N
N

N

From fields to paths,

HAL

open science

or there and back again

Titus Lupu

» To cite this version:

Titus Lupu. From fields to paths, or there and back again. Probability [math.PR]. Sorbonne Univer-

sité, 2022. tel-03769704

HAL Id: tel-03769704
https://hal.archives-ouvertes.fr/tel-03769704

Submitted on 5 Sep 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.archives-ouvertes.fr/tel-03769704
https://hal.archives-ouvertes.fr

)

SORBONNE
b UNIVERSITE

Y

LPSM

LABORATOIRE DE PROBABILITES
STATISTIQUE & MODELISATION

Ecole doctorale de Sciences Mathématiques de Paris Centre

Habilitation a Diriger des Recherches

Discipline: Mathématiques

présentée par

Titus Lupu

De champs vers chemins, histoire d’un aller et retour

From fields to paths, or there and back again

SEEEEER

===

Soutenue le 19 mai 2022, devant le jury composé de :

. Gregory LAWLER
. Rémi RHODES
. Dmitry CHELKAK

. Jean-Francois LE GALL

. Yves LE JAN
. Thierry LEVY
. Vincent VARGAS

. Gregory LAWLER
. Rémi RHODES
. Alain-Sol SZNITMAN

apres avis des rapporteurs :

University of Chicago
Université Aix-Marseille
Ecole Normale Supérieure
Université Paris-Saclay
Université Paris-Saclay
Sorbonne Université

CNRS & Université de Geneve

University of Chicago
Université Aix-Marseille
ETH Ziirich



Laboratoire de Probabilités,
Statistique et Modélisation
UMR 8001

Boite courrier 158,

4 Place Jussieu,

75252 Paris Cedex 05

Sorbonne Université,

Ecole Doctorale de Sciences

ED Mathématiques de Paris Centre
Boite courrier 290,

4 place Jussieu,

75252 Paris Cedex 05



From fields to paths, or there and back again

Mémoire d’Habilitation a Diriger des Recherches

Titus Lupu



Abstract

The Gaussian free field (GFF) is one of the most fundamental objects of Statistical Physics
and Quantum Field Theory. There is a strong connection between this GFF and the random
walks (in discrete) and the Brownian motion (in continuum). These are the so called ”isomor-
phism theorems”, which originate from Euclidean Quantum Field Theory. This manuscript
presents an overview of the results obtained by myself and my coauthors on this topic. An
important aspect of my work was to relate in dimension 2 the isomorphism theorems to the
theory of Schramm-Loewner Evolutions (SLE) and to describe the intrinsic geometry of the
2D continuum GFF in terms of clusters of Brownian trajectories. A method commonly used
throughout this manuscript is that of metric graphs, which I introduced earlier during my PhD.
Other aspects of the isomorphism theorems covered by this manuscript include their relation
to the 2D Gaussian multiplicative chaos, their relation to the topological expansion, and the
inversion of the isomorphism theorems and how it involves self-repelling processes.

Résumé

Le champ libre gaussien (CLG) est un des objets le plus fondamentaux de la Physique
Statistique et de la Théorie Quantique des Champs. Il y a une forte relation entre ce CLG
et les marches aléatoires (dans le discret) et le mouvement brownien (dans le continu). Ce
sont les théorémes dit ”d’isomorphisme”, qui proviennent de la Théorie Quantique des Champs
Fuclidienne. Ce manuscrit présente un panorama des résultats obtenus par moi-méme et mes
coauteurs sur ce sujet. Un aspect important de mon travail a été de relier en dimension 2 les
théorémes d’isomorphisme & la théorie des Evolutions de Schramm-Loewner (SLE) et de décrire
la géométrie intrinseque du CLG sur espace continu 2D en termes d’amas de trajectoires brown-
iennes. Une méthode beaucoup utilisée dans ce manuscrit est celle des graphes métriques, que
j’ai introduite pendant mon Doctorat. Les autres aspects des théoremes d’isomorphisme traités
dans ce manuscrit incluent leurs relations avec le chaos multiplicatif gaussien en dimension 2,
leurs relations avec I’expansion topologique, ainsi que l'inversion des théoremes d’isomorphisme
et comment cela fait intervenir des processus auto-répulsifs.
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Introduction

There are two main characters in this memoir. The first one is the Gaussian free field (GFF),
also known as Euclidean bosonic free field. It will appear both on continuous domains and on
discrete electrical networks, and importantly, on so called metric graphs (or cable systems), but
more on them later. The GFF is ubiquitous in Statistical Physics, but it traces its origins back
to the earliest works on Quantum Field Theory (QFT) in the 1920s. One can turn the QFT
into essentially a subdomain of Statistical Physics and Probability Theory in generally by a
procedure known as the Wick rotation: in the functional integrals associated to quantum fields
one sees the time coordinate as a pure imaginary additional space coordinate. The Wick rotation
relates a dynamical quantum picture in space dimension d — 1 to a static statistical picture in
space dimension d. It is a major ingredient in the mathematically rigorous constructive QFT
[GJ87, [Sim74]. The GFF is obtained by Wick-rotating the (quantum) bosonic free field, which
is a gas of non-interacting spin-0 bosons. This memoir will mostly deal with the free field,
but it is worth mentioning that by adding an interaction potential to the free field one gets
an interacting quantum field, such as the ¢* (Phi 4), and then the major questions are the
renormalization of the field in continuum, the asymptotic triviality and the symmetry breaking.

The second main character of this memoir is the random walk in discrete or the Brown-
ian motion in continuum (these two count for one). The two characters, GFF and random
walk/Brownian motion are related through the so called isomorphism theorems which tell that
the square of the former is of the same nature as the occupation times of the latter. The
term ”isomorphism” is not completely well suited here. It is rather a correspondence, a family
of exact identities, rather than an isomorphism between objects of the same category. These
isomorphisms emerged from the Euclidean QFT, i.e. the QFT which deals with the Wick-
rotated quantum fields. The precursor of these isomorphisms was a work of the physicist Kurt
Symanzik [Sym66] in the 1960s. He expressed the correlations of the Euclidean ¢* field in terms
of Brownian paths, closed Brownian loops, and their intersection local times. His expression
was purely formal and did not deal with the renormalization or the triviality of the ¢* in higher
dimensions. Symanzik’s identities are related, but different from the expansion of the correla-
tions of the ¢* into Feynman diagrams, and unlike the latter do not require a small value of the
coupling constant in the interaction potential. Then, a mathematically cleaner identity of the
same nature was given separately by Brydges, Frohlich and Spencer [BES82] and by Dynkin
[Dyn84a) in the 1980s. It will be referred to in this memoir as the BFS-Dynkin isomorphism.
Other identities of the same nature were discovered or rediscovered over time by different prob-
abilists. These isomorphism identities are more general than that of Symanzik [Sym66] in the
following sense. It is no longer just about the correlations of the ¢* and the self-intersection
local times, it is more generally about the square of the GFF and the occupation times. Then
indeed, if an interaction potential depends on the square of the field (and so does the ¢?*), and
does not take into account its signs, then the isomorphism identities give an expression of the
corresponding correlations in terms of random walks in discrete, and after suitable renormal-
ization in terms of Brownian motions in continuum. A major achievement in this domain was



the proof by Frohlich of the asymptotic triviality of the * field in dimensions d > 5 [Fr682)].
He related through isomorphisms this asymptotic triviality to the asymptotic non-intersection
of two independent random walks.

More recently, a new perspective emerged in dimension 2 both on the GFF and on the
Brownian motion with the introduction of Schramm-Loewner Evolutions (SLE) [Sch07]. This
is related to the conformal invariance, since both the 2D continuum GFF and the 2D Brownian
motion are conformally invariant in law. The SLEs are random fractal curves in 2D domains
that satisfy the conformal invariance in law and a domain Markov property. The SLE curves
appear, or are conjectured so, as scaling limits of interfaces in different models of Statistical
Physics at criticality in dimension 2. The SLE curves are primarily classified by a parameter
k > 0 (SLE,). The SLE, curves join two boundary points of a 2D domain. There are also
versions of these curves that are loops (i.e. closed curves) inside the domain. These are the
conformal loop ensembles CLE,, [SW12].

Schramm and Sheffield introduced the notion of level lines of the 2D continuum GFF [SS09,
SS13]. The GFF on a continuous domain in dimensions d > 2 is not a pointwise defined
function, rather a random generalized function living in a Sobolev space. Nevertheless one can
make sense of the level lines of the GFF in dimension d = 2. These are SLE4 type curves in
the case of level lines touching the boundary of the domain, and CLE, type loops in case in the
case of level lines staying inside the domain.

Also in this context of conformally invariant stochastic processes, Lawler and Werner redis-
covered in [LW04] the Symanzik’s measure on Brownian loops that Symanzik used to express
the correlations of the ¢* field [Sym66]. Lawler and Werner also introduced Poisson point
processses of Brownian loops with intensity proportional to these measure, which they called
Brownian loop soups. So a Brownian loop soup comes with an intensity parameter a > 0.
Actually the Symanzik’s loop measure has an ultraviolet divergence, therefore a Brownian loop
soup contains countably infinitely many loops, with small loops of each scale. In dimension 2
the Brownian loop soups satisfy a conformal invariance in law if one considers only the range of
the loops and forgets about their time parametrization. Because of this conformal invariance,
the 2D Brownian loop soups are related to the SLE and CLE processes. Sheffield and Werner
studied in [SW12] the clusters of Brownian loops in a Brownian loop soup on a simply connected
2D domain. They showed that there is a phase transition. For o > 1/2 there is a.s. only one
cluster that is everywhere dense in the domain, and for o € (0,1/2] there are infinitely many
clusters. Moreover, in the latter case, the outermost boundaries of clusters are distributed as a
CLE,; conformal loop ensemble, with a correspondence between « and k. Actually, if one adds
on top of the Brownian loops an additional independent Poisson point process of Brownian
boundary excursions, then one can construct an interface distributed as an SLE, joining two
boundary points.

So in the picture above the intensity parameter o = 1/2 plays a particular role, as it is the
critical one for the Brownian loop clusters. The corresponding value of k is kK = 4. Thus, the
Brownian loop soup with o« = 1/2 is related to SLE4, CLEy, and therefore indirectly related
to the 2D continuum GFF, because of the level lines story. There is also an other relation
between the Brownian loop soup with o« = 1/2 and the continuum GFF, the one that comes
from the isomorphism theorems that were discussed at the beginning. Actually in discrete, the
occupation times of the random walk loop soup with a = 1/2, the discrete equivalent of the
Brownian loop soup, are distributed as the square of the discrete GFF. This is the Le Jan’s
isomorphism [LJ10, ILJ11]. In dimension 2 one can renormalize this relation in the continuum
limit by considering the Wick’s square of the GFF. So one has a relation between the occupation
times of the Brownian loop soup and the square of the GFF which originates from the Euclidean



QFT, and an other relation between the boundaries of clusters in a Brownian loop soup and
the level lines of GFF, which is specific to the dimension 2 and is related to the conformal
invariance.

A major part of my research was to unify these two different relations between the Brow-
nian loop soup with @ = 1/2 and the GFF. The first step was to answer the following ques-
tion. The isomorphism theorems related the square of a GFF to occupation times of random
walk/Brownian paths. But what about the sign of the GFF? How is it related to these ran-
dom walk/Brownian paths? I answered this question during my PhD under the supervision of
Prof. Yves Le Jan at Université Paris-Sud (now Université Paris-Saclay). There is one case
when it is simple to pin down the signs. It is the continuous 1D setting. The Brownian loops
in 1D do not have much geometry. Their range is just a line segment, however it carries a
non-trivial 1D Brownian local time process, distributed as a square Bessel 4 bridge. As for
the GFF, in dimension 1 is is just a Brownian motion. It is easy to see that the excursions
of this GFF away from 0 are exactly the clusters of the Brownian loop soup with a@ = 1/2.
Further, the idea is to force this continuous 1D picture into frameworks with more geometry.
For this I extended the discrete GFFs to metric graphs. A metric graph (or cable system) is
obtained from a discrete undirected graph by replacing each edge by a continuous line segment,
so as to obtain a continuous topological object. The discrete GFF on the vertices of the graph
has a natural interpolation to the metric graph by adding conditionally independent Brownian
bridges inside the edges. Similarly, the nearest neighbor random walk on the discrete graph
can be interpolated to a continuous Markovian diffusion on the metric graph, the metric graph
Brownian motion. On the metric graph the sign clusters of the GFF again coincide with the
clusters of the Brownian loop soup with @ = 1/2. This is explained in my article [16]. By
relying on this correspondence, I proved in [14] the convergence in dimension 2 of boundaries
of clusters in both random walk loop soup and metric graph loop soup to the CLE,-s in the
scaling limit.

My research after my PhD relied heavily on the results I obtained and methods I introduced
during my PhD. In particular I worked on the relation between the Brownian loop soup with
a = 1/2 and the continuum GFF in dimension 2. For instance, with Juhan Aru (now at
EPFL) and Avelio Sepilveda (now at Universidad de Chile) we constructed the so called first
passage sets (FPS) of the 2D continuum GFF [9, [§]. We gave two constructions of this object.
The first one is by iterating an infinite sequence of level lines of the GFF. The second one is
by taking a Brownian loop soup with o = 1/2 plus an independent Poisson point process of
Brownian boundary excursions, and by considering the clusters connected to the boundary in
this soup of Brownian paths. The equivalence of these two constructions is achieved by using
the isomorphism theorems on metric graphs and taking the scaling limit. An FPS essentially
carries a chunk of the GFF. The restriction of the GFF to an FPS is a positive Radon measure,
actually a Minkowski content measure of the FPS in the gauge |log 7“\1/ 2r2. One can see it as a
renormalized uniform measure on the FPS, since the Lebesgue measure of the FPS is 0.

Further, one can combine these results on the FPS with the results of Qian and Werner
[QW19] on the decomposition of Brownian loop soup clusters (which in turn relied on my
convergence result from [I4]) to obtain a decomposition of the 2D continuum GFF in terms of
clusters of the Brownian loop soup. Each cluster has a sign, —1 or +1, chosen independently
and uniformly. Each cluster also carries a Radon measure, the Minkowski content measure of
the FPS in the gauge | logrll/ 2r2. By summing over the clusters these measures multiplied by
the respective signs one gets the 2D continuum GFF. Note however that this does not mean that
the GFF is a signed measure. Without the compensations induced by the signs, the absolute
value of the GFF diverges in every open subset. At the end of the day, given a Brownian loop
soup with av = 1/2, plus an additional randomness given by the signs —1 or +1 on clusters, one



can simultaneously obtain the GFF, its renormalized square and the CLE4 associated to the
GFF.

Recently, in a collaboration with Elie Aidekon (Sorbonne Université), Nathanaél Berestycki
(University of Vienna) and Antoine Jégo (now at EPFL), we obtained a description of the
Gaussian multiplicative chaos (GMC) associated to the 2D GFF in terms of the Brownian
loop soup [I]. One can renormalize the exponential of a 2D GFF. This is its GMC. There
is a general theory of the multiplicative chaos of log-correlated Gaussian fields, introduced by
Kahane [Kah85]. The multiplicative chaos of the 2D GFF in particular is a very popular topic
now because it appears in the Liouville quantum gravity. See [RV14] for a review. In [I] we
essentially showed that this GMC of the 2D GFF is a measure supported on points that are
an intersection of infinitely many Brownian loops in a Brownian loop soup with o = 1/2, and
such that for each of the loops it is a point of infinite multiplicity. We also constructed similar
measures for every value of the intensity parameter o of the loop soup. These measures have
many features in common with the GMC, such as the values of the carrying dimensions and the
conformal covariance. For o # 1/2, these measures are a sort of non-Gaussian multiplicative
chaoses.

To conclude this discussion, one can say that the 2D continuum GFF, despite being only a
generalized function, has an intrinsic geometry. This geometry can be accessed either through
SLE and CLE processes, or through the Brownian loop soup and other soups of Brownian tra-
jectories, and there is to some extent a correspondence between the two descriptions. However,
the description through SLE and CLE is related to the conformal invariance and is specific
to the dimension 2. But the isomorphism theorems between the GFF and the random walks
in discrete are not dimension specific. This suggests that it should be possible to describe
the intrinsic geometry of the continuum GFF through Brownian loops, in particular through
clusters of Brownian loops, in some higher dimensions too. Wendelin Werner formulated some
conjectures in this direction in [Wer21]. His conjectures were inspired by my works on metric
graphs and in 2D continuum.

My other works presented in this memoir are all either related to the isomorphism theorems
or at least to the GFF. These works include the law of the extremal distance of a CLE,4 loop,
the Lévy type transformation for the metric graph GFF, the combination of the isomorphism
theorems for the matrix-valued fields with the topological expansion, the isomorphism theorems
for the 8-Dyson’s Brownian motions, and the inversion of the isomorphism theorems in relation
with the self-repelling random walks and self-repelling diffusions.

Organization of the manuscript

My works in this memoir are grouped thematically rather than chronologically. The memoir is
made of 6 parts. In Part [I] is introduced the background on the isomorphism theorems and on
SLE, CLE and level lines of the 2D continuum GFF. It is to be considered as a more detailed
introduction into my research topics. The results I obtained during my PhD are also presented
there. Parts [[I] to [V] are an overview of my research after the PhD. Part presents some
further directions of research. These are either works in progress, or problems on my to-do list,
or longer term open problems. At the end there is a bibliography. It is split into two. First
appears the list of the articles that I authored or coauthored. These publications and preprints
are numbered from 1 to 18. Then comes the list of all other bibliographical references. These
are cited by the authors’ initials and the year. All my publications can be downloaded

e on HALhttps://hal.archives-ouvertes.fr/search/index/q/*/authIdHal_s/titus-lupu,


https://hal.archives-ouvertes.fr/search/index/q/*/authIdHal_s/titus-lupu

e onarXivhttps://arxiv.org/search/math?query=Lupu},2C+Titus&searchtype=author&
abstracts=show&order=-announced_date_first&size=50.

Next follows a more detailed presentation of the content of Parts [T to [V]

Part [[T) is dedicated to the construction of random conformally invariant or covariant fields
in dimension 2 out of Brownian loop soups. In Chapter [4|is presented the joint work with Aru
and Sepilveda [9, 8] where we construct the first passage sets of the GFF in continuum and
describe them as clusters of Brownian loops and excursions. In Chapter [5] is presented a joint
work with Hao Wu (YMSC, Tsinghua University) [2]. By relying on the results presented in
Chapter [4] we showed that the notion of level lines of the continuum GFF can be extended to
measure-valued boundary conditions. Previously more regularity was assumed on the boundary
conditions. In Chapter @ is presented the joint work with Aidekon, Berestycki and Jégo [I] on
the multiplicative chaoses of the Brownian loop soups.

Part [[T]] is an overview of my others works related to the 2D GFF, but not necessarily to
the isomorphism theorems. In Chapter [7| is presented a joint work with Aru and Sepulveda
[4]. We showed that certain geometrical quantities related to a CLE,4 loop can be read on a
one-dimensional Brownian trajectory. More precisely, we give the joint law of the conformal
radius and extremal distance (or extremal length) of a CLE4 loop in terms of a first exit time
and last passage time of a 1D Brownian motion. The law of the conformal radius was known
previously, but not that of the extremal distance. Our proof relies on the coupling of the CLE4
with the continuum GFF. In Chapter[§]is presented an article coauthored with Wendelin Werner
[11]. There we show that the classical Lévy transformation for the 1D Brownian motion can be
generalized to GFFs on any metric graph. Further, we conjecture that in dimension 2 this Lévy
transformation has a fine mesh limit in continuum, and that this limit is related to a growth
process for the CLEy loops.

In Part |[V] are presented my works on the relations between the isomorphism theorems and
the topological expansion. The topological expansion appears in random matrix theory and
expresses the moments of random matrices as sums over maps on 2D surfaces, with weights
depending on the topology of the surface and the number of faces of the map. In Chapter
[9] is presented my article [6]. There I considered Gaussian fields of real symmetric, complex
Hermitian or quaternionic Hermitian matrices over an electrical network, and described how the
isomorphisms between these fields and random walks give rise to topological expansions encoded
by ribbon graphs. I further considered matrix-valued Gaussian fields twisted by an orthogonal,
unitary or symplectic (quaternionic unitary) connection. In this case the isomorphisms involve
traces of holonomies of the connection along random walk loops parametrized by boundary
cycles of ribbon graphs. In Chapter is presented my article [3]. There I show that the /-
Dyson’s Brownian motions for general values of § satisfy both a Le Jan type and BFS-Dynkin
type isomorphism with the local times of one-dimensional Brownian trajectories. The Le Jan
type isomorphism involves a whole range of intensity parameters « for the 1D Brownian loop
soup, not just « half-integer. I further ask the question whether the S-Dyson’s Brownian
motions have natural generalizations in a multi-dimensional setting. This is motivated by the
study of random walk and Brownian loop soups with a non half-integer intensity parameter .

Part [V]is dedicated to the inversion of isomorphism theorems. The general question is the
following. Rather than starting from random walks and constructing the square of discrete
GFF, or the whole discrete GFF, from these random walks, one starts from the GFF or its
square and asks for the conditional law of the random walks. This is a topic initiated by
Christophe Sabot (Université Lyon 1 Claude Bernard) and Pierre Tarrés (NYU Shanghai) in
[ST15al. They showed in particular that the conditional law is related to a natural model
for a self-repelling random walk, the Vertex Diminished Jump Process (VDJP). Part |[V| begins
with Chapter [L1] where are recalled some elements on the combinatorics of the Ising model, in
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relation with the FK-Ising random cluster model and the random currents. This is because the
inversion of the isomorphisms is related to these FK-Ising random clusters and to the random
currents. In Chapter is also presented a short note by Wendelin Werner and myself [12]
where we gave a probabilistic coupling between the random currents and the FK-Ising random
clusters. In Chapter [12|is presented my joint work with Sabot and Tarres [10]. There we do
the inversion in discrete when one conditions by the GFF with its signs, rather than just the
square of the GFF as in [ST15a]. What we obtain is a VDJP on FK-Ising type random clusters,
where the clusters themselves evolve over time by being progressively eroded. In Chapter
are presented two other articles coauthored with Sabot and Tarres [7, [5]. There we consider the
VDJP and its reinforced dual, the Vertex Reinforced Jump Process (VRJP). We show that in
dimension one the VRJP and the VDJP admit continuous fine mesh limits that can be expressed
through stochastic flows introduced by Bass and Burdzy in [BB99]. These limits can be seen
a continuous 1D reinforced, respectively self-repelling diffusion processes. The self-repelling
diffusion in particular inverts the isomorphism theorems in 1D continuum.
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Part 1

Random walk representations of
scalar bosonic fields: old and new
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Chapter 1

From occupation times of random
walks to the square of bosonic fields

In this Chapter we first introduce the Gaussian free field (GFF) and explain how it is re-
lated to scalar bosonic fields in Quantum Field Theory (Section . We then present the
description of the square of the discrete, respectively continuum space GFF, in terms of oc-
cupation times of random walks, respectively Brownian motions (Section . These random
walk/Brownian motion representations of the GFF, sometimes called isomorphism theorems,
originated in Mathematical Physics, motivated by the study of interacting bosonic fields, such
as the ¢? field [BFS82, [Fr682], following the seminal work of Symanzik who formally expanded
the correlations of the continuum ¢* field in terms of Brownian loops [Sym65], [Sym66], [Sym69].
These isomorphism identities were one of the starting points of my research.

1.1 Gaussian free field and interacting bosonic fields: origins
and motivations

1.1.1 Discrete GFF

A central object in this manuscript is the Gaussian free field [She07]. We first present it in the
discrete setting. Let G = (V, E) be a connected undirected graph. For simplicity, we assume it
finite, without multiple edges or self-loops. The set of vertices V is partitioned V = Vi 11 Vy,
where Vi is considered as the subset of interior edges and Vj as the boundary, and both are
non-empty. Each edge {z,y} € F is endowed with a conductance C(z,y) = C(y,z) > 0, thus
making G into an electrical network. We will denote by = ~ y the fact that {x,y} € E. For an
example of electrical network, one could think G to be a finite box in Z¢, with V = [—n,n]¢NZ?,
Vit = [=(n — 1), (n — 1)]9 N Z9, and each edge having a unit conductance.

