.

Proof of Proposition 4.17. Lemma 4.19 and (4.42) imply that (uﬁ)’fN(C),N > 1) is uni-
formly integrable. Moreover, by Frostman’s lemma, Lemma 4.19 and the energy estimate
(4.43) imply that any subsequential limit z2* of ,ufo’z\,, N > 1, satisfies: almost surely for
all Borel set A with Hausdorff dimension smaller than 2 — a, u2*(A) = 0.

To finish the proof, we now have to explain how we transfer these results to the
conditioned measures uﬁ)’f‘z;N, N > 1. Let K € D, r > 0 and define D" := {z €

D,d(x,0D) > r}. We denote by Mﬁ;ﬁN(K) the random variable

log N
New 2 Lm0

z€Z?

under PP~ A similar reasoning as in the proof of Lemma 4.15 shows that

0<E [Mi’i;N(K) - Nﬁ:ZN(K)} < p(r)

for some p(r) > 0 which may depend on a, D, xy, z and which goes to zero as r — 0.
Hence, to show the uniform integrability of (M:pDo’i; y(K), N > 1), it is enough to show that
(122 (K), N > 1) is uniformly integrable. Recalling that (see (4.40), (4.28) and (4.12))

z0,2;N

APy Hy(Xr,p , N2)
N%ol,sz _ 9PN € [a,1/a]
APy, 17y Hy(Nao, N2)
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for some a = «a(r) € (0,1), we then observe that for all M > 0,

E MDT’? (C)l{ DT.a

< 1
N " S —
z0,%; “xo,z;N(C)ZM} o

E N:pDOT]sf(C)l{ D a

IN

1
«

E | umi(C)1
Hagin (C) {ubev©zn}
The uniform integrability of (uﬁ)ﬁv((@), N > 1) thus implies the uniform integrability of
(K sin (C), N 2 1).
To obtain the carrying dimension estimate we proceed in a similar manner. If we
denote ﬂfo T,’ZU:N(dx) the modified version of /Lfo T,ZN (dz) for which we have added the good

events G5 (z) for the domain D", we have as before

1 b
ifuzplE l/((:Q |ZE o y|2 2b+a— nluxo z; N(dx)ua:o z; N(dy)]
1 1 e
< Supl / d d
- azsvuzri [ C2 |x_y|2 2b+a— n/j“moN( x)ﬂ“zON( y) o0

and

_pr 1 a _pr
lim sup sup E {Mzo z N((C) Nfo z N(C)} — limsup sup E |::U’x0 N(C) - Mfo N(Cﬂ 0.
e=0 N>1 & =0 N>1

For the same reasons as before, this shows that any subsequential limit p2" ouof ,uxo N
N > 1, satisfies: almost surely for all Borel set A of Hausdorff dimension smaller than
2 —a, pul*(A) = 0. Since this is true for all r > 0, it completes the proof the carrying

dimension estimate of Proposition 4.17. This concludes the proof. O

The rest of this section is dedicated to the proofs of Lemmas 4.19 and 4.20. We now
lay the groundwork. If A C Z?, we will write

=inf{t >0: X, € A}
and for x € Z%, 7, := T{z}. Let N > 1. For z,y € Dy, we will denote

Pay =P (1y < Tapy) = G"N(2,y) /G (y,y). (4.44)

If x and y are in the bulk of Dy, Lemma 4.11 implies that
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We start off with two easy lemmas. The first one is the analogue of [Jeg20a, Lemma 2.3]

whereas the second one is well-known and a proof can be found for instance in [Jeg20b,
Lemma 4.2.1].

Lemma 4.21. For all pairwise distinct points x,y,z of Dy,

Pza — pzypyac

P, (1o < 7y ATopy) = —

Proof. By Markov property, we have

P, (7y < Topy) =P, (1, < 7o ATopy) + P. (7w < 7y < Topy)

P
P, (1y < 7w ATopy) + Po (1o < 7y ATopy) Pu (T, < Topy ) -
By exchanging the roles of = and y we find that

P, (72 < Topy) =P (70 <7y ATopy) + P, (7y < 7 A Topy ) Py (T < Topy ) -

Combining these two equalities yields the stated claim. [

Lemma 4.22. For all subset A C Z* and x € Z*, starting from x, {7A is an exponential

variable independent of X, .

We now fix ,y € Dy, R € (2P),>1 N[N'/27%/% ¢N] such that z/N,y/N € D and such
that y ¢ = + [~ R, R]> and we describe the joint law of (¢z"°Y, 0,”"Y Ax(z — R), Ax(y —
R)). For i > 1, we denote by £, (resp. ;) the local time at z (resp. y) accumulated during
the i-th excursion from z to Cr(x) (resp. from y to Cr(y)). We have

Ay(@—R) A (y—R)
2OV = 3 and 67 = Z 0 (4.46)

=1

By Markov property and by Lemma 4.22, conditioned on Ay(z — R) and Ay(y — R),
the variables £,,i = 1... Ay(z — R) and (},i = 1... Ay(y — R) are i.i.d. exponential

random variables with mean equal to

E. [ ;cmw)} = <1 +0 (10;]\[>> glog R = <1 +0 (loé]\f)) g(1 —qr)log N.  (4.47)

Moreover, by (4.45), for all k > 1,

k—1

PNxo (AN(CL’ — R) > k:) = PNmO ( ;BDN > 0) N ( TaDN o TCR(I) > O)
1 -1
= 70D k-1
- (1 +0 <logN>> Prao (677 > 0) " (4.48)
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Similarly, we notice that if ¢ |z — y| < R < |z — y| /10, then Lemma 4.21 and (4.45) show
that

]P)Nx(] (AN<$ — R) + AN(y — R) = /C) (449)

2(] k-1 1 k—1
< Prae (Tu ATy < AR 1+0 .
< Fvag (7‘ Ty TaDN) (1 +CIR> ( + (logN))

Finally, we state for ease of reference the following two elementary inequalities:

(4.50)

pe)" L. (4.51)

We will moreover denote I'(k, 1) a Gamma random variable with shape parameter k and
scale parameter 1. This variable has the same law as the sum of k£ independent exponential
variables with parameter 1. Recall that for all k£, &’ > 1 and ¢ > 0,

kltz

P(L(k,1)>t)=e") — (4.52)
=0 L&
and
o k+k'—2 1
/ — n
P(T(k,1) > t)P(DK, 1) >t) = Y ¢ Z i
n=0 0<i<k—1 “J-
0<j<k —1
i+j=n
k+k'— k+k:’—2 n
o2 (2t)
t Z " amme X (4.53)
ij>0 bJ: n—0 v
i+j=n
We are now ready to prove Lemmas 4.19 and 4.20.
Proof of Lemma 4.19. Firstly, by Lemma 4.13,
log N
Dy _
L sup B, | Ve EZ: Lia/ngpeyl {7V 240 logzN}} = 0.
So we only need to show that
log N
ll_r)r[l)]SVILIiENzO N2-a $§ La/nenyle N (@ )61{ PN > galog? N}] =0 (4.54)
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Let x € Z? s.t. /N € D°. By a union bound,
(4.55)

PRy, (677 > galog® N, G5 (x)°)
bl+qr 1 N)

< > PYN (027N > galog? N, Ax(z — R) > — og
0 21 — 4R R

Re(2P)p>1
N1/2_a/4§RS€N

Let R € (277),51 N [NY27%/% ¢N]. In the discussion following Lemma 4.21 we described
,Any(z — R)). Using the notations therein and by (4.52), we have

the joint law of (£ "N

bl+quogN>

PRy <€;QDN > galog? N, Ay(z — R) > 5T —qn ° R
= O()PRY, (€™ > 0) (1 - qr)
k-1
1 alog N 1
Y 1+0<>> 4P (F(k,l)z <1+0( )))
k>b1§10g1\’ ( log N R 1—qgr log N
21—qp R
—alog N/(1—qr)

GDN(NQZ'(],.T) (1 _ qR)e

=0(1
(1) GPn(x,x)
k—1 k—1 7
1 1 (alog N
E olms) wna(E)
| _
k>§if—g’;bg% log N i\ 1—qr
bltap oo Ny ;
T 1<alogN>
1 —qr

GDN(NxO,m) —alog N/(1—qR) g%log%
=0(1) G~ (2, 2) e dr Z gl
1 alog N ‘ 1 ’