Definition 1.1. The massless Gaussian free field (GFF) on G with boundary condition f on
Vp is the random Gaussian field (¢(x))zey which coincides with f on Vp, and for the values on
Vint with density . .
7,0 (-5 X Canlew) -e@)?).
{z,y}eFE
The massive GFF with boundary condition f on Vj and square-mass K > 0 is the random
Gaussian field (¢x (2))zev which coincides with f on Vj, and for the values on Viy with density

L (5 X Clnlel) - o) -5 X e@)?).

Z
F K {$7y}€E 2€Vint

13



The constant K above is proportional to the square of a mass in Quantum Field Theory;

see Section [LL1.3
Let Ag be the discrete Laplacian on G:

(Agu)(z) = C(z,y)(u(y) — ulx)). (1.1)

Y~

The covariance structure of the massless GFF is given by the Green’s function (G(z,¥))syev
of —Ag, with 0 boundary conditions. For the massive GFF the covariance structure is given by
(Gk(x,Y))zycv, the Green’s function of —Ag+ K, with 0 boundary conditions. The expectation
of the massless GFF is given by the discrete harmonic extension of its boundary conditions.
The discrete GFF, both massless and massive, satisfies an obvious Markov property. Let
V C V, such that both V and V \ V are non-empty. Then, conditionally of (¢(2)),ep» TSP
(6K (7)),cp» the distribution of (qﬁ(w))mev\‘;, resp. (qﬁK(ac))er\f,, is that of a massless, resp.

massive, GFF on V \ V with boundary conditions given by(¢(x T)),cps TESP. (qbK( z)),cp- Note
that for these boundary conditions, only matter the values on the vertices of V that are adjacent
to V'\ V. This weak Markov property can be upgraded to a strong Markov v property, where V is
random and a stopping set, i.e. for every deterministic U C V', the event {V U} is measurable
with respect to (¢(z))zev, resp. (o (z))zev-

1.1.2 Continuum GFF

Let d > 1. Let be an open bounded connected subset D € R?. For simplicity, we assume that D
has a Lipschitz boundary, although this is not strictly necessary. For N > 1, let Dy = DN %Zd.
We see Dy as a subgraph of Z?. Let ¢y be the massless discrete GFF on Dy with 0 boundary
conditions, where the conductances on Dy are given by Cn(z,y) = N~@=2) for ||y — z| = %
We are interested in the continuum limit of ¢ as N — +oo.

In dimension d = 1, this is just a Brownian bridge. However, in dimension d > 2, it cannot
be defined as a random function, but only as a random generalized function, which we will
denote by ¢p. To properly construct ¢p, one can use its expansion in the eigenbasis of the
Dirichlet Laplacian on D. Let (\;);>1 be the sequence of eigenvalues of —A with 0 boundary
condition on 9D, 0 < A\; < Ay < A3 <.... Let (u;);>1 be the corresponding orthonormal basis
of L3(D). Let (Z;)i>1 be an i.i.d. sequence of N'(0,1) r.v.s. One can decompose

op="> A *Zu,. (1.2)

i>1

According to the Weyl law, \; is of order i2/¢. Thus, it is easy to see that the sum (1.2) converges
a.s. in the Sobolev space H~%(D) for the Sobolev norm

HUH%{* Z)‘ U u’L I

i>1

provided that a > d/2 — 1. For details, we refer to [She07, Section 2.3]. This leads to the
following definition.

Definition 1.2. Given f : 0D — R a bounded measurable function, the continuum massless
GFF on D with boundary condition f is given by

op = h(f)+ > N Zu,

i>1
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where h(f) is the harmonic extension of f and (Z;);>1 is an i.i.d. sequence of N'(0, 1) r.v.s. For
K > 0, the continuum massive GFF on D with boundary condition f and square-mass K is
given by
¢p.x =h(f)+ Y (i + K) V2 Zu,
i>1
where hi (f) is the solution to (—A + K)u = 0 with boundary condition f.

The covariance kernel of ¢p, resp. ¢p k, is given by Gp, resp. Gp i, the Green’s function
of —A, resp. —A + K, with 0 boundary conditions of 0D. The divergence on the diagonal is
as follows:

1 -
d=2: Gp(z,y) ~ 5 log(l/lly—z[),  d=3: Gplz,y) =y -z (=2,

The same for Gp g

Just as the discrete GFF, the continuum GFF, both massless and massive, satisfies a Markov
property. For more on this, we refer to Section 4.1

One particular feature of the massless GFF in dimension 2, and which is at the heart of
many results presented in this manuscript, is its conformal invariance. Given D and D’ two
conformally equivalent domains, ¢ a conformal map from D to D’ and ¢p a massless GFF on
D, then ¢p ot~ ! is distributed as a massless GFF on D’. This can be seen with the conformal
invariance of Green’s functions Gp(z,y) = Gp(¥~(z),9 "1 (y)). Ultimately this comes from
the conformal covariance of the Laplacian: A(u o)) = [¢/|?(Au) o 9.

1.1.3 Relation to the quantum bosonic free field

Here we present the physicists point of view on the continuum GFF, which is mathematically
non-rigorous. They see the distribution of the massless GFF as

1 1 )
zew (=3 [ 196l?)2e, (1.3)

where Dy is a uniform measure on fields on D, with some fixed boundary conditions on 9D.
Such a measure actually does not exist. Also the partition function Z is not well defined, and
[p IV¢|* does not make sense for ¢ a GFF. This corresponds to the Feynman’s functional
integral. For the massive free field, one has

1 1
7o (=5 [ 196l +m*e?) g, (14)
Zm 2 /p
with m? = K.
Now we explain briefly the relation to the Quantum Field Theory (QFT). Consider the
Euclidean space R? and let (21,22,...,24) be the coordinates. Then formally perform the

change of variables

t = —ixg, (1.5)
with i = /—1. This is the Wick rotation. The variable t represents a physical coordinate
time. The Wick rotations transforms the Euclidean inner product a:% + -+ xi_l =+ xfl into
the Lorentzian inner product z? + --- + :c?lf1 — t2, which is an invariant in Einstein’s special
relativity. We will denote R? endowed with this inner product by R?~11. This is the Minkowski
space-time. The functional integrals , resp., become after Wick rotation (also with
R4=L1 instead of D)

Lol .., s+ (2 v
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resp.

1 1 Op\ 2

—exp (L Vg 2(—)—22)1), 1.7

7o (2/]1@1’1 IVea-1ell” + (5 ) —m7%” ) Dy (1.7)
where Va1 denotes the gradient with respect to the variables (x1,...,24-1). These are the

functional integral representations for a gas of non-interacting bosons (several particles can
occupy the same quantum state) with spin zero. The mass of a particle is the m in . This
is the bosonic free field, and it has been introduced in the earliest works on QFT [B.J25l [BH.J26].
The wavefunction of an individual particle obeys the free Klein-Gordon equation

82
ot?

For more details, we refer to [Fol08]. As for the probabilistic GFF, it is often called Euclidean
bosonic free field, since the Wick rotation transforms the Minkowski space-time into the Eu-
clidean space.

We would like to point out that although the physicists often manipulate the functional
integrals and as complex-valued measures on real scalar fields, they cannot be defined
mathematically as such, not even as complex-valued measures on generalized fields (Schwartz
distributions). This is because the corresponding total variation measures would not be sigma-
finite. This is a difference between the functional integrals and on one hand and
and on the other. However, one can perform analytic continuations from the Euclidean to
the Minkowski setting.

Y = Aga-19 — m?1p. (1.8)

1.1.4 Interacting bosonic fields

Both from the Quantum Field Theory and from Statistical Physics point of view, it is often
interesting to add interactions to the bosonic fields. We will not develop this in our manuscript,
which mostly focuses on the free theory. However, this is something worth mentioning, since the
random walk representations of the GFF (Section originated from the study of interacting
fields; see Section

One way to achieve interactions is to consider a potential V and the functional integral (in

the Euclidean setting)
1 1
e (=5 [ IVl = [ ve)e (19)
Zy 2Jp D

A
The most commonly studied is the p* interaction with V(y) = E(’DZL’ for A > 0. The definition

of the ¢* (Phi 4) field is straightforward on a finite graph or in continuum in dimension d = 1.
However, in dimensions d > 2 in continuum it requires a renormalization. In dimension d = 2,
instead of the fourth power of the continuum GFF ¢*, one uses the Wick-renormalized fourth
power : ¢t :

L' = lim ¢; — E[¢]¢? + 3E[67)%,

where ¢, is a mollification of ¢. In this way, on a bounded domain D, the renormalized ¢* field
is absolutely continuous with respect to the GFF; see [GJ87, Section 8.6]. In dimension d = 3
the renormalization of the ? field is more complicated and in particular it is not absolutely
continuous with respect to the GFF. See |[GJ87, Section 23.1] and the references therein. In
dimensions d > 4, the ¢* field is asymptotically trivial, that is to say a formal lattice approxi-
mation would in fact converge just to the free field [Fr682, [ADC21]. This is also related to the
fact that in dimension d > 4, two independent Brownian motions with different starting points
do not intersect; see Section
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In dimension 2 in continuum, one can also take for V any polynomial P of even degree with
positive leading term and apply to the corresponding P(¢p) field the Wick renormalization; see
[GIR7, Section 8.6] and [Sim74]. One can also take V(p) = eV2™% for a suitable range of 7
(v € (0,2)) [HKT71]. This also corresponds to the Liouville field theory [RV14, Section 5.2]. See
also Chapter [6]

Also note that the Standard Model of Particle Physics contains primarily different types of
fields, that is to say fermions and gauge bosons. The latter correspond in the Euclidean setting
to random holonomy fields; see [Fol08, Chapter 9] and [GJ87, Chapter 22].

1.2 Bosonic fields and gases of random walk loops and excur-
sions

1.2.1 Interior excursions and the BFS-Dynkin isomorphism

Here we return to the discrete setting of Section [I.1.1] and consider a finite electrical network
G = (V,E) endowed with the conductances C(x,y) = C(y,z) > 0 for z ~ y. Let (Xt)¢>0 be
the nearest-neighbor Markovian jump process on G with the jump rate from a vertex x € V' to
a neighbor y given by the conductance C(z,y). The infinitesimal generator of (X;);>¢ is the
discrete Laplacian Ag . Let Ty, be the following first hitting time:

Tva = inf{t > OIXt € Va}

Then (Xt)0§t<Tv8 is the Markov jump process killed upon hitting Vj. Let p(t,z,y) be the
corresponding transition densities, where

Vo € Vig, Vt > 0, Z p(t,z,y) = Pu(Ty, > t).
ye‘/int

For every =,y € Vipy and K > 0, we have that

+00 +oo
/ p(t, 2, y)dt = G(z,y), / ¢ Kip(t, 2, y)dt = G (2, y). (1.10)
0 0

Given z,y € Vipe and t > 0, let P} be the law of (X;)o<s<¢ with X = x, conditioned on X; = y
and Ty, > t.

Definition 1.3. Given z,y € Viy, the interior-to-interior excursion measure from x to y is

+oo
utY = / dtp(t,z,y) PyY.
0

Given , we have that the total mass of a measure p*¥ is given by the Green’s function
G(z,y). The image of ™Y by time reversal in p¥*.

Given a generic path p parametrized by continuous time, we will denote by T'(p) its total
duration. We will be interested in the occupation times on paths on G. Given (p(t))o<i<7(p)
such a path and x € V, we will denote

T(p)
EI(@) = /0 1p(t):mdt'

Next we present a result relating the local times of paths under mesures p®¥ and the square
of the Gaussian free field. It is often referred to as Dynkin’s isomorphism [Dyn84al [Dyn84b],
however it appeared first in the work of Brydges, Frohlich and Spencer [BFS82, Theorem 2.2].
Therefore we will refer to it as the BFS-Dynkin isomorphism.
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Theorem 1.4 (BFS-Dynkin). Let ¢ be the massless GFF on G with 0 boundary condition on
Vi (Definition . Let x1,x0,...,29 € Vint. Then for any F bounded measurable function on
RY,

o (T otw) (o), .,)] =
> f[W%(ozpj)E[F((;qs(x)?+§kje$<pj>)xev)], (1.11)
j=1

({aj.biH1<i<k Jj=1

partition in pairs
of {1,2,...,2k}

where the sum runs over the (2k)!/(2¥k!) partitions in pairs as in the Wick’s rule for Gaussians.

Note that on the right-hand side of appear the occupation times of k£ continuous-time
random walk trajectories and they are homogeneous to the square of the GFF.

A standard way to prove the BFS-Dynkin isomorphism is to consider F'(f) = e~ Laev Aaf(2),
Then one gets a Laplace transform on both sides of , which is explicit in both cases. For
a different and recent approach we refer to [BHS21].

The BFS-Dynkin isomorphism can be extended to the case of general non-negative bound-
ary conditions for the GFF. It will then involve not only interior-to-interior excursions, but also
interior-to-boundary excursions, which we introduce next.

Definition 1.5. Given x € Viy, and y € Vj, the interior-to-boundary excursion measure from
r to y is

pt =Y Oz )™,

ZE‘/int
z~Yy

where the p** above are given by Definition [I.3] Thus defined, u*¥ is a measure on paths from
x to a neighbor z of y in Viy. By convention, we add to such a path a terminal jump to y,
without adding holding time at y, thus turning it into an actual path from x to y which spends
zero time in y.

The total mass of an interior-to-boundary excursion measure u*¥ is
H({L‘,y) = Z C(Z,y)G(Q?, Z) = IP)z()(Tva = y)
ZG‘/iUt

z~Yy

The function H(x,y) is the discrete Poisson kernel. Moreover, the probability measure u*Y/H (x,y)
is the law of (Xt)OStSTva with Xy = z, conditioned on XTVa =.

We do not know if the identity below appeared previously as such in the literature, but it
is closely related to the Eisenbaum’s isomorphism [Eis95].

Proposition 1.6. Take f : Vg — Ry. Let ¢ be the massless GFF on G with boundary condition
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f onVy. Let x1,...,xn € Vine. Then for any F bounded measurable function on RY,

<[ (HTotea)r((oter)..,)] -
> Y T[rw) >

Ic{l,...;n} (yi)sereVy €1 (aj.051)1<5<(n|11)/2
n—|I| even partition in pairs
of {1,....n}\I
(n—|1])/2 1 (n—|1])/2
[Twenag T s aopslr((Goer+ X ew+ 3 ew), )]
il j=1 iel J=1
In particular, for n =1,
Efot)F((5607) )] =E[0m, )7 (3602 + € ((Xosien,)) )],

where on the right-hand side ¢ and (X¢)i>0 are independent and Xo = x7.

1.2.2 Boundary excursions and the generalized Ray-Knight theorem

Next we define the boundary-to-boundary excursion measures.

Definition 1.7. Given z,y € Vy, the boundary-to-boundary excursion measure from z to y is

§mY = Z Z C(x,2)C(w,y) ™",

Zev‘int we‘/int
Z~T wn~y

where the u*" above are given by Definition Thus defined, p*¥ is a measure on paths from
a neighbor z of x in Viy to a neighbor w of y in Viy. By convention, we add to such a path an
initial jump from z to z and a terminal jump from w to y, without adding holding time at x or
y, thus turning it into an actual path from x to y which spends zero time in = and y.

The total mass of a boundary-to-boundary excursion measure p*¥ is

H(z,y)= Y Y C2)C(wy)G(zw). (1.12)

Ze‘/int we‘/int
zZ~T wn~y

Here, H(x,y) is the boundary Poisson kernel. The image of u®¥ by time reversal is p¥®.
Given a non-negative boundary condition f : V5 — R, let Z/ denote the Poisson point
process (PPP) of boundary-to-boundary excursions with intensity measure equal to

5 Y @ (113)

2
(I,y)eva

We see 2/ as a rendom collection of excursions. Given 2 € V, £%(Z/) will denote its occupation

eE) =3 ).

pe=f

time in z:

The following identity in law relates £%(Zf) to the square of a GFF with boundary condition
f. This is an extension of the generalized Ray-Knight theorem [EKMT00]. The details of

19



the proof can be found in [8, Appendix]. It is also closely related to Sznitman’s isomorphism
for random interlacements, who rather considered an infinite volume setting [Sznl2a]. Note
that the original Ray-Knight theorem [Ray63, [Kni63] dealt only with the local times of a one-
dimensional Brownian motion, which is actually the GFF in the continuum one-dimensional
setting; see Theorem [13.7

Theorem 1.8 (Generalized Ray-Knight). Take f : Vo — Ry. Let ¢¢ be the massless GFF on
G with boundary condition f on Vy. Let ¢ be the massless GFF on G with 0 boundary condition
on Vy. Let Zf be a PPP of boundary-to-boundary excursions independent from ¢o. Then the
following identity in law holds:

(3002 + =) _ " (Sos?) .

1.2.3 Loops and Le Jan’s isomorphism

Next we introduce a measure on nearest-neighbor loops associated with the Markov jump process
(Xt)t>0. Its Brownian analogue has been first introduced by Symanzik [Sym65|, [Sym66}, [Sym69).
Therefore we will call this measure Symanzik’s loop measure. The discrete-space continuous-
time loops were studied by Le Jan [LJ10, [LJ11]. For discrete-time random walk loops, see
[LTFO7] and [LLIO, Chapter 9]. Also, we will consider rooted loops. It is often useful to
consider unrooted loops, however, we will not emphasize the distinction between the two.

Definition 1.9. The Symanzik’s loop measure is

+u>d

plo%P (dgp) = Z/ *ptwff) “(dp Zu

xGth xe‘/lnt

The measure £'°°? has an infinite total mass. Actually for every @ € Viy, it puts an infinite
mass on trivial "loops” that stay only in x and do not jump. The induced measure on the
duration of such loops is
~t/G(ea) 9t

t

However, ;'°°P puts a finite weight on loops that visit at least two different vertices:

1;>0€e

111°°P ({Loops with skeleton z; — o — -+ — T, — 21})
_ l C(xh .732) s C(wn—l) xn)C(JUn, .%’1)
n W (z1)W (x2) ... W(xy) ’

= ZC(w,y).

yev
Yy~

where

So the measure induced on the discrete skeletons is the same appearing in [LTE07] and [LL10),
Chapter 9].

Definition 1.10. A continuous-time random walk loop soup on G is a Poisson point process
(PPP) L% with intensity measure au!°°P for an intensity parameter a > 0. It is a random
countable collection of nearest neighbor loops in G that do not touch Vjy, parametrized by
continuous time. The occupation field of L% is given by the occupation times

(LY =) Elp)

peEL
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Definition 1.11. Given a € C and a matrix M = (M;;)1<; j<n, the a-permanent of M is

n
Perma(M) — Z CY# cycles of o H Mzo’(z) .
o permutation =1
of {1,...,n}

Theorem 1.12 (Le Jan). Fiz o > 0. The occupation field (¢*(L*))zev is the a-permanental
field on V' with kernel (G(x,y))zyev characterized by its moments:

E[EII (/JO‘)EIQ ([’a) L En (Ea)] = Perma((G(xi, xj))lﬁi,jgn)-
For every A = (Az)zeviy, »
det(—A a
E[exp( ZV: szm(za))} - (det(_(Agf)A)) : (1.14)

where Ag is considered to be the Dirichlet Laplacian with 0 boundary condition on Vy. In
particular, the Laplace transform is finite if and only if —Ag — X is positive definite.
Fiz x € Vipy. Then £2(LY) follows a T'(a, G(x,x)) distribution with density

1 a—1_—t/G(z,z)
1liso=——r7— ’ .
NG oe dt

As a process in o, a +— L*(LY) is a Gamma subordinator with Lévy measure

~t/G(ea) 9t

1;>0e ;

In particular, conditionally on (*(L%), the family (€*(p))pece s a Poisson-Dirichlet partition
PD(«) of the interval (0,£%(LY)).

For the intensity parameter o = 1/2, (|1.14]) is the Laplace transform of a square Gaussian.
This is the Le Jan’s isomorphism [LJ10, [LJ11].

Theorem 1.13 (Le Jan). For o = 1/2, the following identity in law holds:

(P )aer 2 (FoP?)

2 m€V7

where ¢ is the massless GFF on G with 0 boundary condition on V.

1.2.4 All together

The results of Proposition[I.6] Theorem [I.8 and Theorem [T.13]can all be regrouped into a single
statement.

Proposition 1.14. Fix f : Vo — R. Let ¢ be the massless GFF on G with boundary condition
f on Vy. take 2 and L£LY? PPPs of boundary-to-boundary excursions and loops respectively,
with =7 independent from L£LY2. Let x1,...,2, € Vine. Then for any F bounded measurable
function on RV, the following holds:

B[F((5002) )] = EIF(@ (L) + (e ) (1.15)
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([T (o). . )] =
S OY e %

Ic{l, o} (yi)ier€VE i€l (aj.051)1<5<(n|11)/2
—|1I| even partition in pairs
of {1,....,n}\I
n—|I)/ (n—|11)/2
[T as H s (B[P ((e2(£12)+00 @D+ (i) + DO ) )]
el i€l

(1.16)

Note that one the right-hand side of (1.15) and (1.16) the GFF does not appear at all.
Everything is expressed through the occupation field of a family of continuous-time random walk
like trajectories: loops £1/2, always present, boundary-to-boundary excursions =/ accounting
for a non-zero boundary condition, excursions ; from some of the z; to the boundary and
excursions p; joining z,; and zp,. See Figure See also the discussion in [Szn12bl Section
4.3]. One can also replace the massless GFF by a massive GFF with square mass K. In this
case one only needs to weight each measure on trajectories %% and pl°°P by e~ K7(®) with T(p)
the duration of the path.

Figure 1.1: Conceptual illustration of Proposition The loops are in dotted lines, the
boundary-to-boundary excursions in dashed lines, and the excursions from the z; in full lines.
Picture inspired by Figure 0.1 in [Szn12b].

One of the original motivations for the development of the above isomorphism identities,
in particular in Symanzik [Sym65, [Sym66, [Sym69], Brydges-Frohlich-Spencer [BES82], Frohlich
[Fro82], is that it provides a method to deal with interacting bosonic fields . Indeed, one
can take in (1.15) and (1.16)) for F:

F((50@?) ) =ew (= X vile@)).

zeV
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where V(|p|) is some interaction potential depending only on |p| and not on the sign of ¢.

Then Proposition provides and expression for the moments of such fields purely in terms
A

of random walks. For instance, for the discrete p? field, V(|¢|) = E(p‘l, this would involve

exponentials of intersection local times (*(p)0*($), for p and ¢ two different paths, and self-

intersection local times (*(p)?, since

gx(@)Q = 2/ 1o (t1)=p(t2) =2 dt1dl2.
0<t1<t2<T(p)

Proposition leaves open the question how the signs of the field are related to these
random walk trajectories. I answered this question during my PhD Thesis [13], [16], and it is all
about clusters of paths. See Chapter [3| for details.

1.2.5 The continuum setting

The identities of Proposition [[.14] also extend to the continuum setting in dimensions d < 3.
Let us first see the continuum analogues of the measures on paths.

Assume d > 2. Let D C R? be an open bounded subset with nice enough boundary.
Let (Bt)t>0 be the Brownian motion on RY. Actually we will use the Brownian motion with
infinitesimal generator A rather than the standard Brownian motion, which has for infinitesimal
generator %A. This choice will simplify the tracking of different normalization constants. Let
Typ denote the first exit time

Typ = inf{t > 0|B, ¢ D}.

Let pp(t,x,y) denote the transition densities of the Brownian motion (B¢)o<t<T,,, killed upon
exiting D, so that for every x € D and ¢t > 0,

/ pp(t,x,y)dy = Pr(Top > ).
D

Recall that Gp denotes the Green’s function of —A on D with 0 boundary conditions on dD.
For every x,y € D, we have that

+oo
Gp(z,y) = / pp(t, z,y)dt.
0

For x € D and y € 9D, with D C! around v, let Hp(x,%y) denote the Poisson kernel
Hp(z,y) = 03 Gp(x,2)|=y,

where 0= is the normal derivative pointing inwards. The kernel Hp(z,y) is the density of the
harmonic measure seen from x. For & # y € 0D, with 9D C! around x and around vy, let
Hp(z,y) denote the boundary Poisson kernel

Hp(z,y) = aﬁaﬁGD(Za w)|z=z.
w=y

Note that
Hp(z,z) = lim Hp(x,y) = +o0.
y—x

Forz,y € D, let IP%’% denote the Brownian bridge probability measure conditioned on the bridge
staying in D.
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Definition 1.15. 1. Given z,y € D, the Brownian measure on interior-to-interior excursions
from z to y in D is

x?y N +w x’y
Hp™ = dtpD(taxvy)]P)Dﬂf' (117)
0

Its total mass in Gp(z,y).

2. Given x € D and y € 0D, the Brownian measure on interior-to-boundary excursions from
rtoyin D is
2Y — lim e Ty ey
Kp ey Ep )

where Wy is the unit normal vector at y pointing inwards. The total mass of ,u%’y is

given by the Poisson kernel Hp(xz,y). The probability measure u7Y/Hp(z,y) is the law
of (Bt)o<t<T,, With By = x, conditioned on Br,, = y.

3. Given x,y € 0D, the Brownian measure on boundary-to-boundary excursions from x to
yin D is
Y _ lim 6_2 Ct—i-aﬁy,y-i-&ﬁy
Hp e—0 Hp ’

The total mass of u7;” is given by the boundary Poisson kernel Hp(z,y).

4. The Symanzik’s Brownian loop measure on D is

loop oo dt T, T
bp = dx 7pD(t7l‘7$) IEDD,t‘
zeD 0

It has an infinite total mass because of the ultraviolet divergence.

For details on these Brownian measures, we refer to [Law05, Chapter 5] and [LW04]. In
dimension d = 1 in continuum, there are also the analogues of these measures; see [1§].

Definition 1.16. 1. Given f : 0D — R4 a bounded measurable function, the soup of
Brownian boundary-to-boundary excursions in D induced by f is the Poisson point process
Eé with intensity measure

1
s [ dedy f@rsn (1.18)
0D x0D
where the integral is with respect to the hypersurface measure on 9D (counting measure

ifd=1).

2. Given a > 0, the Brownian loop soup in D of intensity parameter « is the Poisson point
process L with intensity measure aulgOp.

A Brownian loop soup L£¢, contains a.s. infinitely many small loops. The same is true for
f

an excursion soup =7, provided f is not 0 almost everywhere on dD. However, in both cases
the number of paths of diameter larger than a fixed scale € > 0 is finite a.s.

Now we have the measures and the random collections of Brownian paths involved in the
continuum version of Proposition [I.14 It remains to see what the square of the continuum
GFF and the occupation fields of paths mean. In dimension d = 1 this is straightforward. The
continuum GFF is actually a Brownian bridge if D is an interval. It is defined pointwise, and so
is its square. As for the quantities ¢*(p) for p Brownian like paths, these are to be understood
as the Brownian local times

. 1 [T
*(p) = 2%26/0 Loty —a|<edt (1.19)
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which in dimension 1 are defined pointwise; see [RY99, Chapter VI].

In dimensions d > 2 one faces a difficulty. The continuum GFF ¢p is not defined pointwise,
so one has to make sense of its square first. In dimensions 2 and 3 on can use the Wick’s square
of the GFF:

: Qﬁ) = gl_l%(quD,s - E[(bQD,s])

for ¢p . a mollification of ¢p. : ¢% : is a centered random generalized function (not a positive
measure) measurable w.r.t. ¢p. To ensure the convergence, one can use a second moment
method, and in the limit

E[(: o :,u>2] = 2//DXDU(:B)GD(x,y)2u(y)da:dy (1.20)
*4 //Dw“(x”h(f )(@)Gp (. y)uly) (h(F))(y)dedy < +s,

where h(f) is the harmonic extension of f. See [LJ1I Section 10.1] for details. Note that the
right-hand side of is infinite in dimensions d > 4. In dimension 2 there is a more general
theory of the Wick renormalization of powers of the GFF; see [Sim74] and [Jan97, Chapter 3.

As for the occupation times of Brownian paths, these can be defined as random Radon
measures on D:

T(p)
f(p, A) = /0 lp(t)eAdt- (1.21)

Each Brownian path involved will have a finite occupation measure given by (1.21)). However
the PPPs Eé and £1D/2 contain each infinitely many paths. It is easy to see that the occupation
measure of Eé is still a.s. finite and

To the contrary, the occupation measure of ﬁgQ diverges in every open subset of D because
of the accumulation of small loops. Yet, in dimensions 2 and 3 one can define a renormalized,

centered occupation field of [,}7/2, denoted : f(ﬁgQ) :. We have that

ey =tm (Y de)-E[ > U9)).

pEElD/Q,diam(p)>s @EEID/Q,diam(p)>€
For details see [LJ11, Section 10.2].

So in dimensions 2 and 3 in continuum, a renormalized version of the identities and
holds. One has to subtract the expectation of the fields involved on both sides of the
equalities. In particular this involves the Wick’s square of the GFF : ¢2D : and the centered
occupation field of ElD/2, : 6(532) :. See [LJ11 Section 10.2]. It is not known whether it is
possible to get a meaningful renormalization of the identities and in dimensions 4

and higher.

To end this Chapter, I would like to point out that none of the proofs of isomorphism
theorems is technically complicated, but all may appear surprising and relying on miraculous
coincidences. So one question I personally get often asked is how people came up with these
identities in the first place. So here is what I think. One should keep in mind the relation of the
continuum GFF to the QFT through the Wick rotation , as mentioned in Section m

The same Wick rotation transforms an expectation w.r.t. a Brownian motion into a Feynman
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path integral describing the propagation of a relativistic spin-0 particle, whose wave-function
satisfies the free Klein-Gordon equation ((1.8)). This space-time trajectory of the particle is
actually virtual, as it is not observed through a measurement. Now, the correlations of fields
in perturbative QFT are expanded into infinite sums on Feynman diagrams. An edge in a
Feynman diagrams corresponds to the propagation of a particle, and the (complex) weight of
the edge is given by the path integral describing the propagation of this particle in space-time.
So the isomorphism theorems appear to be probabilistic reinterpretations of relations in QFT
between fields and particles, virtual particles in particular. Symanzik points to it, as he sees
his Brownian loop expansion of the p? field [Sym66] to be analogous to expansions in Quantum
Electrodynamics [Fey50]. Note however that the isomorphism identities, unlike the expansions
into Feynman diagrams for the interacting fields, are not perturbative and do not require a
small value of the coupling constant in the interaction potential.

26



Chapter 2

Dimension two: clusters of Brownian
paths and Schramm-Loewner
Evolutions

In this Chapter is presented a second source of inspiration for my research, alongside the isomor-
phism identities described in Chapter [Il This second source is the theory of Schramm-Loewner
Evolutions (SLE) in dimension 2, in particular in relation to the continuum GFF (Section
and to clusters in a Brownian loop soup (Section .

2.1 SLE and CLE: a brief overview

The Schramm-Loewner evolutions (SLE) are random growth processes for curves in a 2D do-
main that satisfy the conformal invariance in law and a domain Markov property. They were
introduced by Schramm [Sch00] and appear, or are conjectured so, as scaling limits of interfaces
in different models of Statistical Physics at criticality in dimension 2 [Sch07]. Let us consider
the chordal SLE from 0 to oo in the upper half-plane

H = {z € C|Im(z) > 0}.

By conformal invariance this is the same as considering any other simply connected domain (no
holes) with two marked points. (1(t))¢> is a continuous curve in H from 0 to co. Let H; denote
the unbounded connected component of H \ n([0,¢]). Let g; be the unique conformal from H,
to H normalized at oo as a

9(2) = 2+~ +0(|2[7),

where the quantity a above is the half-plane capacity of n([0,t]), hcap(n([0,t])). One also
chooses the time-parametrization such that hcap(n([0,¢])) = 2¢t. Then g; satisfies the Loewner
differential equation

0 2
—g(2) = —————, z € Hy,

5 (%) 9t(2) — & '
where (&)¢>0 is the driving function of (n(t))t>o0. In the case of an SLE,, one take & = kW4,
where (W3):>0 is a standard Brownian motion on R starting at 0. The SLE, is defined for all
k> 0. It is a random fractal continuous curve, with Hausdorff dimension (1 + x/8) A 2. There

are three phases:

e For k € (0,4], the SLE, is a simple (i.e. non self-intersecting) curve, and hits the boundary
R = OH only at the origin, for ¢ = 0.
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e For k € (4,8), the curve SLE, has self-intersections and also hits the boundary R = 0H
for ¢t > 0. However, the range on 7 has an empty interior

e For x > 8, the SLE, is a space-filling curve.

For more on SLE, we refer to [Law05].

Figure 2.2: CLE3 on the left and CLE,4 on the right. The CLE loops are the boundaries between
the blue and the white. Computer simulation by David Bruce Wilson available on his webpage
http://dbwilson.com/.

Next are the most remarkable values of k for SLE.
e The SLE; is the scaling limit of the loop-erased random walk [Sch00].
e The SLEg is the scaling limit of contours of the uniform spanning tree [Sch00)].

e The SLEg/3 appears as the outer boundary of a 2D Brownian trajectory. It also satisfies
a conformal restriction property [LSWO03]. It is conjectured to be the scaling limit of the
self-avoiding walk [Sch07].

e The SLEg satisfies the locality property. It is conjectured to be the scaling limit of
interfaces in the critical percolation. So far this has been proved for the triangular lattice
[Smi09].
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e The SLE3 is the scaling limit of interfaces in the critical Ising model [CS12].

e The SLEg,3 is the scaling limit of boundaries of clusters in the critical FK-Ising model
(random cluster model with ¢ = 2) [CS12].

e The SLEy is a level line of the continuum GFF; see Section [2.2] It is also conjectured to
appear in the scaling limit of the double dimer model [Keni4l, Dub19, BCI§].

The chordal SLE curves join two points on the boundary of a simply connected domain.
There is also a version of SLE-type loops in the interior of the domain, that describe the scaling
limits of inner interfaces. These are the Conformal Loop Ensembles CLE, for k € (8/3,4],
introduced in [She09, SW12]. A CLE, is a random infinite countable collection of loops in
a simply connected domain D, and satisfies the conformal invariance in law and a domain
Markov property. Each loop is a closed Jordan curve and does not touch the boundary 0D.
Two different loops do not intersect and do not surround each other. Each loop looks locally as
an SLE, curve. See Figure For a construction of the CLE through Brownian loop soups,
see the forthcoming Theorem [2.3]

2.2 SLE,, CLE, and the continuum GFF

In dimension 2, the continuum massless GFF is invariant in law under conformal transforma-
tions. Despite not being defined pointwise, it has intrinsic interfaces that are SLE-type curves.
These interfaces fully encode the GFF and provide a new understanding of it, different and
complementary to the one through duality by evaluation against test functions. In particular,
in their seminal work [SS09, [SS13], Schramm and Sheffield introduced the notion of level lines
and height gap of the GFF. The picture is the following. The continuum 2D GFF is spanned
by cliffs. On one side of the cliff the GFF has some value, and on the other side a different one.
The difference between the two is a universal constant, depending only on the normalization of
the GFF. This is the height gap, often denoted 2. With the normalization in Definition [1.2

2\ = +/7/2. (2.1)

The height gap can be interpreted as originating from an entropic repulsion. As for the cliffs
themselves, these are the level lines, although cliff lines would perhaps have been a better name.
A typical level line is an SLE4-type curve.

Let D C C be an open simply connected domain. Let z # y € 9D such that z and y divide
0D into two connected components, 9, D and dg D (left and right). Let a,b € (—=A, A), where A

is the half-height gap (2.1]). Set

b a
prR=—1++.

— 142
PL +)\7 )

Let 1 be the chordal SLE4(pr,, pr) process from x to y with force points in z_ and x4 (infinites-
imally left and right from z). If D = H, x = 0 and y = oo, then the driving function of n

satisfies
pLdt prdt

&—ai(0-)  gi(04) — &
where (W})i>0 is a standard Brownian motion on R starting at 0. In particular, if a = b = A,

then pr, = pr = 0 and 7 is just an SLE4 curve. Let Dy, be the open subset of D delimited by
O, D and 7, and similarly Dg delimited by OrD and 7. See Figure

dé; = 2dW, +
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xr

Figure 2.3: On the left illustration of the Schramm-Sheffield coupling. On the right illustration
of the Miller-Sheffield coupling.

Theorem 2.1 (Schramm-Sheffield). Let ¢1, and ¢r be two independent massless GFFs in Dy,
resp. DR, also independent from n, with the following boundary conditions. ¢1, has a boundary
condition b on O, D and A on the left side of n. ¢r has a boundary condition —a on Or D and
—\ on the right side of . Let ¢p de the following field on D:

¢p = 1p, ¢L + 1pg PR.

Then ¢p is distributed as the massless GFF on D with boundary conditions b on O, D and —a
on OrD. Moreover, in this coupling of (¢p,n, ¢, dr) are measurable w.r.t. ¢p. n is in this
way a level line of ¢p.

Also note that Schramm and Sheffield also proved the convergence towards a level line of a
discrete interface in the discrete GFF [SS09]. This approximation from discrete is actually the
hard part of their work.

Subsequently, Miller and Sheffield provided a coupling between the GFF and the CLE4.
The loops in a CLE4 are thus interior level lines (not touching the boundary dD) of a GFF.
See Figure For a proof of the Miller-Sheffield coupling, we refer to [WW17, [ASW19].

Theorem 2.2 (Miller-Sheffield). Let € be a CLEy loop ensemble in a simply connected domain
D. For a loop p € €, let Int(p) denote the interior enclosed by p. Let (¢y)oce be a family
of generalized fields, conditionally independent given &, with the conditional distribution of ¢,
being that of a massless free field in Int(p) with 0 boundary conditions on p. Let (0,)oce be a
family of conditionally i.i.d. uniform signs in {—1,1}, also conditionally independent from the
fields (¢p)pee. Let ¢p be the field in D given by

¢p = Z 1Int(go)(¢p + ‘7@2)‘)-
ped

Then ¢p is distributed as the massless GFF in D with 0 boundary conditions on 0D. More-

over, in this coupling of (¢p, €, (¢p)eee, (0p)pee), the family (€, (¢y)pee, (0p)pee) is measurable
w.r.t. ¢p.
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2.3 Clusters in a Brownian loop soup, CLE and SLE

The outer boundary of a 2D Brownian trajectory is an SLEg/3-type curve. This is related to the
conformal restriction property of the SLEg3 [LSWO03|, Wer08|. Actually, one can obtain SLE,-
type curves for every k € (8/3,4] if one considers not one Brownian trajectory but clusters in a
Brownian loop soup.

Let D € C be an open simply connected domain. Fix o > 0 and let £} be the Brownian
loop soup in D with intensity parameter «; see Definition In dimension 2, the Brownian
loop soup L%, is conformally invariant in law up to time reparametrization of the loops; see
[Law05l, Section 5.7]. This is a consequence of the conformal invariance of the 2D Brownian
motion up to time change. In particular, if one considers only the ranges of Brownian loops in

%, one gets a full conformal invariance.

Let us consider the clusters of loops in £%. Two Brownian loops p and ¢ in L$, belong
to the same cluster if there is a finite chain g, p1,..., o, of Brownian loops in L%, where p;
intersects p;_1, and py = p and @, = @. Sheflield and Werner studied these clusters in [SW12]
and proved the following.

Theorem 2.3 (Sheffield-Werner). If o > 1/2, then the Brownian loops in LY, form a.s. one
single cluster, everywhere dense in D.

If o € (0,1/2], then a.s. L} contains infinitely many clusters. The outer boundaries of
the outermost clusters (not surrounded by others) are distributed as a conformal loop ensemble

CLE,, with the correspondence

p_ (BE=8)(6 =)

(2.2)

2K

See Figure [2.4}

Figure 2.4: Tllustration of Theorems and The Brownian loops are in dotted lines. The
boundary excursions are in dashed lines. In red is an SLE,(p) curve. In blue is the CLE,.

In (2.2)), the value o = 1/2 corresponds to £ = 4, and the limit & = 0 to x = §/3. In

particular, one can see that the critical Brownian loop soup E}j/z is related to the continuum
GFF in two different ways. The first one is through the renormalized Le Jan’s isomorphism

. . 1/2 L
(Theorem . It involves the occupation field of £;)°. The second relation is via the CLE4
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and the Miller-Sheffield coupling (Theorem . It involves the interfaces in £}3/2. Part of my
research would be to unify these two descriptions; see Part [}

Further, in [WW13a] Werner and Wu showed that if on top of the Brownian loop soup one
takes a Poisson point process (PPP) of boundary-to-boundary Brownian excursions, one can
get a chordal SLE(p) curve. In the upper half-plane H, a chordal SLE,(p) curve with one force
point at 0_ is given by a driving function satisfying

pdt
§t — Qt(o—)’

where (W};);>0 is a standard Brownian motion on R starting at 0. One has to take p > —2.
In particular, if p = 0, then this is just an SLE, curve. Now if one has a simply connected
domain D and = # y € 9D such that z and y divide 9D into to connected components,
Or,D and OrD (left and right), then a chordal SLE(p) from = to y with one force point at
x_ is obtained from the SLE,(p) in H via a conformal mapping ¢ : H — D with ¥(0) = =,
Y(00) = y and ¥(R_) = d;D. Given a constant b > 0, one can also consider =4, a PPP of
boundary-to-boundary excursions from dr,D to 0, D with intensity measure given by

b2 .
Bl // dz dy pp;
8LD><8LD

see Definitions and One also takes an independent Brownian loop soup £$, and
considers the clusters of Brownian paths in L% U EZ]D. There are two types of clusters: those
that contain both boundary excursions and interior loops, and those that contain only interior
loops. Let A(ﬁ%,E%) be the union clusters that contain both loops and excursions and are
thus connected to 9, D. Let rA(LS,Z%,) be the rightmost boundary component of A(L%, Z%)
joining x and y. See Figure If @« > 1/2, then by Theorem ORA(LY,ZY) = OrD. If
a € (0,1/2], then OrA(LY,=}) is a non-trivial curve in D from x to y.

d& = kAW, +

Theorem 2.4 (Werner-Wu). Let o € (0,1/2] and b > 0. Then 9r.A(LS),ZY) is distributed as
a chordal SLE,(p) from x to y with one force point at x_. The K is given by . The p is
given by
b2 — E(P+2)(P+6—“).
2 K
In the limit case a =0 (no loops, only boundary excursions EbD), 8RA(EIZ’)) is distributed as an
SLEg3(p) curve.

The case k = 4, i.e. a = 1/2, is again particular. The SLE4(p) is a level line of the
continuum GFF for the boundary conditions b on 9, D and 0 on dg D (Theorem . So the
gas of Brownian paths E})/Q U Ell’) is related to the GFF in two different ways. On one hand

its (renormalized) occupation field gives the (renormalized) square of the GFF; see Proposition
On the other hand one of its interfaces, 8RA(L’1D/2, 25,), is a level line of the GFF with
the same boundary conditions. Also note that the proofs of both Theorem [2.3] and Theorem [2.4]
crucially relied on the simple connectedness of the domain D, while the isomorphism theorems
are in a sense blind to the geometry of the domain.
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Chapter 3

Clusters of Brownian paths and
signs of the fields

In this Chapter are presented the results I obtained during my PhD thesis [I3]. I related
the signs of the GFF in discrete to clusters of random walk trajectories that appear in the
isomorphism theorems (Proposition . My idea was to replace the discrete edges in an
electrical network by continuous lines of length proportional to the resistance, so as to get a
so called metric graph, and then to interpolate the discrete GFF to this topological object by
taking 1D Brownian bridges inside the edge-lines. See Section[3.2] Using this technique I proved
certain results, in particular the convergence of random walk clusters to Brownian clusters in
a loop soup in dimension 2 (Section . Both this convergence result and the method of the
metric graph GFF will play an important role in my subsequent research; see Parts |l and

3.1 Continuum 1D setting: clusters of Brownian loops and ex-
cursions of the occupation field

In [I8] T studied the Brownian loop soups (Definition [1.16]) in dimension 1. Take as a domain
the half-line R} = (0, +00) and consider the 1D Brownian loop measure u]llgj(:p (Definition [1.15).

The range of a loop p will be just a line segment [min p, max p|. However a Brownian loop ¢
will carry a non-trivial local time process on its range, (¢%(9))min p<z<max o; See (1.19).

Theorem 3.1 ([I8], Section 3.5). The measure on (min p, max p) induced by Mlﬂgp(dp) is

da db
10<a<bm~

Conditionally on (min p, max p) = (a,b), the process (20*(9))min p<e<maxp 5 @ square Bessel 4

bridge from 0 to 0 of length b — a. In particular, the process ({*(9))min p<z<maxp 5 continuous

for ,u%[ggp(dp)—almost every o, is positive on (min p, max p) and zero on min o and max .

Now consider a 1D Brownian loop soup Eﬁi with intensity measure aulﬂggp(dp). Its occu-
pation field

Fig) =Y )

@651%3_

is a stochastic process in x > 0, distributed actually as a square Bessel process of dimension 2«
[18, Proposition 4.6]. For references on Bessel processes see [RY99, Chapter XI]. The main take
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away in the study of the 1D Brownian loop soups is that the excursions of (¢* (Eﬁi))ng above
level 0, i.e. the connected components of

{o > 0l (L8, ) > 0},

are exactly the ranges of the clusters of loops in Eo‘i. Recall that two Brownian loop g and
@ in Eai belong to the same cluster if there is a finite chain g, g1, ..., pn of Brownian loops
in Eﬁi where p; intersects p;_1, and gy = p and p, = @. This is because £*(p) is positive on
(min p, max @), and so is £*( ﬁi)' Moreover, a.s. for every g € Lﬁi, thereis ¢ € E%i such that
M e(5) > 0. And similarly for max p. So £%( ]%i) is actually positive on [min p, max gp| for
every o € Eﬁi. Finally, a.s. for every & > 0 such that x is not visited by any loop, £*( ﬁi) =0.

A bit of care is needed in the above argument because there are infinitely countably many loop
in a loop soup; see [I8, Corollary 5.5].

Theorem 3.2 ([I§], Section 4.2). Fiz o > 0. The process (%I(ﬁﬁéi))xeo is a.s. continuous and
distributed as a square Bessel process of dimension 2« starting at 0 in x = 0. In particular, for
a = 1/2 it is the square of a Brownian motion. The excursions of (¢*( ﬁ‘éi))xeo above level 0
give exactly the clusters of loops in EO‘:. In particular there is a phase transitions at a = 1: for
a > 1 there is a.s. one single cluster.

3.2 Isomorphisms for the GFF on metric graphs

3.2.1 Brownian paths on metric graphs

In dimension 1 in continuum there is a nice correspondence between clusters of Brownian paths
and the connected components of the positive set of their occupation field (Theorem [3.2)).
One would like to combine this correspondence with a non-trivial geometry for the ranges of
Brownian paths, something one does not get on a line. So the idea is to consider metric graphs.
Consider a discrete electrical network G = (V, E)) with conductances (C(z,y))z~y, as in Section
We will replace each discrete edge of the graph G by a continuous line segment, so one
can move inside the edge.