1+0
( _QR> ( " <IOgN>>)

i>bltaR N
iz T—ap log 7

We are going to bound each individual term of the above expression. Let

22 b(1+q)}<1.
q 2

Qap 1= SUP {q €(0,1):
There exists n = n(a,b) such that for all ¢ € [qu, 1],logq < ¢ — 1 —n(q — 1)?. We deduce

that if qr € [Qaln 1]7

F Og%*ex i+91+QR10 log —

a b(1+qr) nb(1—qz) N
5 log 7

(et
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for some 1’ = n(a,b) > 0. Hence, if qr € [qap, 1], we have

1+ %}Jqu log %_1 3 1+ /
S Blog " 1 falog N)Z 51t log NN\
—alog N/(1-pr) ,21-ar "° R + < g2TR R~ n-a <)
€ q . <q < )
: ; i! ( 1 —qr " R
If gr < qap, wWe use (4.51) and we get
. §ToeE log Jy— i
alog N/(1—qp) 3 Toam log & © TR 1 (alogN
€ 4r Z 11z
§ieilog Y
< O(l)e—alogN/(l—lIR) <2a€ " '
B b(1 + gr)
b a 2 1 N
=O(1)N~“ —a+ —=(1 1+log—+1 log —1| .
(1) eXpK a+ 5 +qR)< +log 5 + oquR)) T an ogR]

We notice that

b a 2
1 — —(1 1+log—- +1
q€[0,1] — a+2( +q)<+0gb+og1+q>

increases on [0,2a/b — 1], hits 0 at 2a/b — 1 and decreases on [2a/b — 1,1]. If b is close
enough to a, for all R > N'/2-a/4

qr < 1/2+4a/4 <2a/b—1.

We deduce that if g < qup,

Itap log N_q
R

b
2

bltap o N 21-4R 1 falog N ' NNT"
—alog N/(1—qR) ,2T—ar "B R - < N7¢ ()
e
dr Z(:] 7! ( 1 —qr ) B R

for some 7" = 7" (a,b). Finally, we use (4.50) to bound

1 alog N ’ 1 '
—alog N/(1—qr) — 140
: > (i) (o))

.S bltap N
ZZE l—qp IOgﬁ

b l+ggr log Y

( 2ae  \2Tar %8R
b(1 + qr)

< eg~alog N/(1—qRr)

which is smaller than N=¢(N/R)~"" according to the previous estimates. Putting things
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together, we have obtained

; b1 NY _ GPN(N N
PrY, (&s"”N > galog? N, Ay(z — R) > 2% ) < G WNz0,2) o (R) ,

log —
21—qg ® R GPN(z, )

Coming back to (4.55), it shows that

GPN(Nxg, x)

N—a
GPn(x,x)

Py, (677 > galog® N, G5 (2)°) < p(e)

for some p(e) > 0 depending on a, b, € going to 0 when ¢ — 0. This concludes the proof. [

Proof of Lemma 4.20. We have

_Da 10g2N T T, e c
E |[figiv(C)’] = Niza 2 LevynensPas, (677 67N > galog® N, G5 (x), G¥ (y)) -

T,y€Z?

(4.56)
The contribution to the above sum of points x, y satisfying |z — y| < N¥/27%/* goes to zero.

Indeed, thanks to the first moment estimate of Property 4.14, it is at most

log> N
N4—2a

N2 3 Py, (677 > galog? N) = oel g uby)| <c

T N1l-a/2 zo
z€Z? N

log N
Nl—a/2

which goes to zero since a < 2. We now take x,y € Z? such that z/N,y/N € D?
and |z —y| > NY27%/4 The goal is to bound the probability written in (4.56). Take
R € (2P),>1 N [NY279/4 2N] so that

cle —yl <R <[z —y[/10

with ¢ > 0 which may depend on ¢ and on the domain D. Notice that with this choice of
R and because |x — y| > NY27%4 the quantity gz defined in (4.41) stays bounded away
from 1. Now, the probability in (4.56) is at most

T T b1 N
Prz, <€zaDN,€yBDN > galog® N, Ay(z — R), Axy(y — R) < 57 4z log R) . (4.57)
—dr