Definition 3.3. The metric graph G associated with the electrical network G = (V,E) is
obtained by replacing each edge {x,y} € E by a continuous line segment I {z,y}- Topologically,

G is a one-dimensional simplicial complex, with V' being the family of O-cells and (I¢)ccr the

family of 1-cells. Moreover, G is endowed with a metric dg~ by setting the length of each line

segment Iy, 1 to be equal to C(z,y)~ L.

length (Lebesgue) measure mg.

It is also endowed with the corresponding interval-

One can define on the metric graph Q~ a natural continuous Markovian diffusion process
[BC84]. It is the symmetric Markov process associated with the Dirichlet form

G0 = [ mgtan)
where f is a continuous function on C7 which is C! inside each edge-line I, and has bounded
derivatives. This is the metric graph Brownian motion and will be denoted (Et)tzo- Inside an
edge line I, (ét)tzo behaves as a one-dimensional Brownian motion. Upon reaching a vertex
x € V, the process will perform Brownian excursions in each of the adjacent edges. See [10,
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Section 2] for details. The process (Et)tZO has local times (éf(é))xeg,tzo continuous in (z,1),
characterized by

/0 f(Bo)ds = /g £ (@) (Bymg(dz), (3.1)

for t > 0 and f a bounded measurable function on G. Tt is easy to see that the trace of (Et)tzo
on the vertices x € V is the Markovian jump process with jump rates given by the conductances.

Proposition 3.4. Let zg € V and (Et)tzo the metric graph Brownian motion staring at xg.
Foruw >0, let be

A, = inf {t > o\ > 6 (B) > u}. (3.2)
zeV
Then the process (EAu)uZO is the Markovian jump process on the discrete electrical network G
with jump rates given by the conductances C(z,y) as in Section|1.2.1,

We will also consider the process Et killed upon reaching V3. The measures on interior-to-
interior excursions (Definition , interior-to-boundary excursions (Definition , boundary-
to-boundary excursions (Definition and on interior loops (Definition , all have their
metric graph equivalents. Moreover, one can recover the discrete-space measures by applying
. In this way, one can consider metric graph Brownian loop soups Eg. Note that the loops
in Eg do not hit the boundary Vy. There are two types of loops in £§, those that do not visit
any vertex in V' and stay inside an edge-line I., and those that visit vertices in V. The trace
of the latter on the vertices is actually distributed as a continuous-time random walk loop soup
L% (Definition . One can also define the occupation field (£7(£%)), .5 by summing over the

metric graph loops the local times (3.1)). The analog of Theorem holds on metric graphs.

Theorem 3.5 ([16], Section 2). Fiz o > 0. The field (Ex(ﬁg))xefgv is a.s. continuous in x, and
equals 0 on Vy. Moreover, the clusters of loops in Eg are exactly the connected components of

{w € Gle*(£3) > 0}

Now let us see how the clusters of metric graph loops in £% and the clusters of discrete-space
loops in L% are related. First note that for every x € V, E’”(Eggi) = (*(LY). Obviously, each
cluster of L% is contained in a cluster of L% However, a cluster of L% can contain strictly
more vertices. This is because both the excursions of loops inside the edge-lines I, and the

metric graph loops that stay inside I. create additional connections that one does not see at
the discrete level. For e € F set

X { 1 ifVa € L, 2(£2) > 0,
We = g

e =

{ 1 if e visited by a loop in L%,

0 otherwise. (3.3)

0 otherwise;
An edge e € E is open for Eg, resp. L%, if ©. =1, resp. we = 1. Clearly, @, > we.

Theorem 3.6 ([16], Theorem 1 bis). Fiz a > 0. If a > 1, then a.s. & = 1 for every edge e
not adjacent to a vertex in Vy, and & = 0 for e adjacent to Vy. If a € (0, 1), then conditionally
on L%, the configuration (@e)ecp is distributed as follows. For e = {x,y} € E, @ is set to 1 if
we = 1. If we =0, then

P(we = 1|£%, we = 0) = P(@e = L7 (L), £/(LY),we = 0) = pa(£*(LY),L7(L), C(x,y)) € (0,1),
where po, (£ (LY), LY (LY), C(z,y)) can be expressed as the probability that a certain one-dimensional

stochastic process does not have zeroes. Moreover, the variables (O¢)ecE w.—=0 are conditionally
independent given L. In the particular case o = 1/2,

pra(E(£2), £1(£%), C(a,y)) = 1 = exp (= 20w, y)VE(L)BER)).
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3.2.2 Metric graph GFF and isomorphisms

The discrete GFF ¢ on G (Definition [1.1)) can be interpolated to a continuous Gaussian field o
on the metric graph G such that ¢ is the restriction of ¢ to V, ¢ = ¢|V

Definition 3.7. The massless metric graph GFF on G with boundary condition f on Vj is the
random Gaussian field (¢(z))zcy distributed as follows. The restriction of ¢ to vertices, ¢|V,
is dlstrlbuted as the massless discrete GFF on G with boundary condition f on Vjy (Deﬁmtlon
. Conditionally on ¢|V7 the fields (gbu )eck are independent. For each {z,y} € E, ¢|I{x e

distributed as a 1D Brownian bridge of length C/(z,y)~! between the values ¢(x) and ¢(y).
See Figure left picture. By construction, ¢ is a continuous field on Q, and on Vj it equals
f, the boundary condition. It also satisfies a strong Markov property, even if one cuts it inside
the edge-lines; see [16, Section 3]. Compared to the discrete GFF, it also has the advantage
to satisfy the intermediate value property, because of the continuity. Le Jan’s isomorphism

(Theorem [1.13]) extends to the metric graph setting, with the correspondence of Theorem
on top of that. See Figure right picture.

it s EHE

MA/ v/l n=saanns
|

SEEBanERE
T

Figure 3.1: On the left, an illustration of the metric graph GFF. In green is the height of the
discrete GFF on the vertices. In orange the interpolating Brownian bridges. On the right, the
sign clusters of metric graph GFF, positive in red and negative in blue. The bold lines represent
the edges visited by the random walk loops. The black dots represent the boundary vertices in
V5. The boundary condition is 0.

REERESRSES

Theorem 3.8 ([16], Theorem 1). Take £é/2 the metric graph loop soup of intensity parameter

a=1/2. Let (o 172 be a conditionally i.i.d. family of signs in {—1,1} with

)C cluster ofﬁ
Plosz = 1|£é~/2) = P(o; = —l\ﬁg2) =1/2. Forz € G such that f“"(ﬁém) > 0, denote by C(z)

the cluster covering x. For x € §, set
1/2
P(x) = O6(x) 2€$(£g/ )-

Then the field ¢ is distributed as the metric graph GFF on G with 0 boundary condition on Vy.

Theorem also has a version where the metric graph GFF ¢ has some non-negative
boundary conditions. Then on top of the metric graph Brownian loop soup one has to add an
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independent PPP of boundary-to-boundary excursions that accounts for the non-zero boundary
condition. This will be important in the study of the first passage sets; see Chapter [ in
particular Section

On the picture on the right on Figure there are 3 types of clusters. First there are the
clusters of the random walk loops in £'/2 (bold lines). Then there are the clusters of metric

graphs loops in Eé/ 2, that are in general strictly larger. By Theorem the latter also coincide

with the sign clusters of the metric graph GFF gz~5 Finally there are the sign clusters of the
discrete GFF ¢. These can be strictly larger than that of ¢. Indeed, given e € E an edge, the
sign at both ends of e may be the same, but the opposite sign may occur on a portion of the
corresponding edge-line I.. Then this change of sign is not seen at the level of the vertices, but
seen on the metric graph level. These 3 types of clusters have a natural interpretation in terms
of the combinatorics of the Ising model; see Chapter

In dimension 2, it turns out that the clusters of £1/2 and that of Eé/ % are in the fine mesh
limit the same. I proved this in [I4]; see Section However, the sign clusters of (5 and that
of ¢ are predicted to be different in the fine mesh limit. The boundaries of clusters of ¢ are in
the limit the CLE4 [14], which is consistent with the Miller-Sheffield coupling (Theorem [2.2)).
As for the clusters of ¢, its sign clusters in the limit are predicted to correspond to the arc loop
ensemble (ALE) [QW1S8|. The latter, just as the CLEy, is a collection of SLE4 type loops, but
unlike the CLEy4, the loops in ALE are boundary touching and two different loops may touch
each other. So in 2D, the sign clusters of ¢ are macroscopically larger than the sign clusters of

0.
The coupling of Theorem provides an upper bound for the probability of two points
belonging to the same cluster of £1/2.

Corollary 3.9 ([16], Proposition 5.2). Let z,y € Vin,. Then

P(z,y connected by £'/?) < P(z,y connected by El/ ) = E[sign(p(z)) sign(o(y))]
(x’y) ) (3.4)

— Efsign(6(2))sign($(y))] = = Avcsin (—

s

3.3 Convergence of clusters of loops in 2D

Consider the discrete upper half-plane H = Z x N and the random walk loop soups £ on H. A
natural question is whether £g contains infinite or only bounded clusters of loops. So one sees
L{ as a dependent percolation model on the edges of H. Note that it is pointless to consider the
random walk loop soup in the whole discrete plane Z2. Indeed, because of the recurrence of the
2D random walk, £, will a.s. contain one single cluster covering all the vertices, whatever the
value of a > 0.

I proved that for the clusters of L, the phase transition occurs at the intensity parameter
a = 1/2, which corresponds to the GFF case (Theorem and which is also critical for
the 2D Brownian loop soup in continuum (Theorem [2.3)). To show that for o € (0,1/2] there
is no percolation by loops [16] I relied on the upper bound ( . To show that for a > 1/2
there is indeed percolation [15], I used a comparison between discrete and Brownian loops, and
a 1-depend block percolation argument together with the Ligett-Schonmann-Stacey’s theorem
[LSS97]. One can also consider H, the metric graph associated with H, and the corresponding
metric graph Brownian loop soups L’%‘. For these a similar result holds.
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Theorem 3.10 ([16], Theorem 2 and [15], Theorem 1). For o € (0,1/2], both Ly and L
contain only bounded clusters of loops. For o > 1/2, both L§ and E% contain one and only one
unbounded cluster of loops, the other clusters being bounded.

Further, for a € (0,1/2], one can consider the scaling limits of clusters in £f and £g. It
turns out that these are the same. More precisely, in [I4] I considered the clusters of loops on

the rescaled lattices, i.e. in E‘iH and L’Oiﬁ, and proved the following.
N N

Theorem 3.11 ([I4], Theorem 1.1). Let o € (0,1/2]. As N — 400, the outer boundaries
of outermost clusters of loops in both E‘iH and Eoiﬁ converge in law to a CLE,; on the upper

N N
half-plane H, with the relation (2.2) between o and K.

Now let us see the main ideas for the proof of Theorem Brug, Camia and Lis proved
in [vdBCL16] that if one throws away all the small loops up to some mesoscopic scale (loops
with less than N? jumps for a # € (16/9,2)), then one gets convergence of random walk clusters
to Brownian clusters. They relied on a Komlés-Major-Tusnady (KMT) type coupling between
random walk an Brownian loops that appeared in [LTFQ07]. However the KMT coupling fails
for small loops, let alone the small loops on the metric graph. So one gets a lower bound, the
boundaries in LOiH and Eo‘%ﬁ cannot be asymptotically smaller than a CLE,. But one needs

N
an upper bound since small loops (and there are many of them) create additional connections
that could a priori make the clusters strictly larger even at a macroscopic level. It is actually
enough to establish the upper bound for & = 1/2 and k = 4, as this would imply one for all the
1/
1

smaller values of a. Also, it is enough to consider the metric graph loop soup Eié since there
N

the clusters are larger.

To establish the upper bound I considered the following topological events. One fixes four
points 1 < z9 < x3 < x4 € R, and two values u,v > 0. One takes the Brownian loop soup E];I/Q
in H, and on top of it two independent PPPs of boundary-to-boundary Brownian excursions

=y and Z%,, with respective intensity measures

'LL2 T ’1)2 T
- / / pgldrdy, / pug? de dy;
2 (z1,22)? 2 (w3,04)2

see . Let E(u,v) be the event that =Y, and Z%, are connected, either directly because one
excursion from =Y, intersects one from =j,, or indirectly trough a chain of loops in ci/ % see
Figure 3.2] The probability of this event can be computed using the theory of the conformal
restriction [LSWO03| and is actually

uv

et == (G )

A similar event, denoted Ex(u,v), can be defined on the metric graph %ﬁ, and by a computation
similar in spirit to (3.4]) one has

P(En(u,v)) =1 — e 8w,

where CS is an effective conductance in +H from (21, z2) to (z3,24). The convergence of C§ff

ensures that

NLHEOO P(En(u,v)) = P(E(u,v)).

This establishes the desired upper bound, as otherwise P(Ey(u,v)) would have been asymptot-
ically larger than P(E(u,v)).

By combining Theorem and the coupling of Theorem one immediately gets the
following.
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Figure 3.2: Two Brownian boundary excursions (dashed lines) connected by a chain of Brownian
loops (dotted lines).

Corollary 3.12 ([I4]). Let ¢y be the massless metric graph GFF on %ﬁ with 0 boundary
conditions. Then the outer boundaries of outermost sign clusters of ¢ converge in law to the
CLE4 on the upper half-plane H.

The above convergence is consistent with the Miller-Sheffield coupling (Theorem .
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Part 11

Constructing fields out of Brownian
paths in dimension two
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Chapter 4

First passage sets of the continuum
GFF

In this Chapter will be presented the results obtained in a collaboration of myself with Juhan
Aru and Avelio Sepilveda, that appeared in two companion papers [0, 8]. This is a project that
was initiated during my post-doc at ETH Ziirich. In [9] we constructed what we called the first
passage sets (FPS) of the continuum GFF in dimension 2. These are random stopping sets of
the continuum GFF. See Section for generalities on Markovian decompositions of the latter.
An FPS can be informally described as all the points in the domain that can be reached from the
boundary by a continuous path along which the GFF is larger than some value. This description
does not make immediate sense in continuum, but an FPS can be rigorously constructed through
the level lines of the GFF; see Section We also prove a characterization of the FPS that
is useful to show convergences (Theorem . An FPS has zero Lebesgue measure, yet the
restriction of the GFF to it is non-trivial. It is a positive Radon measure, actually a Minkowski
content in the gauge |logr|"/?r?; see Section In [8] we described the FPS as a cluster
of Brownian loops and boundary-to-boundary excursions. To get this, one first considers the
analogue of the FPS on metric graphs, and uses the isomorphism theorems to show that the FPS
is a cluster of loops and excursions on the metric graph; see Section Then by convergence
from the metric graphs, one establishes the analogous result in continuum; see Section
Finally, based on this work, Aru, Sepilveda and myself announced the decomposition of the
GFF in the whole domain into excursion sets, by analogy with excursions of the one-dimensional
Brownian motion, with the excursion sets being given by the clusters in a Brownian loop soup.
This decomposition will be briefly presented in Section

4.1 Markov property and local sets of the GFF

In this Section we recall the Markov properties of the continuum GFF and the notion of local
sets. We will restrict to the 2D setting, however these notions are valid in any dimension.

Let D C C be an open connected subset. For simplicity we assume D bounded. Let ¢p be
the massless GFF on D with some boundary condition f on 0D); see Definition Let K be a
deterministic subset of D such that K N D # ) and D \ K # (. Let (@;);>1 be an orthonormal
eigenbasis of —A on D \ K with 0 boundary conditions. The Dirichlet inner product of ¢p
against @; is well defined (see [She07, Section 2.1]):

(Vop,Vi,) = Vop - Vi,.
D\K
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Denote
Pp\K = Z<V¢D, Vi), o™ = ép — dp\k-
i>1
Next we state the weak Markov property of the continuum GFF. We refer to [She(07, Section
2.6).

Proposition 4.1 (Weak Markov property). The random fields ¢p\ g, and thus &, are well
defined as generalized functions in H=¢(D) for € > 0. The field ¢p\ is Gaussian, distributed
as the massless GFF on D\ K with 0 boundary conditions. The restriction of the field ¢ to
D\ K is a harmonic function. The fields ¢p\x and &' are independent.

The GFF ¢p also satisfies a strong Markov property. We refer to [SS13, Lemma 3.9].

Proposition 4.2 (Strong Markov property). Let K be a random compact subset of D. Assume
that K is a stopping set, i.e. for every open deterministic subset U C D, the event K C U is
measurable w.r.t. 1y¢p. Then ¢p admits a decomposition

¢p = 0" + dp\x, (4.1)

with the restriction of ¢ to D\ K being a.s. harmonic, and ¢p\k being distributed, condition-
ally on (K, %), as the massless GFF on D\ K with 0 boundary conditions.

Examples of stopping sets include the level lines (Theorem and the CLE, gasket, i.e.
the exterior of the CLE4 loops (Theorem . Note however that in these examples the mea-
surability w.r.t. the free field is non-trivial, because the latter is not defined pointwise. Also
for that reason one prefers to use a more general notion, that of local sets, introduced in [SS13].
One only needs a decomposition , and does not assume the measurability of K w.r.t. to
¢p. In this way, a random compact set independent from ¢p will be a local set but not a
stopping set. The local sets are also more stable by convergence from discrete.

Definition 4.3. Let K be a random compact subset of D coupled to ¢p. K is a local set of
¢p if ¢p decomposes
¢p = " + dp\x, (4.2)

where the restriction of ¢ to D\ K is a.s. harmonic, and conditionally on (K, $%), ¢p\k 18
distributed as the massless GFF on D \ K with 0 boundary conditions.

There is an important distinction between thin and non-thin local sets which we present
next. We refer to [Sep19).

Definition 4.4. A local set K of ¢p is thin if in the decomposition (4.2)), ¢* coincides with
its restriction to D \ K, i.e. it is a random harmonic function on D \ K. Otherwise, the local
set K is said non-thin.

The level lines (Theorem and the CLEy gasket (Theorem are thin local sets. In
these two examples, ¢ is nothing more than the harmonic extension of the boundary values
on the SLE4 type interfaces. If the local set K has non-empty interior with positive probability,
then it is obviously non-thin. However, there are more interesting examples of non-thin local
sets. The first passage sets that will be developed in this Chapter are an example of local sets
that a.s. have empty interior and even zero Lebesgue measure, but are still non-thin.

Next we consider continuously growing families of local sets K(t) and how the value of
#K1(2) evolves for a fixed point z € D away from the K (t). This was first observed for the
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level lines in [SS13] and then generalized in [MS16l, Proposition 6.5]. Also recall that the Green’s
function on D can be decomposed as

1
Gp(z,w) = o _log(1/|w - z[|) + gp (2, w),

where gp(z,w) is a continuous function on D x D. If D is simply connected, then
1
gp(z,2) = %log CR(z, D),

where CR(z, D) denotes the conformal radius of D seen from z (Definition [7.1)).

Definition 4.5. Let (K(t))o<i<1 be a non-decreasing random family of compact subsets of D,
coupled to the GFF ¢p, and continuous for the Hausdorff metric. Let (F;)o<t<7 be the natural
filtration induced by (K (t))o<t<7. The process (K (t))o<i<r is said to be a local set process for
¢p if for every 7 stopping time for (F;)o<t<7, K (7) is a local set for ¢p.

Proposition 4.6. Let (K (t))o<i<T be a local set process for the GFF ¢p. Fixz € D and assume
that a.s. z & K(T). Set M; = "W (2) (recall that ¢*® is a.s. harmonic on D\ K(t)). Then
the process (My)o<i<T is a continuous martingale in the natural filtration of (K (t), (ﬁK(t))ogtST.
Moreover, its quadratic variation is given by

<M7 M)t = gD(Z) Z) - gD\K(t)(Z) Z)‘

4.2 First passage sets: construction and characterization

Here we present the notion of first passage sets (FPS) of the continuum 2D GFF that was
intruduced in [9] by Aru, Sepilveda and myself. We assume that the domain D is finitely
connected, i.e. C\ D has finitely many connected components. Also, each connected component
of C\ D is assumed to be non-polar. For simplicity sake, we also take here D to be bounded.
The field ¢p is a massless GFF on D with a boundary condition f on 0D which is piecewise
constant. Let —a € R. To avoid technical complications, here we will assume that —a < infgp f,
although this restrictive condition in not present in [9]. Informally, the first passage set of ¢p
of level —a is the subset of all points z € D that can be reached from 9D by a continuous path
along which ¢p > —a. Since ¢p is not defined pointwise, this does not make immediately sense.
However, a similar definition makes perfectly sense in the metric graph setting; see Section

Definition 4.7 ([9], Definition 4.1). A local set A is a first passage set of ¢p of level —a if the
following conditions are satisfied.

1. ¢ = p™ — alp, where u is a non-negative Radon measure supported on A.

2. Each connected component of A a.s. intersects 0D.

In [9], the first passage sets are constructed by iterating an infinite countable sequence of
level lines inside the domain D; see [0, Proposition 4.4]. Each level line is an SLE4 type curve,
as in Theorem There is a first generation of level lines that touch D. Then in the smaller
domain delimited by the level lines of the first generation, one samples a second generation of
level lines. Then one continues with successive generations of level lines sampled inside domains
delimited by the previous generations. Finally one takes the topological closure of all the level
lines sampled during this process. The values of ¢p along these level lines depend on the
value —a one aims to. We will denote by A_, this particular first passage set. Note that by
construction it is a stopping set, not just a local set, because the level lines of the GFF are.
The crucial result is that A_, is actually the only first passage set, and thus the first passage
set of level —a.
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Theorem 4.8 ([9], Theorem 4.3). Let A be a local set of the GFF ¢p. Assume that A is a
first passage set of level —a. Then A = A_, a.s.

The proof of this result is done in two steps. The first step consists in showing that A_, C A
a.s. Informally, this is done as follows. Let 1 be one of the level lines involved in the construction
of A_,. The values of the GFF on either side of n are v, resp. v+ 2\, with v > —a. If n would
have entered a connected O component of D \ A, then it would no be able to hit dO again
because the boundary values of ¢p on 0O are —a. Thus, v would not be able to exit O and
reach its destination, and would stay trapped in O. This is a contradiction, and thus n does
not enter O in the first place. So n has to stay in A.

The second step consists in showing that A = A_, a.s. given that A_, C A a.s. From
general considerations on local sets one gets that u® > p®-¢ a.s., and further that

E[p® — p*~*|A_s) = Elpp\a_,|A_a] = 0.

Thus p® = p#-* a.s. and ¢p\a_, = ¢p\a a.s. Then,

//(D\A )2 Gpa_o(zw) dzdw =E[bp\a_ys 1pva,) 1Al
=El{¢p\as 1p\a_,)*[A—a] = // Gp\a(z,w) dz dw.
(D\A)?

This implies that A_, = A a.s.

Now consider that the domain D is simply connected, that the boundary condition of ¢p
is 0 and that —a = —2\ . Then the FPS A_5) can be constructed out of the nested
CLEy; see Figure One samples a first generation of the CLE, inside D. Then inside each
CLE,4 one samples and independent CLE,4 to get the second generation, and than continuous
on with the successive generations. For each new CLE,4 loop one adds either —2\ or 2\ with
equal probability. In this way one gets a branching random walk of step size 2\, with infinite
offspring at each generation. To get the FPS A_») one stops along each branch upon hitting the
value —2\. In this way, the connected components of O(D \ A_s)) are CLE, loops of different
random generations, rather than a fixed one. There are also exceptional branches along which
the random walk never hits —2\. This branches are important too, because they give rise to
the measure p®-2»,

4.3 The measure on first passage sets
Given an FPS A_,, the GFF ¢p decomposes

¢p =~ —alp+dp\a_,, (4.3)

where p®-¢ is a non-negative Radon measure supported on A_,, and conditionally on A_,,
®p\a_, is distributed as a massless GFF on D \ A_, with 0 boundary conditions. In this
Section we will present the identification of the measure u*-+. First note that

E[p*~] = (h(f) + a)1p,

where h(f) is the harmonic extension of the boundary condition f. So in particular, one has
P(uh-e # 0) > 0. Thus, the FPS A_, is a non-thin local set; recall Definition One can
actually show that -« # 0 a.s. [9, Proposition 4.6].
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Figure 4.1: On the left: construction of the FPS of level —2\ through the nested CLE4. The
blue loops correspond to the level —2\ and one does not iterate inside. On the right: computer

simulations of FPSs of levels —A (dark blue), —2A, —3\ and —4\ (bright yellow). Done with
the help of Brent Werness.

Let (Wi)i>0 be a one-dimensional standard Brownian motion starting from 0. For z < 0,
set
T, = inf{t > 0|W; = x}.

Fix z € D. Actually a.s. z ¢ A_,. Proposition [£.6] implies that

(law)

9p(2,2) = gp\a_.(2,2) =" Top(H)(2)-a> (4.4)

where h(f)(z) is the harmonic extension of the boundary condition at z. This implies that as
t — o0,
P(—gp\a_,(z,2) > t) < t7V/2 (4.5)

Further, one can show that there is a constant C' = C(D) > 1, depending on the domain D,
such that a.s. for every z € D\ A_,,

d(z,A_y) < €20\ < O(D)d(z, A_y). (4.6)

See [9, Lemma 5.13]. If D is simply connected, one can take C(D) = 4, and this follows from
Koebe quarter theorem; see [AhI10, Section 5.1]. For general D, one can apply the Beurling
estimate [Law05, Theorem 3.76]. Let (A_,), denote the r-neighborhood of A_,. By combining

(4.5) and (4.6) one gets that as r — 0,
E[Leb((A_4),)] =< |logr|~Y/2,

where Leb denotes the Lebesgue measure on C. So in particular, Leb(A_,) = 0 a.s. There is a
more precise result.

Theorem 4.9 ([9], Theorem 5.1). A.s. the measure u*~< is the restriction to D of the weak
limit of the measures

1
leD,d(z,A,a)<r§ | log T|1/2 dz

as T — 0. That is to say, p™-< is a Minkowski content measure in the gauge |log r|1/2r2.

45



Next we explain the main ideas of the proof of Theorem [£.9] We go through the Gaussian
multiplicative chaos (GMC). The GMC is the renormalized exponential of the GFF. Let (¢p)<(2)
denote the average value of the GFF ¢p on the circle of radius ¢ with center z. It is defined
pointwise and continuous in z. For v € (—-2,2), the GMC measure ., is

fry = lim £77/2eV2m(60)e(2) g
e—0

See Section for details. 1, is a random Radon measure on D.
Let also denote fi, the GMC associated with the field ¢p\4_, . For v € (0,2), one can
see that
Py = emvaﬂ,w. (4.7)

See [APS20]. Informally, the idea is that e~V2m "~ s bounded from above, and converges to
0 once multiplied by the renormalization factor e7*/2,
Further, one has

p y 1 d

=— lim ——p_,.
P Ve
Together with (4.7)), one gets

1 d
=~ lim —-—fi_, —al
oD =0T /27 d’}/'u v b
d
By taking the conditional expectation w.r.t. A_,, and after checking that E[-|A_,] and -
Y
commute, one gets that
1 d
E A_,l=—lim ——E[i_~|A_4] —alp.
[¢D‘ a] 7—)0*\/%6#)/ [:u ’7| a] D
But from the decomposition (4.3) one gets that
E[¢p|A o] = p** —alp.
Thus,
1 d
A_ . N
@ =— lim ——E[i_~|A_,].
w ,y_>0+ /27_[_ d’}/ [ILL '7’ a}
Further, the conditional expectation E[fi_,|A_g] is an absolutely continuous measure
E[ﬂ—V|A—a] = 1z€D\A7a672ﬂgD\A7a(Z,Z)dz'
Thus,
2
phoe = — lim V2myl.epa_,9p\a_, (2, 2)€” T (57 g
~y—0+
By applying (4.6]), one gets that
. 2
phn = wli% V21 L,ep\a g d(zh_a)<1l108d(z, A_q)|d(z, A_g)" /2. (4.8)

So one gets a first expression for the measure p®-<. It is a.s. a weak limit of absolutely
continuous measures on D \ A_,. In the limit v — 0T, the right-hand side of is actually
non-zero, but concentrates on A_,. One can further see that this limit is actually a Minkowski
content measure in the gauge |log7|'/?r2. Indeed, if one studies the function

=y 27r71r€(071)| logr]ﬂQ/z,

one gets that it attains its maximum in r, = e 2/ 72, and the value of the maximum is

2
V27y X ?6_1 = |10gr,y|1/2.
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4.4 First passage sets on metric graphs

Consider a discrete electrical network G = (V, E) with conductances (C(z,y))z~y, and G the
associated metric graph; see Section Let ¢ be a massless metric graph GFF on G with a
boundary condition f on Vj; see Deﬁnltlon . Next we define the first passage sets of ¢.

Definition 4.10. Let —a < miny, f. The first passage set of ¢ of level —a is
A_, = {z € G|3p continuous path from Vj to z s.t. ¢ > —a on p}.

By construction, A a is a closed subset of g containing Vj, and each connected component of
A_, is connected to V. For every x € A, gzb( ) > —a. It is easy to see that A, isa stopping
set for the GFF ¢. Moreover, conditionally on (A_,, o1+ i, ), the field qﬁlg\ 5 is distributed

as a massless metric graph GFF on G \ A_, with —a boundary conditions on 6(9 \ A_,). The
very name first passage set has been chosen because of the analogy with the first passage time
and first passage bridge for one-dimensional Brownian motion.

The first passage sets on metric graphs were first introduced in a collaboration of Wendelin
Werner and myself [11]. See Chapter |8 for details, in particular Section There was also
observed the metric graph analogue of the identity in law (4.4]). Let G ~(a? Yy), resp. Gg\& (z,y),
denote the metric graph Green’s function on g resp. G \ A « with 0 boundary conditions. Let
h( f) denote the harmonic extension to G of the boundary condition f on Vj. As previously, let
(Wi)e>0 be a standard one-dimensional Brownian motion with Wy = 0, and (7;)z<0 its family
of first passage times.

Theorem 4.11 ([L1], Corollary 1). For every z € G,

Pz € Aa) = P(T_jpy)—a > G5, 7))

Moreover,
(law)
(Gglz,2) = Gag_, (@ 2) oz = T () @) —al=migsy - a<C5@a)-

Next we explain how Zk_a can be represented through clusters of metric graph loops and
boundary-to-boundary excursions. This is an extension of Theorem to the case of non-zero
boundary conditions. Let El/ ? be a metric graph Brownian loop soup of intensity parameter

a = 1/2. Additionally, we Consrder _~ “ an independent Poisson point process of boundary-to-

boundary Brownian excursions on G Wlth intensity measure

2 Y (@ o)+ aul

2
(zy)eVy

see . We consider the clusters C created by Cl/ 2 ”gra. We see a cluster C as a subset of
C7. Let be

1/2 —f+ay _ 5
A(LS"EET) = U C.
C cluster of 61/2 ”Ha
CﬂVa?ﬁ@
One takes only the clusters connected to the boundary Vj, i.e. cn Vs # (0. Note that these are
exactly the clusters that contain at least an excursion from chr , not just loops in Eg 2,

Theorem 4.12 ([8], Proposition 2.5). The first passage set A_q has the same distribution as

A(E(lj/Q,Egra), where A(L 1/2,:£~+a) is the topological closure of A(L 1/2, :éfa)
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4.5 Convergence from metric graph to continuum and conse-
quences

In [8], Aru, Sepiilveda and myself considered approximations of a continuum domain D C C
by metric graphs Dy obtained from the square lattice with mesh size N~ 1. On Dy one has a
metric graph GFF gZ)N, converging as N — 400 to the continuum GFF ¢p. Denote by A a,N
the first passage sets of ¢y.

Theorem 4.13 ([8], Theorem 4.7). For every fixed a, one has the joint convergence in law of

(On A_an, (Pn +a)1; )

—a,N

towards

(6D A_q, =)

as N — 400, where the convergence of AJ,QN 1s for the Hausdorff metric.

In the above convergence, the tightness of (1&_@ N)N>1 is immediate, because of the com-
pactness of the space of compact subsets for the Hausdorff metric. To identify the sub sequential
limits of (A_a ~N)N>1 with A_, we relied on the uniqueness result of Theorem |4

Now, in the continuum domain D consider the 2D Brownian loop soup £ D/ (Deﬁnition ,
of intensity parameter o = 1/2. Take also an independent PPP = ”f % of Brownian excursions

in D from 0D to 0D (Definition i Consider the clusters C of CI/ 2 ”f F which we see as
subsets of D.

1/2 —f4ay _
A(‘CD »—D )_ U C.
C cluster of £1/2 —f+a
CmaD;é(Z)

The clusters C intersecting 9D are exactly the clusters containing at least one excursions from
EfD+a and not just loops from Egz. The convergence of clusters from metric graph to 2D
continuum also holds. This is a strengthening of the result I proved during my PhD (Theorem

, since one considers the whole cluster and not just the outer boundaries.

Theorem 4.14 ([§], Proposition 4.11). As N — +o00, we have the convergence in law of
A(£1/2 "f+a) towards A(L }:)/Q,Egra) for the Hausdorff metric.

Dy’

By combining the Theorems [£.12] [.13] and [£.174] one immediately gets the following rep-
resentation of an FPS A_, as a cluster of Brownian loops and excursions connected to the
boundary.

Corollary 4.15 ([8], Proposition 5.3). Let —a < infsp f. Then the FPS A_, has the same
distribution as .A(£1D/2, EfD+“).

This also implies that the cluster of Brownian paths A(ﬁgQ, EfD+a) has a non-trivial Minkowski
content in the gauge |logr|'/2r? (Theorem [4.9). However, each individual Brownian loop or
excursion has a 0 Minkowski content in this gauge. For a 2D Brownian path one has to take

the Minkowski gauge |logr|r?. So actually the Minkoswki content on A(C})m, EfD+a) originates

from by the accumulation of small Brownian loops of all possible scales. The large loops and

excursions contribute only to the macroscopic shape of .A(E}D/Q, Egra), but not to the Minkowski
content.
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For now we have assumed throughout that —a < infyp f, where f is the boundary condition
of the GFF ¢p. This was to avoid discussing some technical complications. However, this
limitation is not present in [9] [§]. In particularly, Corollary holds whenever —a < infyp f.
By taking f to coincide with —a on some subarcs of 9D, one gets that some outer boundaries
of A(E}DQ, Ega) are level lines of the GFF ¢p. See [8, Proposition 5.11] and the left picture in
Figure In a simply connected domain, one can also get in this way the multiple commuting
SLE, that have been introduced in[Dub(7]. The corresponding probabilities for each non-
crossing partition were computed in [PW19].

Figure 4.2: Both on left and right, the Brownian loops are represented in green, and the
boundary excursions in blue. In red are represented the boundary curves of clusters that join
two points on dD. On the left is represented a level line of the GFF from xg to yo in a multiply
connected domain. On the right are represented multiple commuting SLE4 in a disk.

4.6 Decomposition of the continuum GFF into excursion sets

Here we will consider all the clusters in a Brownian loop soup L’}j/z. In [QW19], Qian and Werner

proved that in a simply connected domain D, given a cluster C of 5}3/2, the Brownian loops
that touch the outer boundary 9,C of C can be decomposed into a PPP of Brownian excursions
from and to 9,C, conditionally on 0,C distributed as Ei;\t(aoc), with Int(9,C) being the interior
enclosed by 9,C. The proof of Qian and Werner relies on the Miller-Sheffield coupling (Theorem
, on the isomorphism theorems, in particular the continuum analogue of Theorem and on
the approximation by metric graphs. In particular they use my convergence result of Theorem
B.I1

So given 9,C the outer boundary of a cluster C of ,ClD/z, there are Brownian loops that touch
0,C and these decompose into a PPP E%Q\t(aocy and the Brownian loops that are surrounded
by 0,C but do not touch it, and these form a conditionally independent Brownian loop soup

L'Il I{ t2( 9,C) in the domain enclosed by 0,C. So by further combining the result of Qian and Werner

[QW19] with our Corollary one can further identify the whole cluster C with a first passage
set inside Int(9,C). We state this somewhat informally below.
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Corollary 4.16 ([8], Corollary 5.4). Assume that the domain D is simply connected. Con-

ditionally on the outer boundary 0,C of a cluster C of E}D/Q, the cluster C is distributed as a
first passage set of level 0 of a GFF ¢rya,c) inside Int(9,C) with boundary condition 2\ on the

inner side of 0,C. In particular, all the clusters of 532 can be deterministically obtained out of
a labeled nested CLEy inside D; see Figure left.

Actually, if the domain D is multiply connected, an analogue of Corollary still holds.
One can use an absolute continuity argument for that. One can consider the domain D* obtained
by filling the inner holes of D. Then the picture on D is absolutely continuous w.r.t that on D*
away from the inner holes of D, both for the GFF and the Brownian loo soup.

What precedes leads to a decomposition of the 2D continuum GFF into excursion sets. It
has been announced by Aru, Septulveda and myself. At this stage there are some technical
details to work out. We present it here nevertheless. Let D be a finitely connected open domain
in C and [,}3/2 a Brownian loop soup in D. For each cluster C of 52/2 sample an independent
sign o¢ € {—1,1}, with P(o¢c = —1\£1D/2) =P(oc = HE}:)/Q) = 1/2. Also, let u€ be the measure
obtained as the weak limit

1
pE = lim o |logrl/* 14(; )<, d2,

which a.s. exists as is non-trivial. Set

¢op= Y,  ocp (4.9)
C cluster of 51/2
Then ¢p is distributed as the massless free field on D with 0 boundary conditions. The sum
is not absolutely convergent. One needs the compensations induced by the signs o¢, and
in particular the GFF is not a signed measure. The choice of the signs o¢ has to be independent
of the order of summation. The convergence holds in L?. Further, the Wick’s square of this

GFF ¢p is given by the renormalized occupation field of [,}3/2 (see Section :

% L P = K(L}D/Q) ©a.s.

The clusters C of £%)/2 form the so-called excursion sets of the GFF ¢p, and, together with

the signs o¢, are actually measurable w.r.t. ¢p. The decomposition is the continuum 2D
analogue of the decomposition of Theorem on metric graphs.

Now let us present an other heuristic explanation for the Minkowski gauge |log7|

Consider Dy a metric graph approximation of D. Let C’N be the typical number of vertices in

/2,2

a macroscopic cluster of E Y2 Let be two points z,w € DN, macroscopically far away. Then
N

up to a constant order,

P(x,y connected by EI/Q) (;]\2[) .
But the identity (3.4)) ensures that
1
P(x,y connected by £1/2) g N’

Thus,
Cn = (log N)"1/2N2,

So to get convergence, one has to renormalize the counting measure on vertices on a macroscopic
cluster of £15/2 by the factor (log N)/2.
N
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Chapter 5

Level lines of the continuum GFF
with measure-valued boundary
conditions

In this Chapter is presented a collaboration with Hao Wu (YMSC, Tsinghua University) [2].
Relying on the results of [§] presented in Section we show that the notion of level lines of
the GFF can be extended to measure-valued boundary conditions. Previously, more regularity
on the boundary conditions was assumed [PWI17]. In Section we recall the topological
background we rely on. In Section we introduce chordal SLE-type curves constructed
out of CLE, and Poisson point processes of boundary-to-boundary excursions, with intensities
parametrized by non-negative measures on the boundary. In Section we explain how the
continuity of in law of these curves with respect to the boundary measures is obtained. This
uses the notions of Section In Section we describe how for the value x = 4 this gives
the level lines of the GFF with measure-valued boundary conditions.

5.1 Local connection and cut points

In this Section we present the required topological background. For details we refer to [Pom92,
Chapter 2]. We start with the notion of local connection.

Definition 5.1. Given C a closed non-empty subset of C, and z, 2’ € C, we say that z and 2’
are e-connected in C if there is K a compact connected subset of C' with diam(K) < e such
that 2,2’ € K.

A closed non-empty subset C' C C is locally connected if for every € > 0, there is § > 0 such
that for every z, 2’ € C with |2’ — 2| < ¢, the points z and 2’ are e-connected in C.

A family of closed non-empty subsets (C,),>0 of C is uniformly locally connected if for every
e > 0, there is § > 0 such that for every n > 0 and every z, 2’ € C,, with |2/ — z| < §, the points
z and 2’ are e-connected in C,,.

Definition 5.2. Given C a closed connected non-empty subset of C, a point z € C' is said to
be a cut point of C if C'\ {z} is not connected.

Next is the Carathéodory theorem. See [Pom92, Theorem 2.1] and [Pom92, Theorem 2.6].

Theorem 5.3 (Carathéodry). Let D be an open bounded simply connected domain in C. Let
1 be a conformal map from the unit disk D to D.
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1. If C\ D is locally connected, then i extends continuously to D. In particular 0D can be
parametrized as a continuous closed curve.

2. If on top of that, 0D has no cut points, then 0D is a Jordan curve, i.e. continuous closed
simple curve, and ¢ extends to a homeomorphism from D to D.

Next we recall the notion of Carathéodry convergence.

Definition 5.4. Let D and (D,,),>0 be open non-empty simply connected domains in C, differ-
ent from C. Let w € D, respectively w,, € D,. The sequence of marked domains ((Dy,, wy))n>0
is said to converge to (D, w) in the Carathéodory sense if the following holds:

1. w, — w.

2. For every z € D, there is a neighborhood U of z in D such that

Uc () Dn

n>m
for m large enough.
3. For every z € 0D, there exist z, € D,, such that z, — z as n — 4o00.

Note that the Carathéodory convergence does not imply that D,, converges to D for the
Hausdorff distance, even if D is bounded.

For the following theorem we refer to [Pom92, Theorem 1.8], [Pom92, Proposition 2.3] and
[Pom92, Corollary 2.4].

Theorem 5.5. Let D and (Dy)n>0 be open simply connected domains in C, different from C
and containing 0. Let 1, resp. Yy, be the conformal map from the unit disk D to D, resp. D,,
such that ¥ (0) =0 and ¢'(0) > 0, resp. 1, (0) =0 and ¥,(0) > 0. Assume the following.

1. There are R > r > 0 such that for everyn >0, rD C D,, C RD.

2. The sequence of marked domains ((Dp,0)),>0 converges in the Carathéodory sense to
(D,0).

3. The family (C\ Dy)p>0 is uniformly locally connected.

Then C\ D is locally connected and 1), converges to 1 uniformly on D.

5.2 SLE, type curve as envelop of CLE, and Brownian excur-
sions

Let D be the unit disk, D = {z € C||z| < 1}. Let Ay, and Ar denote the left and right half-circles
on OD:
Ap, = {z € 9D : Re(z) < 0}, Ar = {z € 9D : Re(z) > 0}.

Note that because of the conformal invariance, the particular choice of D for our simply con-
nected domain, and the particular choice of marked points —i and ¢ do not matter. Let v be
a finite non-negative Radon measure on Ay,. Let Zf be the PPP of Brownian excursion from

and to Ay, of intensity
1

5/ /W&wdx)u(dy)uﬁ’y- (5.1)
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So compared to (1.18)), one replaces a non-negative function f on dD by a measure v. If v has
no atoms, then (5.1)) involves only excursion measures pp” for  # y. If v has atoms, then there
are also measures pp™ for z an atom. Let x € (8/3,4] and let €, be an independent CLE,; in

D. Let be @K the subset of €, made of the CLE, loops that intersect excursions in Zf). Denote

Sk = U Range(p) U U Range(p).
PEER e,

Let Oy, be the connected component of D\ S, that is adjacent to Agr. By construction, O, ,
is an open simply connected subset of ID. Set

Ny = 8(9,‘-c,1/ \ AR-

Actually, 7., is the rightmost envelop of S, ,; see Figure @ Because of the correspondence
between Brownian loop soups and the CLE, (Theorem , the construction could have been
done with Brownian loop soups L instead of the CLE,. If the measure v is of form v =14, b
for a constant b > 0, then by Theorem Nk, 1s distributed as a chordal SLE,(p) curve.
In general, let v, , denote the conformal mapping from D to O, defined by the following
conditions:

wn,u(1> =1, wn,l/(_i) = _iawn,l/@.) = Z.7wf€,l/(AR) = AR.

Figure 5.1: On the left, the PPP of boundary excursions Zp. In the middle, a CLE,. On the
right, the curve 7, , in red.

Proposition 5.6 ([2], Proposition 1.1). A.s., the conformal mapping .., extends continuously
to D. In particular, 1., can be parametrized as a continuous curve from —i to i, as image of

AL by Y.

We rely on the Carathéodory theorem (Theorem . One needs to check that C\ O,
is locally connected. For this it is enough to show that 0D U Sy, is locally connected. Each
excursion in Zf) and each CLE, loop is locally connected, as image of a compact locally connected
set (interval [0, 1]) by a continuous map; see [New64, Theorem 8.2, Chapter IV] and [Pom92,
Section 2.2]. Then one has to deal with the fact that 0D U S, ,, is an infinite countable union of
locally connected subsets; see [2, Lemma 2.3] for this.

Further, the curve 7, , satisfies the following properties.

e For every open subarc A C Ar, P(A C n.,) > 0 if and only if v(A) = 0. Indeed, if
v(A) > 0, then a.s. Zp contains infinitely many excursions with endpoints in A. See
Lemma 2.10 and Proposition 3.2 in [2].
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e Locally away from the boundary Aj, the curve 7, is absolutely continuous with respect
to a chordal SLE, curve. This follows from Theorem by comparing with the case
when v = 14, for a constant b > 0. For the precise formulation and details we refer to
[2, Theorem 3.7].

o If the measure v has no atoms, the the curve 7., is a.s. simple, i.e. does not have
multiple points [2, Lemma 3.3]. For this we use that for each excursion p € Zf its
rightmost boundary is a simple curve without cut points, actually a chordal SLEg/3(2/3)
curve joining the two endpoints of p; see [LSW03, Corollary 8.5]. If v has atoms, then in
some cases an atom of v can be a double point of 7, , with positive probability. See [2]

Proposition 3.4] for a discussion on this.

e If the compact support of v is the whole half-circle Ay, then the curve 7, can be
parametrized as a Loewner chain with continuous driving function [2, Proposition 1.3].

5.3 Continuity with respect to the boundary conditions

Fix k € (8/3,4] and consider a sequence (v,,),>0 of finite non-negative Radon measure on Ap,
converging weakly to v. We will see that the curves 7, ,, converge in law to 7., in a precise
sense.
For € > 0, denote
D, = {z € D|d(z, AL) < €}.

Given p an excursion, recall that T'(p) denotes its total duration. For an excursion g visiting
D\ D., denote

T:(p) = inf{t € [0,T(p)p(t) e D\D:},  Ti(p) = sup{t € [0, T(p)lp(t) € D\ D:}.

Denote =7:
EY = {(p(t + TH(9))o<r<r1 ()11 (o)) |9 € Ebs o Visits D\ D}

£

So one keeps only the middle part p([T:(p), TX(p)]).

Proposition 5.7 ([2], Proposition 4.1). One can couple on the same probability space the
PPPs Zf and all the 25 such that for every e > 0, there is n. € N, such that for every n > n.,

=Vn — TV
St = S

The above Proposition uses the fact that for every € > 0, Z% and all the =Y~ are a.s. finite
PPPs, and the intensity measure of Z{» converges as n — 400 to that of =/ in total variation.
Using this coupling we deduce the following.

Theorem 5.8 ([2], Theorem 1.2). Assume the PPPs Zp and all the Z5* are coupled as in
Proposition . Also take a CLE, independent from (Zf, (25" )n>0). Then in this coupling,
a.s. the sequence of conformal mappings (Vwu, )n>0 converges to ., uniformly on D. In
particular, the curves 1y, a.s. converge uniformly to 1., when parametrized by Ay, via s, .

The proof done through the following steps.

1. First one shows that a.s., for every w € O, ,, the marked domains (O, ,w) converge to
(Ox,w, w) in the Carathéodory sense (Definition [5.4). See [2, Lemma 4.8].