We described the joint law of (£z°°N, 6,’"N  Ay(z — R), Ay(y — R)) in the discussion
following Lemma 4.21. With the notations therein and with (4.53), the probability (4.57)
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is equal to

Z ]P)Nmo (AN(ZE — R) = k‘x,AN(y — R) = ky)

b l+qp
1§kz§§ T g log

N
R
1<k, <t HIR og N

o P (F(zfx, 1,0k, 1) > (1 o (mgN» o/ QR>)

< O(1)e2alos N/(1=ar) > Pna, (An(x — R)+ Ax(y — R) = k)
2§kgb}f3§ log &
" kz’:?l 2alog N '
i—0 7! 1-— dr

With (4.49), we get that the probability (4.57) is at most

O(1)e 2008 N/ =Py (7 A7, < Tp.)

y 5 ( 24x )k_lkz_fl(ZalogN)i

1+ — ;| 1-—
2§k§b—if§§ log ¥ ir i=0 ir

EREE Y agplog N’
= O()e NPy, (1, ATy < Topy) T Y (aqR 2 )
1—gqgr = 7! 1—q5
by exchanging the two sums. We now use (4.51) with
_dagrlog N 1—qgr 4a 1

L—g} b(1+qr)log(N/R) — b (1+qr)?
which is bigger than 1 if b is close enough to a (recall that g stays bounded away from 1).
We obtain that the probability (4.57) is at most

1
b +aRr

4a 1 1-ar
O(1P " A < —2alog N/(1—qRr)
( ) Nzg (T Ty TaDN)QRe € b (1+QR>2

log %

= O0(1)Ppy, (72 ATy < Topy) qrIN 720

2 1 N
><exp{(—2a+b(1+QR)<1+loga+210g1+q )) log]
R

b
< O(l)PN:po (Tx A Ty < TaDN) QRN72G
ke ]
—2a + b(1 - +2 log —
xeXpK a+b( +QR)<b—|— T an) )1 —an o8 5
N>2ba
= .

= O(1)Pny, (7o ATy < Topy) qrIN 7% (

164 Thick points of random walk and multiplicative chaos
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To wrap things up, we have obtained

1Og2N T, T b b
Nz 2 YewawenjoyiznirsanyPra (6777677 2 galog? N, G (2), G (1)
T,y€Z?

0(1) N N N "
< 1 i ol 1
= TNt myzez {w/Ny/NeDe JamylzN1/2-e/1} 108 TN OB T T <|x—y|>

which is bounded uniformly in N if b is chosen close enough to a so that 2b —a < 2. The
energy estimate (4.43) follows as well. This finishes to prove Lemma 4.20. [

4.5 Joint convergence of measures and trajectories

In this section, we state a natural extension of Theorem 4.1 that follows from our ap-
proach. Theorem 4.23 below extends Theorem 4.1 in two directions. It considers the joint
convergence of the measure together with the associated random walk and it considers
finitely many independent random walk trajectories. This generalisation plays a crucial
role in the paper [ABJL21] which studies a multiplicative chaos associated to Brownian
loop soup.

Let DXZ = {(D%,x;,2;),i = 1...r} €S be a collection of domains with starting points
and ending points. Let X® = (vXt(i),O <t<7Y,i=1...7r, ber independent random
walks distributed according to Pﬁﬁmi and, for any D'X'Z" = {(D", x;,2;),i € [} C DXZ,
recall the definition (4.23) of the measure ugl,’flz,; n encoding the set of a-thick points coming
from the interaction of the random walks X@, i € I. We rescale the walk X in time
and space and define X\ = (Nle](é)Qt, 0<t<7!/N?).

To give a precise meaning of the convergence of the above random walks towards
Brownian motion, we need to define a topology on the set P of cadlag paths in R? with
finite durations. If (p;,0 <t < T') and (p?,0 <t < T?) are two such paths, we define

the distance
d(p', ©°) = [log(T"/T?)| + dsi((pyr1,0 < t < 1), (jp2,0 <t < 1))

where dgy denotes the Skorokhod distance between cadlag functions defined on [0, 1] with
values in R? (see e.g. Section 12 of [Bil99]). We equip the set P with the topology
associated to that distance.