2. Then one shows that a.s., the family (C\ Oy ., )n>0 is uniformly locally connected (Def-
inition . For this it is enough to show that the family (0D U Sy ., )n>0 is uniformly
locally connected. See [2, Lemma 4.9].
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3. Finally, one concludes by using Theorem [5.5]

One can further show that if the measure v and all the measures v, has full compact support
on Ay, then the driving functions of the Loewner chains for 7, ,, converge to that of 7, [2)
Proposition 1.4].

5.4 A level line of the GFF

The level lines of a GFF with piecewise constant boundary conditions are known to be SLE4(p)
curves with multiple force points. In [PW17] Powell and Wu extend the notion of level lines
to regulated boundary conditions. The regulated functions are exactly the uniform limits of
piecewise constant functions. Additionally, Powell and Wu require a threshold condition that
ensures that the level lines do not hit the boundary too often. For instance, their framework
does not cover the boundary condition f(e") = 1g<9<3§(§ — 160 — «|) for € (0,2x]. This
boundary condition is certainly regulated, since it is continuous, but it does not satisfy the
threshold condition in [PW17], and the method of [PWI17] does not provide a control of the
corresponding level line near —i and 1.

In my work [2] in collaboration with Wu we show that one can take positive measures, not
just regulated functions, as boundary conditions, and we also remove the threshold assumption.
Our proof goes through isomorphism theorems. In the construction of the curves 7, , presented
in Section one takes kK = 4. We show the following.

Theorem 5.9 ([2], Theorems 1.7 and 1.8). Given v a positive finite Radon measure with full
support on Ar, and without atoms, then one can couple the curve ny, and a GFF ¢p in D with
boundary condition given by v, such that ns, is a level line of ¢p, with value 0 to the right of
N4 and 2\ to the left of na,. Moreover, in this coupling, n4, is deterministically determined
by the field ¢p.

The result for v a piecewise constant function has been shown in my article [§] with Aru
and Septlveda; see Section [£.5] For general v, we approximate it weakly by piecewise constant
functions and use the convergence result of Theorem As for v not having atoms, actually
a weaker condition is used in [2], which we do not detail here. We only need that a.s. 74, does
not hit an atom of v, which still allows v to have certain types of atoms.

Importantly, in the proof of Theorem [5.9] we do not rely on the theory of Loewner flows
ans SLE processes alone. From abstract considerations, the curve 7, has a continuous driving
function, and one can even write down an equation for this driving function on the time intervals
when 7,4, is away from Ay, [2, Section 5.3]. However, it is not clear how to describe the evolution
of the curve on the time intervals when 7y, hits Ap. And actually for some v-s, 14, can hit the
boundary Ay, a lot, which we formalize below.

Theorem 5.10 ([2], Proposition 3.10). There are continuous non-negative functions f on Ay,
such that the curve na s (i.e. na, with v = f) satisfies the following. On one hand, a.s.
N4, r N A1, has empty interior, i.e. does nmot contain open subarcs. On the other hand, with
positive probability, 0y, ¢ N A1, has a non-zero Lebesque measure.
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Chapter 6

Brownian loop soups and
multiplicative chaoses

In this Chapter are described the results obtained in collaboration with Elie Aidékon (Sorbonne
Université), Nathanaél Berestycki and Antoine Jégo (University of Vienna) [I]. Out of 2D
Brownian loop soups we construct random measures that have many similarities with Gaussian
multiplicative chaoses and satisfy a conformal covariance property. For the particular intensity
parameter o« = 1/2 of the loop soup we recover the renormalized hyperbolic cosine of the
continuum GFF. This comes from the Le Jan’s isomorphism (Theorem [I.13). Our construction
works however for any intensity parameter o > 0, and for o ¢ %N it provides new non-Gaussian
multiplicative chaoses. In Section we recall the notion of the multiplicative chaos of the
GFF and its main properties. In Section we recall the notion of Brownian multiplicative
chaos for finitely many independent 2D Brownian trajectories that was constructed in [BBK94,
AHS20, [Jé20]. In Section we present the multiplicative chaos of the Brownian loop soup
constructed in [I]. Compared to the case of finitely many Brownian trajectories it requires
additional renormalizations due to the ultraviolet divergence in the loop soup. In Section
we present the martingale method that was used in the proofs. In Section [6.5] we present the
approximations from discrete, and deduce for « = 1/2 the identity in law with the renormalized
cosh of the GFF.

6.1 (Gaussian multiplicative chaos

Here is a quick review on the Gaussian multiplicative chaos (GMC). For details, we refer to
[RV14, Berl7]. Here by GMC we will mean the random positive measure obtained as the
renormlized exponential for the 2D continuum GFF, e‘/%WD, v € (0,2). In the L? regime, i.e.
v € (0,+/2), this is actually a Wick’s renormalization. The interacting bosonic field

1 1 2 Veryp
e (= [ 196l = [ ome)py

has been constructed for v € (0,v/2) by Hgegh-Krohn in [HKT7I]; see Section Indepen-
dently, Kahane constructed in [Kah85] the GMC measures for the whole range of parameters
and for more general Gaussian logarithmically correlated fields.

Let D C C be an open bounded domain. For simplicity, we assume that it is simply
connected, however this is unimportant. Let ¢p be the continuum massless GFF on D with
0 boundary conditions. Let (¢p)-(z) denote the average value of the GFF ¢p on the circle of
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radius £ with center z. It is defined pointwise and continuous in z. Fix v € (0,2). The measures
ps = 1Z6D572/26\/ﬁ7(¢[’)5(z)dz (6.1)

converge weakly in probability as ¢ — 0 towards a random Radon measure p, on D that is a.s.

finite and positive. The latter is the Gaussian multiplicative chaos (GMC). The construction

through circle averages has been used by Duplantier and Sheffield in [DSII]. One can extend

the definition to v € (—2,0), since —¢p has the same law as ¢p, and to v = 0 by setting

py = 1,epdz. For every u continuous function on D, the function v — (u, u) is a.s. analytic

on (—2,2), and can be extended to a random holomorphic function by considering complex v-s.
The range vy(—+/2,v/2) corresponds to the L? regime.

Proposition 6.1. We have that E[{u1,,1)%] < +o00 if and only if || < v/2.

By applying the Cameron-Martin formula for the GFF, one immediately gets the following
description of the p-typical points.

Proposition 6.2. Fiz v € (—2,2)\ {0}. Let F be a bounded measurable functional on couples
point-field. Then

E| /D F(z,¢p),(dz)] = /D CR(z, D) /*E[F (2, 6p + 27yGp (2, ) dz,

where CR(z, D) denotes the conformal radius (Definition|7.1) and Gp(z,") is the function w
Gp(z,w). In particular, a.s. for pu(dz) almost every z € D,

lim(6p)-(2)/|loge| = 7. (6.2

Note that the behavior is very untypical from a GFF standpoint. Typically, for fixed
z € D and ¢ > 0 small, |(¢p)-(z)| is of order |loge|'/2. The points z € D satisfying
are called, following [HMP10], thick points of the GFF. Hu, Miller and Peres also identified in
[HMP10] the Hausdorff dimension of the thick points.

Theorem 6.3 (Hu-Miller-Peres). Fizy € (—2,2)\{0}. The Hausdor(f dimension of the random
subset of D defined by the condition (6.2) is a.s. 2 —~2/2.

The measures p., satisfy the following conformal covariance property. Let D be an other
simply connected domain and ¢ : D — D a conformal mapping. Let fi, be the GMC measure
associated with the GFF ¢ on D.

Proposition 6.4. Fiz vy € (—2,2). The following identity in law holds:

(law)

— _ _ 2 A
(pp o™t hupy) = (65, 1% 09 L=+ /2),”),
where Py is the image measure of -, by 1.

Biskup and Louidor proved in [BL.19] the following approximation of the GMC from discrete.
Let Dy be a discrete approximation of the domain D on the lattice %ZQ. Let ¢ be the discrete
massless GFF on Dy with 0 boundary conditions. For v > 0, let uy . be the measure

(log N)'/2
UNy =7 N2-2/2 Z 1¢>N(Z)Z(27T)_1/2710gN627
z2€EDN
where ¢, is the Dirac measure at z.

Theorem 6.5 (Biskup-Louidor). There are universal constants C,co > 0, such that for every

2
v € (0,2) one has the joint convergence in law of (¢, in~) towards (¢p,Cc /Q,UW).
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6.2 Brownian multiplicative chaos

Here we present random measures, called Brownian multiplicative chaoses, supported on points
of infinite multiplicity of a 2D Brownian trajectory, that share many similarities with the Gaus-
sian multiplicative chaos. There are three different constructions for these measures, first by
Bass, Burdzy and Khoshnevisan [BBK94], then recently by Aidékon, Hu and Shi [AHS20], and
by Jégo [Jé20]. This is also closely related to the problem of points visited exceptionally often
by the 2D random walk, studied by Erdos and Taylor [ET60], and more recently by Dembo,
Peres, Rosen and Zeitouni [DPRZ01]. Here we will present the construction due to Jégo [Jé20)],
as it is the one used in our joint work [I].

Let D C C be an open bounded simply connected domain. Again, the simple connectedness
in non-essential, just for simplicity. Fix zyp € D and let (B;)i>0 be a Brownian motion in C,
with By = z9. Let Thp be the first hitting time of dD. Let ¢B denote the occupation measure
of (Bt)o<i<ap:

B(A) = for d
( )_ 1Bt€A t.
0

For ¢ > 0 and z € D, let £2(z) denote the circle average of /£ on a circle of radius & around z.
The function (z,¢) +— £2(2) is a.s. well defined and Hélder continuous [Jé20, Proposition 1.1].
For a > 0, let /\/lg . denote the following measure:

ME. = (4ma)"/?1,cp| log |22 (4m (D) g (6.3)
Jégo proves in [Jé20, Theorem 1.1] the following.

Theorem 6.6 (Jégo). Fix a € (0,2). As e — 0, the measure Mfs converges weakly in prob-
ability to a random Radon measure Mf supported on the range of (Bt)o<i<t,,- The measure
MPB is a.s. non-zero and finite.

The measure MZ above coincides a.s. with the measures constructed differently by Bass-
Burdzy-Khoshnevisan [BBK94] and by Aidékon-Hu-Shi [AHS20]. In [BBK94, [AHS20] one uses
the crossings by the Brownian motion rather than the occupation measure ¢5.

The measure M2 is a Brownian analogue of the Gaussian multiplicative chaos, and therefore
it has been called Brownian multiplicative chaos. The presence of £2(2)'/2 in (6.3) is natural
in view of the isomorphism theorems of Section which relate ¢8 to square-Gaussians. The
relation between the parameter v of the GMC p, and the parameter a (thickness parameter)
of MB is

~2

a= 1 (6.4)

There are two major differences between 1, and MB . First, the compact support of [~ is the
whole D, while that of MZ is just the range of the Brownian motion. Moreover, in there
is an extra renormalization factor | loge|'/? that does not appear in (6.1)).

The analogue of Proposition holds for the Brownian multiplicative chaos.

Proposition 6.7. We have that E[(MZ,1)?] < 400 if and only if a < 1.

For z € D, let ZZ denote the Poisson point process of Brownian excursions from z to z
in D with intensity measure 2wau};’, where p7;” is given by (1.17) (Definition [1.15). By a
slight abuse of notation, ZZ will also denote the loop obtained by concatenation of all these
excursions. For z # 2/ € D, let pz’zl denote a Brownian excursion from z to 2’ in D with
distribution p7° /Gp(z,2") ([1.17). The analogue of Proposition M holds for the Brownian

multiplicative chaos.
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Theorem 6.8 (Bass-Burdzy-Khoshnevisan, Aidékon-Hu-Shi, Jégo). Fiz a € (0,2). Let F be a
bounded measurable functional on couples point-trajectory. Then

B [ P (Boosicn,)ME)] = [ Gp(a0,2) CR(:, DY ELF (. 57 NGB sty )
D D

where B? is a Brownian motion starting at z, the symbol A\ denotes the concatenation of paths,
and the three paths p*%, 22 and (B} )o<t<T,, are independent.

In particular, a.s. MEZ(dz) almost every z is a point of infinite multiplicity for the Brownian
path (Bi)o<i<T,,- Moreover, for ME(dz) almost every z,

lim £2(2)/|logel* = a. (6.5)
e—0

Let NZ denote the number of excursions of (Bi)o<i<t,, from z to the circle of center z and
radius €. Then a.s. for MEZ(dz) almost every z,

lim N7 /|1 = a. .
lim NZ/|loge| = (6.6)

The points satisfying either or are called a-thick points of the Brownian motion.
It is further shown in [ATIS20] that the carrying dimension of the measure MZ is 2 — a, which
is also consistent with Theorem and .

In [Jé19] Jégo proved a convergence towards the Brownian multiplicative chaos from discrete,
which is the Brownian analogue of Theorem Let Dy be a discrete approximation of the
domain D on the lattice %ZQ. Let (Xt(N))tZg be a Markov jump process on %ZQ normalized to
converge in law towards a Brownian motion on C as N — +oo. Let Tpg, denote its first exit
time from Dy. For z € Dy, let £x(2) be the renormalized local time

2 [TP%
In(z)=N /0 lXt(N):Zdt.
Let /\/lgN) be the measure

log N
MaN N2 a Z 1EN >(2m)~ a(logN)Q(SZ'
z€DnN

Theorem 6.9 (Jégo). Assume that X(()N) converges as N — +oo towards zyg. Then there is a
universal constant ¢y > 0, such that for every a € (0,2) one has the joint convergence in law of

(X Vot M) towards (B)osit,p, GME).

The notion of Brownian multiplicative chaos can be extended to a finite number of inde-
pendent Brownian trajectories, B, B@) .. B™: gee [AHS20L Section 7.2] and [Jé19, Section

1.4]. Let be
fB(D"“’B(n) _ fB(l) +£B(2) _|_€B(")

(1), B

The measure M2 is the weak limit in probability of

1 (n)
(4ma)"*1,ep|loge|/?e%e (maf) N2 g,

It can be decomposed according to the number of trajectories that generate a given a-thick

point:
COI - 10 Moo, B
MaB B = Z /S(J ) daJM(a;‘iIEJ ’ (6.7)
Jc{1,...,n} a
J#0
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where S(J,a) is the simplex
S(,a) = {(ay)jes € [O,a]‘]‘ Say=al.
jeJ

ﬂjEJ BG)
‘ (aj)jer
by the intersection of (B (g )) jeJ, where each BY) brings a partial thickness a;.

da is the Lebesgue measure on S(J, a), and M is a measure on a-thick points generated

6.3 Multiplicative chaos of a Brownian loop soup: presentation

In the collaboration [I] by Aidékon, Berestycki, Jégo and myself we consider the Brownian loop
soups L% (Definition rather than a finite family of Brownian trajectories, and construct
the corresponding multiplicative chaoses. Because of the ultraviolet divergence in the loop soup
(too many small loops), this requires an additional layer of renormalization compared to the
construction of Section Indeed, one can apply an ultraviolet cutoff to L%, so as to keep
finitely many loops, and then take their multiplicative chaos. But as one lowers the cutoff,
the corresponding measure diverges a.s. in every open subset of D. So one needs to apply a
renormalization factor to tame this divergence.

So let D C C be an open bounded simply connected domain. Let us first present the cutoff
that is used in [I]. The most natural cutoff would have been by the diameter or the time duration
of a Brownian loop. However, in order to reduce the technical complexity a different one was
used. For each loop p € L} we associate a uniform r.v. U, on (0,1), with the conditional
distribution of (Uy)pece being i.i.d. Given a constant K > 0, denote

LEK = {p e Lple K10 <},

where T'(p) is the total time duration of a loop . The complementary L, \ £%’K is the so
called massive Brownian loop soup, with K being the square mass or equivalently the killing
rate; see also Section and Section m The subset E%’K is non-decreasing in K. Note
that E%’K contains a.s. infinitely many loops. However, the density of small loops is rarefied
compared to £%. Indeed, as e — 0.

E[#{p € L} |diam(p) > e}] < e 2 E[#{p € E%’K\ diam(p) > €}] < |loge].

The reason for the choice of the cutoff through the square mass K will be detailed in Section
0.4

Despite E%’K being a.s. infinite, one can define a Brownian multiplicative chaos of E%’K
by using the construction of Section [6.2] without requiring additional renormalization. For
a€ (0,2),let MSE denote the multiplicative chaos measure of thickness a generated by £%’K.
A, MSK(dz) almost every z is intersection of finitely many loops in MK Moreover, a
decomposition similar to holds:

1 Ni<j<n ©;
a,K _ - 1<j<n ¥J
M = Z n! Z K /S(n a) da{l’m’n}M(aj)ljgjgn ’

nzl o on€ly
pj-s distinct
M

where S(n,a) = S({1,...,n},a) and M(a_ijfzpj is the measure on a-thick points generated by
J/1ls5sn

the intersection of the n Brownian loops @1, ..., o, with each p; contributing a thickness a;.
In [I] we prove the following.
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Theorem 6.10 ([I], Theorem 1.1). Fiz oo > 0 and a € (0,2). Then as K — +o00, the measure
(log K)_aMg’K converges weakly in probability to a random Radon measure MY on D. The
measure M satisfies the following properties.

1. The measure MY is a.s. finite.
2. A.s., for every O open subset of D, M$(O) > 0.

3. The measure M is conformally covariant in law. Let D be an other simply connected
domain and ¢ : D — D a conformal mapping. Let MO‘ be the measure on D. Then

DM (law) Iy o =t~ (2+2) pfa
4. One has E[(M$,1)?] < +oo if and only if a < 1.

The limit measure Mg is the multiplicative chaos of the Brownian loop soup L£%. Its
conformal covariance is a consequence of the conformal covariance of the 2D Brownian loop
soup; see Section The way My is constructed, it is a priori measurable with respect to L%
and the values of the uniform r.v.s (Uy)gperq . However, it is easy to check that My is actually
independent from (Uy,)pece and thus measurable with respect to £3; see [I, Section 9.1]. The
main ideas in the proof of Theorem [6.10] will be presented in Section [6.4]

Next we describe how the Brownian loop soup looks like viewed from a Mg-typical point.
It is to be compared with Proposition [6.2) and and Theorem [6.8] Recall that ZZ denotes the
loop rooted at z obtained by concatenating the excursions from z to z in a PPP of intensity
27rauf)’z.

Theorem 6.11 ([1], Theorem 1.8 and Theorem 1.11). Fiz o > 0 and a € (0,2). Let F be
bounded measurable functional on couples point-collection of loops. Then

1
a 0% — a a EZ . >
E[/D F(z, LE)YME(dz) 972l (a) /D CR(z, D)*E|F(z, L5 U{EZ,,j > 1})}dz

where on the right-hand side the a;-s satisfy ZjZI a; = a, and are distributed accordz'ng to a
Poisson-Dirichlet partition PD(c) of (0,a), independent from LS ; the family of loops (=2 )J>1
is independent from LF and the =% -s are conditionally independent given (aj)j>1. In partzcular
a.s. Mg(dz) almost every z is an intersection of infinitely many Brownian loops in LS, and is
a point of infinite multiplicity for each of these loops.

For z € D, let N} be the number of crossings in LE, from the circle of center z and radius
r to the circle of center z and radius er. Then a.s. for M%(dz) almost every z,

lim —N n = a. (6.8)

n—-+oo n2
Moreover, the dimension of the random subset of D defined by is a.s. 2 — a.

Note that prior to the construction of the measures MY it was not known that the 2D
Brownian loop soup contains points that are intersection of infinitely many loops. The Poisson-
Dirichlet partitions appear already in the discrete setting of continuous-time random walk loop
soups; see Theorem The behavior is very different from that for a fixed deterministic
z € D. Indeed, for the latter, NZ_, is of order n and not n?; see [, Section 7.2].
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6.4 The crucial martingale

The proof of Theorem relies on a martingale method. So let us introduce the martingale.
Recall that for K > 0, Gp, i denotes the massive Green’s function. Set

CK(Z) = 27T(GD — prK)(Z,Z),

which is well defined and continuous in z € D. Let o > 0 and a € (0,2) be fixed. For K > 0,
let be

1

W CR(Z, D)ae_aCK () dz

A oK
Mg’ - 1Z€D

@ 1
D)2 u —(a u)Ck (= oK
—i—/o du2af(a)(a—u)1—a CR(z, D) DM

Let Fx be the o-algebra of E%’K, so that (Fx)x>o is a filtration.

Theorem 6.12 ([I], Proposition 3.4). The process (/WQ“K)KZO is a measure-valued martingale
in the filtration (Fr)Kk>0-

Let us explain how the martingale (MVSK) k>0 has been obtained. One uses a reverse
engineering approach. One wants to construct the measure M$ (Theorem [6. , and for that
one starts by constructlng its conditional expectation given Fg, which is actually Ma . The
measure M2 is a sum of two terms. The first one is deterministic and is the expectation of the
multiplicative chaos generated by £%\E%’K. The second one, which is random, is the conditional
expectation of the multiplicative chaos generated by the interaction of L%, \ L’%’K and K%’K,
with u being the thickness brought by E%’K, and a— u the thickness brought by £\ E%’K. The
expectation of Mg’K can be expressed through Kummer’s confluent hypergeometric functions [1}
Proposition 3.1], and the martingale property of (MVSK) k>0 follows from a functional equation
on these hypergeometric functions [I, Lemma 5.5]. The martingale (M:K) K>0 is the main
reason of the choice of the ultraviolet cutoff in £$ though the square-mass K. For a different
cutoff, say by diameter or the duration of loops, the conditional expectation of M is much less
explicit and more difficult to analyze than MK

Since the martingale (MVSK) K>0 1s non-negative, it has an a.s. limit

M = lim MK, (6.9)
K—+o0
Theorem 6.13 ([I], Section 3). The martingale (MVS’K)KEO is uniformly integrable. In par-
ticular, the convergence of MEE o M also holds in L.
Furthermore for all Borel sets A C D,

i B[ () (og )7 M (4] =0

The convergence in Theorem [6.10] essentially follows from Theorem above. To prove the
latter, one distinguishes between the L? regime (a € (0,1)) and the non-L? regime (a € [1,2)).
In the L? regime we use the second moments and show that

sup E[(M25 1)2] < +oo, lim E[(M2F(4) — (log K)"* MK (4))*] = 0.
K>0 K—+o0

The convergence is then also in L?.

62



The non-L? regime is significantly more technical. We use a method inspired by the approach
of Berestycki [Berl7] to the non-L? regime of the GMC. For z € D, 7 > 0 and K > 0, denote
by Ny K the number of crossings by EaD’K from the circle of center z and radius r to the circle
of center z and radius er. For b € (a,2) and n > 0, denote Agfn the random subset of D

AE, = {z € DIVE > n, N> < bk?}.

We consider the restricted measures 1 AK MgK Then for all n > 0 and b € (a,2) with b close

enough to a,

sup (log K)72QE[<1AK MK 1>2] < +00.
K>2 bn

Thus one can use the second moment method for the restricted measures (log K)~*1 AK MK,

Moreover, for b € (a,2) with b close enough to a,

. — K —
ngrfm Is(uzg(logK) “E[{(1 - 1A£fn)M3 ,1)] =0.

For details, see [II, Section 7].

6.5 Convergence from discrete and relation to the Gaussian
multiplicative chaos

We further prove that the measure MY can be approximated from discrete. Let Dy be a

discrete approximation of the domain D on the lattice %ZQ. Consider L =~ the continuous

time random walk loop soup on Dy (Definition , renormalized to converge in law to the
Brownian loop soup L. For p € L3, . let 0% (p) be the rescaled occupation time at z:

T(p)
Gilp) = N? /0 1oyt

and let be
G(LH) = D Gilp).
pEL%N
Let Mév’a be the measure
N, (log N)!~
M = e > Lz (c3, )2(2m) ta(log N)202-
z€Dn

Theorem 6.14 ([I], Theorem 1.12). For a universal constant cy > 0, and for every o > 0 and
€ (0,2), the couple ( %N,Mé\[’a) converges in distribution as N — +oo towards (LY, M.