Finally, for any Borel set U C R?, we will denote by 9(U) the set of Borel measures

on U equipped with the topology of vague convergence on U.
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Theorem 4.23. For any DXZ € S,

(u% % DX 2 CDXZ X( i=1...7) € [] sm( N D’) X P

D'CD D'eD’

converges weakly relative to the product topology to
(o9 MRS, DX’ 2 C DXZ,BYi=1...1),

where BY, i = 1...r, are independent Brownian paths distributed according to Px i

t1=1...r, and MX, 2, D'X'Z', are the multipoint Brownian chaos associated to B,
1 =1...r, defined in Section 4.1.2.

We now explain the slight modifications needed in order to prove Theorem 4.23. Firstly,
extending the convergence of Theorem 4.23 to the case of finitely many trajectories does
not require any modification. Indeed, Proposition 4.6 shows tightness of the sequence
(h5% . D'X'Z' CDXZ), N > 1. Let (5%, D'X'2' C DAZ) be any subsequential
limit. By Lemma 4.15, we can extract a further subsequence and we obtain an uncountable
family (,ug,’:%,, DX'Z e 8) of measures. As shown in the proof of Theorem 4.1, this family
satisfies Properties (Py) - (P,) (up to the multiplicative factor e®?9) which characterise
the law of (MX/ 2, D'X'Z € S) by Theorem 4.5.

It remains to explain how to deal with the joint convergence of the measures together
with the underlying random walks. We proceed again by first showing tightness and then
identifying the law of the subsequential limits. Tightness is clear since each component
converges (we have already seen that the measures converge, and the random walks
converge by Donsker invariance principle). The study of the law of the subsequential limit
is then very similar to what we have done, as soon as we have an appropriate generalisation
of Theorem 4.5 that we explain below in details.

This time, we want to characterise the law of ((./\/lg%, BY z),DXZ € S), where for any
DXZ = {(D',2;,2),i=1...r} € S, we denoted by BY, ; the collection (B, ;i =1...r)
of independent Brownian trajectories associated to the measures. Consider a stochastic

process

DXZ e S (uy% BYz)eM ( N D) x P#PYZ (4.58)

DeD

and the following properties:

(Py’) (Average value) For all DXZ = {(D;,z;,2),i=1...r} € S and for all Borel set
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(Ps)

(Py)

(Ps)

A CC,

BN )
MXZ / x acE(ar) me%

k=1
(Markov property) Let DXZ € S, (D, zg,2) € DX Z and let D’ be a nice subset of
7, under IP):CDO’Z. The joint

law of ((ugl,f;/, BY 2),D'X'Z' C DXZ) is the same as the joint law given by for
all D'X'Z' ¢ DX Z,

D containing xy. Let Y be distributed according to B

{ (1%, BY ) if (D, xo,2) ¢ D'X'Z,

a DD’ .
(WD 220D w0y T HD20((DY,2)) T HDEZLD! w0y (D2 B z) otherwise,

where in the second line we denote DX Z = D'X'Z'\{(D, zy, 2)} and B%Z/ is the
collection of trajectories obtained from B/% 2 as follows. For all (D, z,2) € DX Z,

BHED0 5 is unchanged. B . is replaced by the concatenation of Bg)’jy and BQZ.

(Independence) For all disjoint sets DA Z, D'X’'Z" € S, the couples (uXZ,B}?Z)
and (u%’fg, B% 2)) are independent.

(Non-atomicity) For all DXZ € S, with probability one, simultaneously for all
v e C L)) = 0.

For all {(D,x¢,2)} €S, BL . ~ PP

T0,2"°

Theorem 4.24. The process ((M?%,B}? ), DXZ ¢ S) from Section 4.1.2 satisfies
Properties (P,’)-(Ps’). Moreover, if ((MXZ,B}? 2),DXZ € S) is another process with

target spaces as in (4.58) satisfying Properties (P,’)-(Ps’), then it has the same law as
(MR%,BR,), DXZ €S).

We want to emphasise again that it is crucial that the characterisation does not rely

on the measurability of the measures with respect to the Brownian paths.

The proof of Theorem 4.24 is similar to the proof of Theorem 4.5 and we omit it.

Appendix 4.A Multipoint Brownian multiplicative

chaos

This section is devoted to the proof of Propositions 4.4, 4.6, 4.7 and 4.8. We start with

Proposition 4.6.
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Proof of Proposition 4.6. We use the notations of Section 4.1.4 and for i =1...7, we will

denote

(3 P —ag
fi(a) = |loge|e 1{§L§f,)522ailloge|2}.

We recall that

lim E [/7(2)] = 425 (2) (4.59)
and that we can bound
sup E[f ()] < Cv3 () (4.60)

for some C' > 0. See [Jeg20a, Proposition 3.1]. We moreover recall that for all n > 0, we

can decompose

fi (@) = pl (@) + [ ()

where
. . 1,05 _
(lsl_r>r(1)hr£1_%1pE [pz (x )} =0 (4.61)
and for all 0 > 0, z # y,
supE P55 @) 75 ()] < sl =y 7" (4.62)
and for all = # vy,
i B[ ) — 15 @) (75 ) — 2 ()] = 0 (4.63)

This follows from the decomposition of the measure using “good” and “bad” events used
in [Jeg20a]. Let us detail this decomposition. Let 6 > 0 and b; > a; be very close to q;
(depending on n). We introduce the good event (see (21) in [Jeg20a])

Go(z) = {Vr €l o n{emn>1}: i

ng’)r < 2b;| log r|2}

and define

[ (@) = L. fi(2) and p!* () = (1= Louw) 5 (2)-

Then (4.61) amounts to saying that an a;-thick point is not b;-thick (see [Jeg20a, Proposition
3.1]), (4.62) shows that the measure restricted to good events is bounded in L? (see (52)
of [Jeg20al]) and (4.63) is proved in the course of showing that the measure restricted to
good events is Cauchy in L? (see [Jeg20a, Proposition 5.1]).

We are now going to prove by induction on r > 1 the claims (%), (7)) and (iv) of

Proposition 4.6 together with the claim that for all @« < 2—a (recall that a = ay +- - -+ a,),
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we can decompose

(\ MEie = ps + M (4.64)

Ti,24

where E [ps(C)] — 0 as § — 0 and for all 6 > 0

B | [ e Metd Ml

2 |z —y

This latter claim implies (v) by Frostman’s lemma. The case r = 1 follows from [Jeg20a]
(in this case, (i) is an empty statement). Let > 2 and assume the above results for r — 1.

Let a,m > 0 be such that a, <a<a+n<2—(a;+---+a,—1). We can decompose

r—1

ﬂMD = ps + Ms

Tiy%4
i=1

with E [ps(C)] — 0 as § — 0 and for all § > 0
1
E [/ WM(S(CZI')M(;(CZZ,/) < Q. (465)
e [z —y|

(4.62), (4.63) and (4.65) show that for all A € B(C), and for all 6 > 0,
/A 1o () Ms(da), e > 0,

is a Cauchy sequence in L2. This defines a limiting measure Mg which satisfies by Fatou’s
lemma and (4.62)

EMW%%W%WWMW

Moreover,

r—1
hmhmsupE [/(C filx) ) MEi(dx) / £ () Mg(dx)] —0.
i=1

e—0

This shows that for all A € B(C), [, f(x) NiZ{ ME%(dx) converges in L' as € — 0 and
also shows that the limiting measure can be decomposed as expected in (4.64). This
concludes the proof of the convergence of the measure (4.8). This also shows that for all

A € B(C), we can exchange the expectation and the limit:

r—1
B |y 510 1 M2 0] g Mﬂn[ﬂM%wﬁ.
Now, using (iv) for r — 1, we see that E [ﬂ?;ll Miz‘j(dx)} = [1}= 2% (x)dx and then
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by dominated convergence theorem and (4.59) and (4.60), we obtain that
E D; a.L 5 D; az
[g%/f ﬂ/\/l dx] = lim ]E [fe(x H;@M
- / H ¢£ Z(jl

D;,a;