To prove the convergence above, we introduce in discrete the cutoff by the square-mass
K (suitably renormalized) as we did in continuum, and consider E%’JIV( C Lp,,, with LQD’]{[{

converging to E%’K as N — +o0. Set
log N
_ o8 5

T 9aN2-a Z 1@7\,(6%’;{)2(2ﬂ)*1a(10gN)2 z
z€Dn

N,a,K
M

Note that the renormalization factors in M4 *® and MY ** differ by a (log N)~—.
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By relying on Theorem we first show that for every K > 0, (EO‘D’]IV{ , NaK ) converges

in law towards (EOSK, CSMS’K). Then we show that for every Borel subset A C C,

KEIEOO ljgililiEEHMéva(A) — (log K)~* M@K || = 0.

By combining the two, one gets Theorem For a € (0,1), the proof of the second step uses
the second moment method. For a € [1,2) one additionally considers the restrictions of the

N, K - . . .
measures Mgy " to "good” subsets, similarly to what has been done in continuum (Section

54).

For the particular value of the intensity parameter of the loop soup a = 1/2, the Le Jan’s
isomorphism (Theorem [1.13) ensures that the field (Kfv(ﬁgi)) zeDy is distributed as half the
square of a discrete GFF on Dy . By combining the convergences of Theorem [6.14] and Theorem

one gets the following identification in the continuum limit.

Theorem 6.15 ([I], Theorem 1.5). Let be o =1/2 and a € (0,2). The measure M? has the
same distribution as

1
a(uv +p—y),

where v = v/2a and jiy and p_, are GMC-s associated with the same GFF ¢p.

The measure p, + p—, can be interpreted as the renormalized cosh (hyperbolic cosine) of
the GFF. It is also the renormalized exponential of the absolute value:

Py + iy = lim 1epe?*/2eV2(0)(2) g

Here is also something that is not proven in [I] but which we plan to do in the future: the
measure Mi/ % is actually the cosh of precisely the GFF given by . By restricting /\/l;/ % to
clusters C such that o¢ = 1, one gets simply % fry -

One can also show that for an intensity parameter of form « = k/2 with k € N\ {0}, the
measure .Ml;/ 2 corresponds to the renormalized exponential of the Euclidean norm of a vector-
valued GFF with k i.i.d. components. If v is not half-integer (o ¢ iN), then the measures
MY appear to be new objects. There are many similarities with the multiplicative chaos of the
GFF, including the carrying dimensions (2 —a = 2 — 42/2) and the conformal covariance. So
these are non-Gaussian multiplicative chaoses.
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Other works related to the
two-dimensional setting
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Chapter 7

Extremal distance and conformal
radius of a CLE, loop

In this Chapter will be presented the results obtained in a collaboration of myself with Juhan
Aru and Avelio Sepulveda, that appeared in the preprint [4]. There we consider the loop in
a CLE4 ensemble surrounding a fixed point in a simply connected domain and determine the
joint law of the corresponding conformal radius and extremal distance. The latter two notions
are recalled in Section In Section we state our results. The joint law of conformal
radius and extremal distance is expressed in terms of stopping times and last passage times of a
one-dimensional Brownian motion. The law of the conformal radius alone was previously known
[She09, [SSW09], but not that of the extremal distance. Our derivation of this joint law relies on
the coupling between the CLE4 and the GFF (see Theorem [2.2)). In Section we explain how
to derive the law of the extremal distance alone, without the joint law. It relies on the idea that
one can discover the same interface of the 2D continuum GFF by Markovian exploration both
from outside and from inside. We called this property reversibility. An additional argument is
required to establish the joint law, and we present it in Section We look at how the law of
an interface changes when one modifies the boundary conditions for the GFF.

7.1 Conformal radius and extremal distance

Here we recall the notion of conformal radius. We have already encountered it in Sections [4.3

and [6.1]

Definition 7.1. Let D C C be an open simply connected domain with D # C. Fix z € D.
The conformal radius of D seen from z, denoted CR(z, D), is given by

CR(z, D) = [/ (0)],
where 1) is any conformal map from the unit disk D = {z € C||z| < 1} to D with ¢(0) = z.

If D is a disk with center in z, then CR(z, D) is just its radius. In general, for D C C an
open simply connected domain with D # C, the following distortion bounds hold:

d(z,D) < CR(z, D) < 4d(z, D). (7.1)

The lower bound in ([7.1)) comes from monotonicity, since D contains the disk of center z and
radius d(z, D). The upper bound is actually the Koebe quarter theorem; see [AhI10, Section
5.1].

66



Next we recall the notions of extremal distance between the two boundaries of an annular
domain. For details we refer to [AhI10, Chapter 4]. Let A C C be an open connected domain
such that C\ A has two connected components, both not reduced to one point, and of which
one is unbounded and the other bounded. We call such a domain annular domain. Such a
domain is doubly-connected (one hole). Its boundary 0A has two connected components, the
outer boundary d,A and the inner boundary 9; A.

Definition 7.2. Let u be the harmonic function on A with boundary conditions 0 on 9,A and
1 on 9;A. The extremal distance (or extremal length) ED(9,A4, 9;A) between 0,A and 0;A is

ED(9,4, 0 A) — (/A Ival?) "

The extremal distance ED(0,A4, 9;A) is actually an effective resistance (Ohms). Indeed, one
sees the harmonic function u as en electric potential (Volts). Then the quantity [, [[Vul/? is
the corresponding electric power (Watts). The resistance is given by the Ohm’s law

n_ Vo V2

I P’
where R denotes the resistance, V' the voltage, I the electric current and P the electric power.
The extremal distance is a conformal invariant. Two annular domains A and A’ are confor-

mally equivalent if and only if
ED(0,4,0;A) = ED(9,A4", 9;A').

Let D denote the unit disk, D = {2 € C||z| < 1}. If A is an actual annulus of form r,D \ (r;D),
then

1
ED(r,0D, r;0D) = o log(ro/73).
7r
Thus, every annular domain A is conformally equivalent to an annulus D \ (r;D) with

ry = e 2mED(@0A.0:4)

If p is a Jordan curve in D surrounding 0 and Int(p) is the interior enclosed by p, then
1
ED(0D, p) < —2—log CR(0, Int(p)). (7.2)
T

Denote
r—(p) =d(0,9),  ri(p) =max{|z[|z € p}. (7.3)

One has the following distortion bounds:
efZWED((?D,p) < T+(@) < 467271'ED(8D,@)' (74)

The lower bound in ([7.4) comes from monotonicity, since the domain delimited by 0D and g

contains an annulus D\ (74 (p)D). The upper bound follows from Grotzsch’s theorem [AhI10),
Section 4-11]. For details, see [4, Proposition 2.5]. By combining (7.1)) and (7.4]), we get

e~ 2mEDOD) CR(0, Int(p)) ! < (p) < 1627 EPOR) CR(0, Int(p)) . (7.5)

The constant 16 above is likely non-optimal.
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7.2 Presentation of results

Here we present the results obtained by Aru, Sepuilveda and myself in [4].

Consider the unit disk D and a CLE4 conformal loop ensemble inside . Let gpg be the CLE,4
loop surrounding 0, which exists a.s. We determined the joint law of (ED(9D, g¢), CR(0, Int(po))).
Because of the conformal invariance in law of the CLE,4, the particular choice of D and 0 does
not matter, and one could have taken any other simply connected domain D and any point
z € D. The law of the conformal radius CR(0, Int(gp)) alone has been determined by Sheffield
in [She09]. He also gives the laws of the conformal radii for all the CLE, with x € (8/3,4]. A
further description of these laws appeared in [SSW09]. However, the laws for the corresponding
extremal distances were unknown. So we answered this question for x = 4, by relying on the
coupling with the Gaussian free field.

Let (Wi)¢>0 be a one-dimensional standard Brownian motion starting at 0. For x > 0,
denote

Tig = inf{t > 0||Wy| = x}, Tig = sup{t € [0, 714]|W: = 0}.

Theorem 7.3 ([4], Theorem 1.1). The following identity in law holds:

(law)

1
(ED@D ©0)- o log CR(0, Int(@o))) = (T+2x, T+21),

where 2\ = /7/2 is the height gap of the 2D continuum GFF ({2.1).

So one can read (ED (9D, gg), CR(0, Int(pg))) on a single 1D Brownian trajectory. Note that
the fact that 719y < 749) a.s. is consistent with ((7.2)).
Recall the notations r_(pg) and 74 (po) (7.3). The tail asymptotic for r_(pg) was known

from the distortion bounds (7.1)):
log P(CR(0, Int(go)) <7) 1 1

log P(r— <
lim 22 (r—(po) < 7) = lim = lim ——logP(ro\ > 1) = —.
r—0 |log | r—0 |log 7| t—o00 2t 8

Similar results hold for 74 (gpg), resp. 74+ (p0)/7—(90), by applying the bounds (7.4), resp. (7.5),
in combination with the tail asymptotics for 749y, resp. 74ox — T4ox. We have that

1 1 1
im — Fioy >t)= lim — Tioy >t) = ——.
thm 91 logP(Tyop > 1) thm 5 tlogIP’( Loy > t) 3

As for 749y — T42), it is distributed as first hitting time of a Bessel 3 process starting at 0. Using
that, one gets

1 1
lim ——logP(7io) — Taor > 1) = 5

t—+o00 27t
Corollary 7.4 ([4], Corollary 1.2). One has that
log P < 1 log P - > 1
lim 28 (re(po) <7) o lim 228 (r+(po) /r—(po) 2 ) _ _L
r—0 | log 7| 8 r—+o0 logr 2

We would like to mention that the situation for several nested CLE4-s around 0 is more
complicated. Say on has the first CLE4 loop gg around 0. Then one samples a conditionally
independent CLE, inside Int(gpg), and takes the loop surrounding 0, denoted . There are
then 5 r.v.s: CR(0,Int(pp)), CR(0,Int(pg)), ED(ID, po), ED(ID, pj) and ED(po, ¢§). Given
the 1D Brownian motion (W;);>0 as above, consider the following times:

T = Tgoxn, T = T42), ™ = inf{t > 7||W; — W;| = 2)}, T = sup{t € [, 77]|Wy = W_}.
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By iterating Theorem [7.3] we get the following identity in law:

(la

1 1 w
(ED((?]D)7 £0), —gr log CR(0, Int(g0)), ED(p0, £0), —or log CR(0, Int(pg))) aw) (7,7, 7 —1,7%).

One can also show an other identity in law, which does not follow directly from Theorem [7.3]
and requires additional inputs (see [4, Section 5.4]):

1
(ED(@D. po). ED(po, 93), ED(ID, 5), — - log CR(0, Int () ) "= (7,7 = 7,7, 7).

So one can read two different combinations of 4 out of 5 r.v.s out of a single 1D Brownian
trajectory. However, one can not have all the 5. Indeed, the couple

(- 5 o8 CR(0, Tnt(g0)), ED(@D, )

does not have the same joint law as (7,7*), although the one-dimensional marginals match.
Indeed, 7 < 7* a.s., whereas

]P( — % log CR(0, Int(g0)) > ED(ID, pé)) > 0.

Indeed, with positive probability, both CR(0, Int(gp)) and ED(0D, pf) are simultaneously small,
as on Figure [T.I] on the left.

Figure 7.1: On the left, po in green and g in blue. On the right, some non-contractible
interfaces of ¢4, .

7.3 The law of the extremal distance alone

Let us first recall how the law of the conformal radius CR(0, Int(gg)) can be obtained through
the coupling of CLE, with the GFF (Theorem . Actually, there is a local set process
(Definition of the GFF discovering the CLE,.

Let ¢p be the massless GFF on D with 0 boundary conditions. Take an arbitrary x € 0D.
One takes (1(t))¢>0 a radial SLE4(—2) process in D starting from z an targeted at 0 (see [ASW19,
Section 4] and [4, Section 2.6.1]), parametrized by the log conformal radius

- —% log CR(0, D\ ([0, 1])). (7.6)
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The process (1(t)):>0 can be coupled to ¢p as a local set process. It draws CLE4 loops in D,
up to a time ty when it draws the loop surrounding 0, that is to say go. The values of ¢p
discovered by (1(t))¢>0 up to time ¢y belong to {—2X,0,2A}, and on the inner side of a loop
closed by (1(t))¢>0 the value is either —2A or 2. With the notations of Section #"(08) (0)
denotes the value of the harmonic extension in 0 of the values of ¢p discovered by ([0, ¢t]). For
t < tg, "1 (0) is a mixture of —2X, 0 and 2, and thus ¢"%1)(0) € [-2),2)]. For t = t,
¢"(0]) (0) equals either —2X or 2\. According to Proposition the process (¢"1%1)(0));0 is
distributed as a standard 1D Brownian motion starting at 0, and so ¢o has the same distribution
T+9). Because of , we get the law of

CR(0,D\ ([0, to])) = CR(0, Int(0)).

To get the law of the extremal distance, the idea is to discover the CLE4 loop g by a local
set process from inside rather than from outside. To make this rigorous, in [4] we cut a small
hole around 0 and work on the annulus

A, =D\ (rD). (7.7)

Eventually we let r tend to 0. Let
1
T(r) = ED(0,A,, 0;A;) = 2—] logr|.
m

Let ¢4, be the massless GFF on A, with 0 boundary conditions. First one takes a local set
process (7(t))o<¢<r(r) for ¢4, starting from J,A, and ending on 0;A,, parametrized by the
extremal distance

t =ED(0,A, U ﬁ([ov t]), 6iAr)'

This local set process is a kind of annulus version of the radial SLE4(—2). It discovers some
non-contractible interfaces p', 9%, ..., oY (]V random) of ¢4,. See Figure on the right.
These interfaces correspond to the jumps of —2\ or 2\ in the values of the GFF ¢4,. Each
¢’ is a random SLE4-type loop that separates 9,4, from 0;A,, and each ¢/*! is surrounded
by ¢/. Moreover, as r — 0 (i.e. A, tends to D), the law of the interface @' (the first non-
contractible interface discovered) converges in total variation to that of the CLE4 loop gg. By
using a generalization of Proposition [4.6| (see [4, Proposition 2.18]), one gets the joint law of the
extremal distances (ED(¢7, 9;A,)), <j<x in terms of stopping times of a 1D Brownian bridge

from 0 to 0 of duration T'(r). Let (Wt)ogth(r) be this 1D Brownian bridge associated with the
local set process (7)(t))o<¢<7(r) and let

# = inf{t € [0, T(r)]||Wi| = 2A}.

The event that (Wt)ogth(r) does not exit (—2\,2\) coincides with the event that N = 0, i.e.
(1(t))o<t<7(r) does not discover any non-contractible interface. On the event that (Wt)OStST(r)
exits (—2), 2)), we have that T'(r) —7 = ED(¢, ;A,.). Moreover T'(r) —ED(¢!, 9;A,) converges
in law as 7 — 0 towards —5= log CR(0, Int(pp)). So one can rederive in this way the law of
CR(0, Int(po)).

This is not however what we want. So instead we interchange the roles of 9,4, and 0;A,
and take a local set process (7j(t))o<i<7(ry from 0; A, to 0o A,. It successively discovers non-
contractible interfaces for ¢4,: o', 9%, ..., o (N random). The local set process (1)) o<t<r(r)
is again associated with a 1D Brownian bridge (Wt)ogth(r) from 0 to 0, and one can jointly
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read the extremal distances (ED(0,A,, ¢/ ))1<j<x on this bridge. In particular, for the last

non-contractible interface discovered, ¢, we have that
ED(9,4,,¢") = T(r) - 7,
where
F=inf{t € [0,T(r)]|W; = 0, (Ws)o<s<t exits (—2X,2X), (Ws)i<s<r(r) Stays in (—2X,2X)}.
Now the key point is the following.
Theorem 7.5 ([4], Theorem 4.4). A.s. N = N and

(@17@27"‘7@]\[) = (@N7K3N_17"'?@1)'

The theorem above says that one can discover the same non-contractible interfaces of the
GFF ¢4, by local set processes both from the outer boundary 9,4, and from the inner boundary
0;A,. We call this reversibility. This property is both intuitive and rather tricky to prove
rigorously, because the 2D continuum GFF is a generalized function not defined pointwise, so
one does not really observe its interfaces. The proof of the reversibility property constitutes
actually the main hard point in [4].

Since one knows the law of ED(9,A4,., ¢V ) and ¢V = o' a.s., one gets the law of ED(9,A4,, $1).
By letting » — 0, one also gets the law of ED(0,A,, po). However, this method does not provide
the joint law of (ED(9,4,,9"), ED(p!,0;A,)), just the one-dimensional marginals. This is
because the Brownian bridge (Wt)ogth(r) associated with (7(t))o<;<7(r) is not a.s. equal to
the time-reversal of the bridge (W\t)ogtgir(r) associated with (7j(t))o<¢<7(r)- So an additional
input is required to get the joint law in Theorem

7.4 The joint law of conformal radius and extremal distance

At this stage we obtained the law of CR(0,Int(pp)) and that of ED(OD, g¢), but not yet the
joint law. We will again work on the annulus A, (7.7, but we will require an additional degree

of freedom. We will consider constants v € R, and GFFs qbgjr) on A, with boundary condition

0 on 9,A, and v on 0;A,. With some positive probability, gbfﬂ has a non-contractible interface
oY, with a value a® € {—2),2)\} on the inner side of $!'?. If v = 0, this interface is just H'.
Let (Wt(v))OStST(T) be a 1D Brownian bridge of duration T'(r) from 0 to v, and denote

#O = inf{t e 0, 7MW =22 7 = sup{t € [0,7) W) = o).
Similarly to the case v = 0, we have that
P(The interface ¢! exists) = IP’(/W(”) exits (—2,2M)),

(law

~

(@) (%(U) W(v) ),

(ED($",0:4,), ) "E(T(r) = #, W), (ED(@Ar, ¢, a) W
but we do net get directly the joint law of (ED(9,A,, '), ED(¢"", 9;A,),a™). The idea is to
look at how the law of the interface p1¥ and the value a(*) change changes depending on v. Let

Q(”) denote the measure
QU(F) = E[F (", al)1g10 cxise]-

The measure Q(*) is absolutely continuous w.r.t. Q) with the following Radon-Nikodym deriva-
tive.
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Proposition 7.6 ([4], Proposition 3.3). Let v € R. The following absolute continuity holds:

dQ®)

2
_ v 21,0 5 4 \—1 -1 0 A1,0 4 4 \—1
Q0 = exp ( — E(ED(K) L0 A) T =T ™) + aDvED(p'0, 6,A4,) ) (7.8)

The important point is that the Radon-Nikodym derivative (7.8) is a function of only
ED($'?,9;4,) and a(?. This immediately implies the following.

Corollary 7.7. The conditional law of ¥ given (ED(9MY,0;A,),a") is the same whatever
the value of v. In particular, the conditional law of ED(0,A,, 91Y) given (ED(pM?, 8;A,), al))
1s the same whatever the value of v.

Then we use the following characterization of the joint law, which is a result purely on 1D
Brownian bridges.

Proposition 7.8 ([4], Proposition 5.4). Assume that for every v € R there is a triple of
random variables (pgv),pgv),H(”)) with p((f}) € [0,T(r)], pl(v) € [0,T(r)], ,ofi’) + pz(-v) < T(r) and
o) ¢ {—=2X,2)}. Assume moreover that the following conditions are satisfied:

1. For every v € R, the joint law of (pgv),ﬁ(”)) on the event pz@) > 0 is the same as that of
(T(r) — 7, W) on the event #() < T(r).

2. For every v € R, the joint law of (p(()v),ﬁ(“)) on the event pgv) > 0 is the same as that of
(7)) W) on the event 7(V) < T(r).

3. For every o € {—1,1} and Lebesgue almost every p € (0,T(r)), the conditional law of p((,v)
@ — p and 0W) = 02X\ is the same whatever v € R.

i

given that p

Then for every v € R, the joint law of (pgv),piv), 0(”)) on the event pgv) > 0 s the same as that
of (W, T(r) —7(), W.w)) on the event (") < T(r).

7

The above characterization implies that for every v € R,

(ED(9pA, §17), ED(61?, 8;4,), a™))

By letting » — 0 with v fixed, we get Theorem
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Chapter 8

Lévy-type transformation for the
GFF

In this Chapter is presented an article written in collaboration with Wendelin Werner [I1]. The
motivation for our work is explained in Section It has to do with a second coupling between
the CLE4 and the 2D continuum GFF (Theorem 8.1)), different but related to the Miller-Sheffield
coupling (Theorem . In [I1] we show that the relation between the two couplings has a
natural analogue on metric graphs. This is explained in Section [8.2] We show that the Lévy
transformation for one-dimensional Brownian motions can be generalized to massless metric
graph GFFs, and that the law of the latter is invariant under this transformation (Theorem
. We further conjecture that in the 2D setting, this Lévy transformation has a continuum
limit, which actually relates the two couplings between the CLE4 and the 2D continuum GFF.
In Section are explained the ideas behind the proof of Theorem [8.2] It mainly relies on
stochastic calculus on metric graphs. In Section are additionally presented some exact laws
related to the Lévy transformation on metric graphs.

8.1 Motivation: a second coupling between the CLE, and the
GFF

Let us first explain the motivation behind the work in [I1]. Let D C C be an open simply
connected domain, D # C. We have already seen a coupling due to Miller and Sheffield
(Theorem between the CLE4 conformal loop ensemble in D and the massless continuum
GFF on D with 0 boundary conditions. There is actually an other coupling between these two
objects, and we will refer to it as the second coupling. It is due to Werner and Wu [WW13bh].

There is a conformally invariant way to explore all the CLE,4 loops from the boundary 0D
through a growth dynamic introduced in [WW13b]. In this way each CLE4 loop p comes with
a random time ¢, > 0, which is the moment at which the growth dynamic reaches it. The
labeled family (p,t,)pecLE, is conformally invariant in law. The label ¢, is a sort of distance
between p and dD; not the Euclidean distance of course, but a random one depending on the
whole CLE4 loop family.

Theorem 8.1 (Werner-Wu). Let € be a CLEy loop ensemble in a simply connected domain
D. Consider the random labels t, for p € € obtained through the growth dynamic of [WWW13b).
Let (¢p)pee be a family of generalized fields, conditionally independent given (p,t,)pee, with
the conditional distribution of ¢, being that of a massless free field in Int(p) with 0 boundary
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conditions on . Let ¢p be the field in D given by

6D = > Tini(p) (Pp + 22 — tp),

ped

where 2 is the height gap[2.1. Then ¢p is distributed as the massless GFF in D with 0 boundary
conditions on 0D.

The coupling above looks similar to the Miller-Sheffield coupling (Theorem , with the
difference that instead of the boundary condition —2A or 2\ on the inner side of g, with
probability 1/2 each, one takes for boundary condition 2\ — ¢,,. For details, see also [WW17,
Section 3]. We shall see in the next section that this second coupling has a natural interpretation
through the metric graphs.

8.2 Lévy transformation on metric graphs

The relation between the Miller-Sheffield coupling (Theorem [2.2)) and the second coupling (The-
orem is analogous the the Lévy transformation for the 1D Brownian motion. Let us explain
this analogy.

Let (W;)¢>0 be a standard 1D Brownian motion with Wy = 0. Let ¢7 (W) denote the local
times of (Wy)i>0; see [RY99, Chapter VI]. Let (W;):>0 be the following process:

Wy = [Wy| — O(W). (8.1)

The procedure (8.1)) is known as the Lévy transformation, and the resulting process (W) is
again a Brownian motion; see [RY99, Chapter VI, Theorem 2.3]. For every t > 0,

ﬁﬁwz—wwy (8.2)

If (W), <t<t, is an excursion of W away from 0, positive or negative, then (W3)y <<z, is a positive
excursion of W above the negative level inf [0,41] W. So in a sense one takes the excursions of W
away from 0, reflects the negative ones so as to make them positive, and glues the excursions in
the same order but in a different way, above negative levels given by the process . This is
analogous to taking boundary conditions +2X in Theorem reflecting —2X to 2\, and then
subtracting a level £, so as to get the second coupling of Theorem @

The Lévy transformation has a generalization to 1D Brownian bridges. Let 7' > 0 and
let (/Wt)ogth be a standard Brownian bridge from 0 to 0 of duration T. Let £%(W) be the local

times of (Wt)ogthi

x (17 . 1 !