.. converges to the same limiting measure

We are now going to show that N,_, M
as (4.8). For this purpose, it is enough to show that for all A € B(C),

|

tends to zero as € — 0. For each ¢+ = 1...7, consider the decomposition

H/ [l £ d:c—/fa MD - (da)

fi (@) = p"(2) + 1)

with 7 > 0 in (4.62) chosen so that 4+ a; +...a, < 2. For ¢,§ > 0, we can bound

] (4.66)

|

By the case r — 1, the second right hand side term tends to zero as ¢’ — 0. By writing for

H/Hfa dx—/ff ﬂ/\/lD‘“dx
) (H @11 ff’(@) dx]
H/f Hfs dx_/fa ﬂMD%dx

SE[

ik=1...r—1,e¥=¢"ifi <k—1and eF = ¢ otherwise, we can write

r—1 , ok
II /i Hfs Z file) = fi @) 11 £ (@)
i=1 k=1 1<i<r—1
ik
By triangle inequality, to bound the first right hand side term of (4.66), it is thus enough
to bound ]

B || ) - £ ) T oyto
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and r — 2 other very similar terms. This is at most

fa-noyind

+E | /A(ff(:r) er i — [ (75%() — 115 (@) TT 2% (@)

=2

By independence and because for all i = 1...7, z € C, lims_,o limsup,_,, E [p?‘ss( )} =0,
dominated convergence theorem (the domination is provided by (4.60)) shows that the

lim sup, ..o of the second right hand side term goes to zero as § — 0. By Cauchy-Schwarz
and (4.62), the first term is at most

Cys ! E[(f79(@) — £ (@) (F75 () — F°° (9)] drdy

AxA |.T — y|a2+"'+ar+(7"—1)77

which tends to zero as e,/ — 0 by (4.62), (4.63) and dominated convergence theorem
(note that we obtain an integrable domination because rn + a; + -+ + a, < 2). This
concludes the induction proof of (3), (i) and (iv).

Finally, by induction on r, the measurability statement (7ii) follows from (7). To
conclude the proof, it remains to check (vi). The measurability of the process is clear at

the level of approximation, i.e. for all € > 0,
(a;)i=1..r € {(a)i=1..» € (0,2)" Zaz<2}r—>ﬂ/\/lf’z‘2fa

is a measurable process (with appropriate topology). The claim follows from (%) since a

pointwise limit of measurable functions is measurable. ]

Remark 4.25. We now address a remark which will be useful for the proof of Proposition 4.7.
The proof of Proposition 4.6 actually shows that for all Borel set A C C, Nj_; M2 _(A)
converges in L' as ¢ — 0 towards what we denoted (V_; M2 (A). [Jeg20a] considered
not only the spatial configuration of the thick points but also the deviation of the local

times by looking at the measure: for all A € B(C) and T' € B(R U {+00}),
MDD (AXT) = |log5|5"”/ 1 dz.
A { ;L;%z—muogaeT}

[Jeg20a, Proposition 6.1] shows that for all Borel sets A C C and 7' C R with inf 7" > —o0,
MPra1r (A x T) converges in L' as € — 0 towards

T1,21;€

MD1 al 6_\/2a1tdt.

1
xlzle >/T\/2_Cll
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Using this result, a straightforward extension of Proposition 4.6 shows similarly that for
all Borel sets A C C and T; C R with inf T; > —o0, the following convergence in L! holds

|10g5|r5_“/ II1
Ao {

dz — (| MDri(A) e~V2aliqy,.

r 1
| b [ L
iLS,)sv?aiﬂOgEGTi} =0 o -1/ V20,

We are now ready to prove Propositions 4.4 and 4.7.

Proof of Propositions 4.4 and 4.7. To ease the notations, we will restrict ourselves to the
case r = 2. The general case r > 2 follows along the same lines. Let A C C be a Borel set.
Let n > 0. We have

log e 8“/ dzl
[log | {L;12+L<2>>2a5\1og5|2 L;1>>0L<25>0}

< Y |logele /d:l:‘l e

N €2 ozonr“OgEl]|logs|2 IL(22>2((1 a)|log€|27‘qn\logs|}

Oée\logs|

1/ 9
= — da |log e 5“/ dz1
nJo flogel™e J, {Le8e(ac act i logel? L >2(a-ao llog <P —gnloge| |

where a, = —L- LMQJ. Let K be a large integer. We now have
lloge| [ n

llog €| 5“/ dx1
A

1 oo K-1
< — d 1
B "/0 i ;;o {ocact gz [ 55) )

X |1og5|25“/ dxl "
A

= <1>€2<ocg,oce-‘r‘logs‘]\logd2 1L§fl>2(a as)\loge|2—2n|loge\}

{L;{2+L§fgz2aa\1og a|2,L§51%>0,L552,2>0}

8

1

7/ dozZl{ae%+

| A

il )} ogel”e

dxl
1 2 .
/ L9(73>62 Oé_|loz;e| k}t17a+|logs\(1 )M10%5\27%L§f,2>2(“_0¢_%%)\10g5|2—277|10g5|}

For each o € (0,a) and k € {0,..., K — 1}, [loge|* £* times

dzrl
1) 2
/ L(z 562 “OZE‘ k;;l} +|10g6| (1 )]\logs|2 1L( l>2(a a— \loge| K)|loge|2 2n|logs\}

converges in L' towards (see Remark 4.25)

n(1—k/(Kv2a))

MBS O MB e (A)er ) | e V2t gy
—n(k+1)/(Kv20a)
= (1 +o(1)) Mg N M5 (A)
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where o(1) is independent of @ and k and goes to zero as 7 — 0 and then K — oo. Hence
for all a € (0, a),

1 K-1

-y 1 0 e sy |loge|®e?
n = {ocact mmli 5t}

X / dz1 L , )
A {éL(z%€2(a7 I 1016\ %,aJr@(lf%)hlog5|2,éL§C%>2(afa7@%)| loge|?2—2n) loga|}

converges in L' towards

(1 + o(1))MPBox 0 MPra=e(A).

20,20 1,21

If « > a, the above term converges in L' to zero. We are going to conclude with the
following elementary reasoning. If a € (0,00) — X2, > 0, are random processes
almost surely measurable and defined on the same probability space satisfying: for all
a >0, (X% e>0) converges in L' and [5°sup, E[|X%|] da < oo; then ([;° X&da, e > 0),

converges in L'. Indeed

[ xeda~ [ ngaH <limsup [ E[X® — X2 da
0 0

e,e’—0 JO

limsupE {
e,e’—0

which vanishes by dominated convergence theorem. We apply this to our specific case

for which we have already proven the desired pointwise convergence and for which the

domination follows from (4.60). It implies that

00 1K71 2 o
/0 da;él{aeaﬁ@[%%)} loge[”e

X / dx1 1 2
A {gL;,Lez(a— i %,M@@—%)h1oge|2,§L§c,;>2(a—a—@§)| log e|2—21| loga|}

converges in L' towards

0,20 1,21

(14 0(1)) /0 " MPoe  MPraa( A) o,

By letting n — 0 and then K — oo, we obtain the desired upper bound:

loge|e® / dxl
‘ & ‘ A {L;172+L(z27222a5\10g5|2,L;{2>0,L§c%2>0}
is smaller or equal than a sequence which converges in L' towards

/ " MPoe A MPra-a( A)da,
0

0,20 T1,21
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The lower bound is obtained along the same lines and we have shown that for all Borel set

A C C, the following convergence in L' holds:
D D
lim |log e 5“/ drl :/ M2 N MY (A)da.
gllomele® [ ATLe 0 1@ nuepogep is0also} = Jy Maoka N Meiz ()

This concludes the proof of Propositions 4.4 and 4.7. m
We finish with a proof of Proposition 4.8.
Proof of Proposition 4.8. Recall that Bg_fzz, is a trajectory distributed according to Pﬁle,

and that L§}>€ denotes the associated local times of circles 0D(z,¢). Let x € D. The key
D;

weakly to the law of B, A ZD#% A B, . as ¢ — 0. This fact was already proven in
[BBK94] (see Proposition 5.1 therein). From this and the convergence of M;_; MPi:i_ to

Ti,%43€

point of the proof is that the law of BLi, conditioned on {:L{) > 2a;|loge|*} converges

z,e =

i1 ./\/lsz‘jl (Proposition 4.6), one easily obtains Proposition 4.8. See the proof of [Jeg20a,
Proposition 6.2] for more details in the case of one single trajectory (no new input is

required in the case of several trajectories). O
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