For ¢ € [0,T], denote

b= V) A (U (W) = ().
Then the process (|[W;| — d:)o<i<T is again distributed as a 1D Brownian bridge from 0 to 0.
For a proof, see [BP94, Theorem 4.1].

In the article [IT] Werner and myself showed that the Lévy transformation admits a gen-
eralization to GFFs on any metric graph. Consider a discrete electrical network G = (V| F)
with conductances (C(z,y))z~y, as in Section [L1.1} Recall that Vp is a special subset of V'

considered as the boundary. Let G be the metric graph associated with G; see Definition
Let f: Vs — Ry be a non-negative boundary condition. Let ¢ be the massless metric graph
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GFF on G with boundary condition f; see Definition Given (p(t))o<i<7(p) @ continuous

path in G such that its derivative @' (t) is defined besides at most finitely many times ¢ for which
p(t) € V, and is bounded, one can define

07 1 [T )
OG0 =lm o [ 10l Ol

e—0 2¢

Indeed, as p(t) moves inside an edge-line, the field qz on the edge-line is locally more or less a
1D Brownian motion, and it admits a local time process. So in EO((;;, ©) one essentially sums
local times at level 0 of different 1D Brownian motions. Note that 00(, p) is invariant under
reparametrizations of the path p. Given x,y € G, define

d(ay) = if (%, p).
¢ path in G
from z to y

Then ¢ defined in this way is a random pseudo-metric on G. Given x,y € §, one has g(x, y)=0
if and only if either = y or there is a continuous path (p(t))ogtgr_p(p) joining x and y such that
d(p(t)) # 0 for every t € (0,T(gp)). In other words, the pseudo-metric ¢ identifies all the points
in the topological closure of a sign cluster of ¢.
Further, for z € 5 , define
6(z, V) = inf &(x,y).
nar
So 6(3; V) is the pseudo-distance from z to the boundary Vy. Note that the function z

5(z, Va) is continuous on G and constant on each sign cluster of ¢. Define ¢ to be the following
field on g

é(z) = ()| — d(z, V). (8.3)

We see (8.3)) as a Lévy transformation of the metric graph GFF, generalizing the Lévy trans-
formation for a 1D Brownian motion or Brownian bridge. See Figure In [11] we prove the
following.

Theorem 8.2 ([11], Proposition 1). Let 6 be a massless metric graph GFF on G with a non-
negative boundary condition f on Vy. Then the field ¢ defined by (8.3|) has the same distribution

as qz~5

Figure 8.1: On the left in orange, the metric graph GFF d) The dots represent its zero set. On
the right, the field ng obtained through Lévy transformation of ¢.
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We would like to emphasize that Theorem [8.2] works on any metric graph and there is
no planarity involved. The ideas behind the proof of Theorem [8.2] will be presented in the
next section. For now, let us discuss how Theorem [8.2] enlightens the > coupling of Theorem
Let D € C, D # C, be an open simply connected domain. Let Dy be a metric graph
approxnnatlon of D obtained from the square lattice wish mesh size N~ L Let qﬁN be the
massless metric graph GFF on Dy with 0 boundary conditions, approximating a continuum
GFF on D. Let dy the level 0 local time pseudo-metric on DN associated with (bN and let ¢N
denote the Lévy transformation of d)N Given C a sign cluster of ng, we have that for every
T,y € C 5N(:1: 8DN) = (5N(y, 8DN) and thus we can denote by (5N(C 8DN) this common value.
We know that the outermost boundaries of the outermost sign clusters of (;5 N converge in law to
the CLEy in D (Theorem . The quantity oy (C,dDy) is the metric graph analogue of the
random labels ¢, for g a loop in the CLE4. More precisely, we formulate in [11] the following
conjecture.

Conjecture 8.3 ([11], Conjecture 15). Let Cy,, denote the collection of outermost sign clusters
of ¢, i.e. mot surrounded by other. For C e Cn,o, let O, C denote the outer boundary ofC
Then as N — +oo, the family (‘%C’(SN(C?aDN))CeCN,o
family (p,t,)pee where € is a CLEy in D. Moreover, the whole pseudo-metric SN converges in

law to a random pseudo-metric §p on D, coupled to a continuum GFF ¢p, where §p identifies
the points on a same excursion set of ¢p.

converges in law towards the labeled

The proof of the conjecture above is somewhere on my to-do list. It tells that the Lévy
transformation extends to the continuum setting in dimension 2.

8.3 Method: stochastic calculus on metric graphs

Our proof of Theorem n relies on stochastic calculus on metric graphs. So let G be this
metric graph and (;5 the GFF on it. We will consider contlnuous Markovian explorations of ng,
analogous to local set processes used in continuum (Definition . Let (K (t))o<t<T be a family
of continuously growing random compact subsets of G. We assume moreover the following.

° I?(O) = V3.

o K(T)=0.
e For every t € [0,T1], each connected component of K (t) intersects V.

e For every ¢t € [0,7] and every U deterministic open subset of G, the event K (t) C U is
measurable w.r.t. 1yo.

Let EHE(}?) denote the boundary of K(t) as a subset of G. Note that K (0) = K(0) = Vp
and OK(T) = 0G = 0, and that the subset OK(t) is always finite. Let 7 be the subset
of [0,7] made of moments ¢ at which K (¢) finishes exploring one or several edge-lines I, for
e € E, which happens either because a particle in K (t) finishes crossing I. and reaches its
end-vertex, or because two different particles in K(¢) traveling from opposite sides of I. meet
somewhere inside /.. Note that by construction, the subset 7 is a.s. finite, with |7| < |E].
For intervals of time J C [0,7]\ 7, one can enumerate the elements of JK (t) (with ¢t € J):
(X1(t), Xa(t), ..., Xp) (1)), with each X;(t) evolving continuously and n(t) constant on J. Each
Xi(t) evolves inside an edge-line I.,;, and we will denote by r;(t) the length of the interval
I,, N K (t) which is non-decreasing in ¢. Next we write down the stochastic differential equation

satisfied by ((X1(t)), d(X2(t)), ..., d(Xu)(t))) for t € J.
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Theorem 8.4 ([I1], Section 2.2). With the notations above, let ¢ be a massless metric graph

GFF on G and (K (t No<t<T @ Markovian exploration of . Let (Fi)o<i<r be the natural filtration
of (K(t),1 <Z>) o<t<T. Then on the time intervals J C [0,T]\T, the following SDE is satisfied:
BG) = M)+ Y Hy g (X0, X5 (0)(G(X, (1) — X)) dr(t), 1< < nlo),
1<5<n(t)
JF#i
L (8.4)
where Hg\K( " denotes the boundary Poisson kernel on G\ K(t), and each M; is a continuous

martingale in the filtration (F;)o<i<T, with the quadratic covariations given by

d<MZ, Mj>t = ]_i:jd’l“i(t).

Conuversely, zfqb 1s a continuous random field on G that admits a Markovian explomtzon (K(t))o<t<T
along which the SDE is satisfied, then ¢ is a massless metric graph GFF on G.

However, an arbitrary Markovian exploration (K (t))o<t<r of the GFF ¢ is not necessar-
ily a Markovian exploration of ¢. Actually, the variables 5(X;(t), V) are not necessarily Fi-
measurable, since there may be a d-shorter path from X; (t) to Vy than that discovered by
K(t). So the idea is to take a Markovian exploration (K (t))o<i<T of ¢ satisfying the following
additional property: N

Vt € [0,T),Va,y € dK(t),d(z, Vo) = d(y, Vy).

The construction of such explorations is explained in [I1, Section 2.3]. If moreover the boundary
conditions of ¢ on Vj are non-negative, then it is easy to see that (K (t))o<t<t is a Markovian
exploration for the field ¢ too, and that the natural filtration of (K (t), 1I~<(t)¢)0§t§T and that of

(K(t),1 R’(t)¢>0§t§T coincide. Moreover, for every ¢ € [0,T] and every z,y € K (t), such that
b(x) # 0, d(y) # 0, the following holds:

sign(¢(z)) = sign(6(y)).

Thus, by Tanaka’s formula [RY99, Chapter VI, Theorem 1.2], on time intervals J C [0, 7]\ T,
we have that

do(Xi(t)) —SIgn( ( ())) i(t)

+sign(¢ ) D Hg\Kt) L(8), X5 () (B(X; (1) — S(X,(t)))dr(t)
1<j<n(t
J#i
= sign(p(X;(1)) + D0 Ha g (X0, X5(0) (16X (8)] — |6 (1)) )dri(t)

K%?!Z’

+ > Hg gy (Xi(0), X5(0)(B(X; (1)) — A(Xi(8)drs(t), 1<i < nft),

1<j<n

J#i

where ]\//_7Z are martingales satisfying
dM;(t) = sign(p(X;(t)))dM;(t).

By applying Theorem we get that the field qg is distributed as a GFF on G. This proves
Theorem [8.2
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8.4 Some exact identities and invariances under rewiring

So one has a metric graph GFF gE on G , with non-negative boundary conditions on Vj, and its
~ ~ (1 ~
Lévy transformation ¢ (8.3). Moreover ¢ taw) ¢. Let a > 0. By construction,

{z € G|0(x,Vy) < a} = {x € G|Fp continuous path from Vj to z s.t. ¢ > —a on p}.  (8.5)

On the left appears the closed a-neighborhood of Vy for the pseudo-metric 5. On the right
is nothing else than the first passage set of level —a of the field ¢; see Definition So in
Theorem we have already given the explicit law of the electric resistance from a fixed point
z € G to the subset , including the value of the probability that x belongs to the subset
(8.5). It is remarkable that this law takes as parameter only the quantity Gg(x,x), where

Gg is the Green’s function on the metric graph G. The quantity Gg(x, x) can be interpreted
in electrical terms as the effective resistance from the point x to Vjy. So it is invariant under
potential-preserving rewirings of the electrical network, such as the star-triangle transformation,
very classical in electrical engineering; see Figure To prove Theorem we again use in
[11] the stochastic calculus on metric graphs. See [I1l Section 3] for details.

Figure 8.2: Star triangle transformation. R;-s and R)-s denote resistances. The condition to
obtain an equivalent electrical circuit is R;R, = R;R; + R; Ry, + Ry R;, 1 < i < 3.

We also obtain in [I1] an other explicit law that is invariant under potential-preserving
rewirings of the electrical network, too. Assume that the boundary Vj is made of two disjoint
parts,

Vo = Vo1 LI Vy o,
where Vp 1 and Vj 5 are both non-empty. The boundary condition f is assumed to have constant

sign (positive or negative) on Vp 1 and constant sign on Vps. f is also allowed to have some 0
values on part or whole V1 and on part or whole Vj . Denote

0(Vo1, Vo) = inf o(z,y).

wEVayl

yEVa 2
In other words, 5 (Va1, Vo 2) is the distance between Vp; and Vo for the pseudo-metric 5. Let
(H(z,y))zyecv, be the boundary Poisson kernel (1.12)) on the discrete graph G. For = # y,

this is also the boundary Poisson kernel on the metric graph G. It is invariant under potential-

preserving rewirings of the electrical network, such as the star-triangle transformation on Figure
B2l Denote

CI Vo, Vo) = > Y. f@)H(xz,y)f(y)-

CCEVa’l yEVag

The law of § (Va,1,Va,2) is entirely explicit.
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Theorem 8.5 ([L1],Proposition 10). Under the assumptions above, for every a > 0,

P((Vor Vo) > a) = [ exv(— sH@m)(F@)] +1f W) +a) + SHzy)(fw) ~ f@)?):

IEVQ 1
yGVa,2

In particular, if the sign of f on Vg1 and Vp o is the same, then
P(3(Va,1, Voo) = 0) = 1 — e 2 (Von Vo), (8.6)

The event S(Vayl, Va,2) = 0 happens if and only if the GFF <Z~> has a crossing from Vj; to
V2 along which it does not hit 0. The field ¢ has to be non-zero also on the endpoints of the
crossing. The following corollary is just a restatement of , but a useful one.

Corollary 8.6. Assume that the boundary Vy is made of three disjoint parts,
Vo =Voo Va1 Vs,

with Va 1 and V@ o both non empty and Va o being allowed to be empty. Assume that the boundary
condition f is positive on both Va 1 and Va 2, and 0 on Vao Then

P(3p crossing from Va1 to Vo s.t. d>0o0np)=1-— e_QCf(Va»l"_/a@),

where

cf (Val,Vaz Z Z f(x y)f(y).

IGV@J y€V572

The above corollary is obtained by applying (8.6 to Va1 = ‘78 1 U Va oand Vyo = ‘78 9, and
noting that a positive crossing joining V1 and Vj 2 cannot end at Vjp .0, and thus is a positive
crossing from Va 1 to Va 2.

Consider a box A = (0, L) x (0,1) and /~\N~its metric graph approximations with a square
lattice of mesh size N™1. Let &An, O0:Ay, Ay, resp. OpAy denote the left, right, top, resp.
bottom side of the boundary OAy. Fix a > 0 and consider metric graph GFFs ¢y on Ax
with boundary conditions a on 817\ ~ and ;A ~, and 0 on BtKN and 8bK . Then Corollary
implies that as N — +o00, the probability of a left to right crossing in Ay by the positive set
of ¢ is of constant order, bounded away from 0 and 1. Moreover, it has a limit in (0,1). This
limit probability has a natural interpretation in terms of level lines of the continuum GFF on
A. Curiously enough, if the boundary condition mixes both positive and negative values, say
a on 81AN and O, AN and —a on 8tAN and 8bAN, then there is no known expression for the
probability of positive crossing on metric graphs. It is also not known whether this probability
is invariant under potential-preserving rewirings of the electrical network. However, one can
still show that this probability has a limit in (0,1) as N — +oo. For this, one can combine
Corollary with the convergence of first passage sets (Theorem and [8 Theorem 4.7)).
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Part 1V

Isomorphism theorems and
topological expansion
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Chapter 9

Isomorphisms between random
walks and matrix-valued fields

In this Chapter is presented my article [6]. There I considered Gaussian fields of real symmetric,
complex Hermitian or quaternionic Hermitian matrices over an electrical network, and described
how the isomorphisms between these fields and random walks give rise to topological expan-
sions encoded by ribbon graphs. I further considered matrix-valued Gaussian fields twisted by
an orthogonal, unitary or symplectic (quaternionic unitary) connection. In this case the isomor-
phisms involve traces of holonomies of the connection along random walk loops parametrized by
boundary cycles of ribbon graphs. In Section [0.I]I recall how the topological expansion works
for a single random matrix. Section contains a brief overview of the notion of connection
on vector bundles on top of a graph, of holonomy and of gauge transformation. In Section
are presented some results of Kassel and Lévy [KL21], who considered vector-valued GFFs
twisted by a connection and showed how the random walk representations of these fields involve
holonomies along random walk paths. In Section [9.4] are presented my results that appeared in

[6].

9.1 One-matrix integrals and topological expansion

In this section we will recall how the topological expansion for random matrices works. Here
Eg, will denote the space of n X n matrices that are real symmetric for 3 = 1, complex
Hermitian for 8 = 2, and quaternionic Hermitian for 8 = 4. Consider the Gaussian distribution
on Ejg, with the following density:

| .t Tr(M?2)

e 2 . 9.1
Zom (9.1)
(-)8,n will denote the exception w.r.t. (9.1)). The distribution of the ordered family of eigenvalues
)\12)\222)\n0f ‘ is

1
Zoin

Lisrgsesa, [ (= Ap)Pe 208430 4y ddg . d,.

1<i<j<n

This is the Gaussian Orthogonal Ensemble GOE(n) (8 = 1), the Gaussian Unitary Ensemble
GUE(n) (8 = 2), resp. the Gaussian Symplectic Ensemble GSE(n) (8 = 4). We will use the
common encompassing notation GSE(n). For more on random matrices, see [Meh04].

Given a family v = (11,12, ..., Un) of positive integers, m(v) will denote m (the number of
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integers) and |v| will denote

m(v)
lv| = Z V.
i=1
Let us recall the combinatorics behind the moments

m(v)
< I1 Tr(M”k)>ﬂn. (9.2)
L ,

1

One needs only to consider |v| even, since for |v| odd equals 0. This combinatorial structure
is known as the topological expansion, because one sums over the maps on 2D surfaces. For
background, see [tH74, [BIPZ78, BIZ80, 1Z80, Zvo97, [.Z04, MWO03, BP9, [Eyn16, EKR1S].

So given v with |v| even, one first considers m(v) vertices, where each vertex has adjacent
ribbon half-edges: v, half-edges for the first vertex, v, for the second, etc. A ribbon half-edge
is a two-dimensional object and carries an orientation. Also, the ribbon half-edges around each
vertex are ordered in a cyclic way. The ribbon half-edges are numbered from 1 to |v|. See
Figure for an illustration with v = (4, 3,1).

Figure 9.1: Ribbon half-edges in the case of v = (4, 3, 1).

Since the total number of half-edges, |v|, is even, one can pair them to obtain a ribbon graph
(not necessarily connected), with m(v) vertices and |v|/2 ribbon edges. Each time we pair two
half-edges, we can glue the corresponding ribbons in two different ways. Either the orientations
of the two ribbon half-edges match, or are opposite. In the first case we get a straight ribbon
edge, in the second a twisted ribbon edge. See Figure We call such a pairing of ribbon
half-edges that keeps straight or twists the ribbons a ribbon pairing. Let R, be the set of all
possible ribbon pairings associated to v. The number of different ribbon pairings is

WL e ol
Card(Ry) = 2|u\/2(|y|/2)!2‘ "= (vl/2)"

Figure displays an example of a ribbon pairing with only straight edges, and Figure [9.4] an
example with both straight and twisted edges.

Figure 9.2: A straight ribbon edge on the left and a twisted ribbon edge on the right.

A ribbon pairing p € R, induces a partition in pairs of {1,...,|v|}, denoted p,(p). The
pairs correspond to the labels of ribbon half-edges associated into an edge. Conversely, given p
a partition in pairs of {1,..., |v|}, R, p will denote the subset of R, made of all ribbon pairings
p such that p,(p) = p (Card(R,p) = 2/"1/?).
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o

Figure 9.3: A ribbon pairing in the case of v = (4, 3,1) with only straight edges. The induced
partition in pairs is p,(p) = {{1,3},{2, 4}, {5, 8},{6,7}}.

51

Figure 9.4: A ribbon pairing in the case of v = (4,3, 1) with straight and twisted edges. The
induced partition in pairs p,(p) is the same as on Figure

Given a ribbon pairing p € R,, one can see the corresponding ribbon graph as a two-
dimensional compact bordered surface (not necessarily connected). Let f,(p) denote the number
of the connected components of the boundary, that is to say the number of distinct cycles formed
by the borders of ribbons. On Figure[9.3] f,(p) = 3, and on Figure[9.4] f,(p) = 2. Then, one can
glue along each connected component of the boundary a disk (f,(p) disks in total), and obtain
in this way a two-dimensional compact surface (not necessarily connected) without boundary.
We will denote it X, (p), and consider it up to diffeomorphisms. On the example of Figure
Y, (p) has two connected components, a torus on the left and a sphere on the right. On the
example of Figure Y, (p) has again two connected components, a Klein bottle on the left
and a projective plane on the right. Observe that if all the edges are straight, the surfaces
that appear are orientable. Let x,(p) denote the Euler’s characteristic of ¥,(p). According to

Euler’s formula,

v

Xu(p) = m(v) = = + fulp)-

If one contracts the ribbons in a ribbon graph (i.e. reduces the width of the ribbons to 0), then
one gets a map drawn on the surface X, (p), that is to say a graph whose faces (f,(p) in total)
are topological disks.

Given a ribbon pairing p € R,, we associate to it a weight w, g(p) depending on f:

(p) = (—2)xvP)g=2m)+¥1/2,
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In all three cases € {1,2,4}, for every p partition in pairs of {1,...,|v|},

Z Wy, (p) =1.
PERLp
Theorem 9.1 (Brézin-Itzykson-Parisi-Zuber [BIPZT78], Mulase-Waldron [MWO03]). For g €
{1,2,4} and |v| even, the value of the matriz integral (9.2)) is given by

m(v)
(TITOrs) =3 ws(pn0), (9.3)
B.n
k=1 PERL
Note that the right-hand side of (9.3)) is a polynomial in n, the size of the matrices. Also
note that in the quaternionic case the coefficients w,, g—4(p) may take negative values.

9.2 Connections, gauge equivalence and Wilson loops

Let H denote here the division ring of quaternions. Le be a discrete electrical network G = (V, E)
as in Section Let n € N, n > 2. Let U be the group of either n x n orthogonal matrices
O(n), or unitary matrices U(n), or quaternionic unitary matrices U(n,H). We consider that
each undirected edge in E consists of two directed edges of opposite direction. We consider a
family of matrices in U, (U(2,9)){s,y}er, With

Uly,x) = U(z,y)" =Ulw,y)~", Ha,y} € B.

(U(%,9)){z,y}eE 18 our connection on the vector bundle with base space G and fiber respectively
R™ C™ or H". In Physics literature, U is called a gauge field.

Given a nearest-neighbor oriented discrete path o = (y1,92,...,y;), the holonomy of U
along g is the product

hol(p) = U(y1, y2)U (y2,y3) - - - U(yj—1,y;)-

If p is a nearest-neighbor path parametrized by continuous time, and does only a finite number
of jumps, the holonomy holV () is defined as the holonomy along the discrete skeleton of p. We
will denote by % the time-reversal of a path . We have that

hol” (%) = holV (p)* = holV (p)~". (9.4)

Given a nearest-neighbor oriented discrete closed path (i.e. a loop) o = (y1,¥2,...,¥;),
with y; = 1, we will consider the observable Tr(hol” (p)) in the orthogonal and unitary case,
and Re(Tr(holY (p))) in the quaternionic unitary case. Such observables are called Wilson loops
[Wil74]. Note that the Wilson loop observable does not depend on where the loop g is rooted.
Indeed, if ¢ is the loop visiting (ys,...,Y;,Y1,---,¥i-1,%) (1 € {2,...,7}), and if ¢’ is the path
visiting (y1,...,y;) then

hol” () = holY (') ' holY (p)holY (¢').

Given another family of matrices in U, (84(z))zcv, this time on top of vertices, it induces a
gauge transformation on the connection U:

(U@, 9)) fayyen — (W@) U (@, 9)40)) (2y)e -
Two connections related by a gauge transformation are said to be gauge equivalent. A connection
is trivial if it is gauge equivalent to the identity connection. A criterion for triviality is that
along any nearest-neighbor loop = (y1,%2,...,¥;), with y; = y1, holY (p) = I,. In general,
any two gauge equivalent connections have the same Wilson loop observables. The converse is
also true (but non-obvious): the collection of all possible Wilson loop observables characterizes
a connection up to gauge transformations [Gil81), [Sen94) [L.é04].
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9.3 BFS-Dynkin isomorphism for the Gaussian free field twisted
by a connection

In [KL21] Kassel and Lévy introduced the vector-valued GFF twisted by an orthogonal /unitary
connection, and generalized the isomorphisms with random walks to this case. They relied on
a covariant Feynman-Kac formula ([BES79] and [KL21, Theorem 3.1}).

Let us consider on top of the electrical network G = (V| E) an orthogonal connection
(U(2,9)zyrer> Ux,y) € O(n). The Green’s function GU associated to the connection U
is a function from V' x V to M,,(R) (i.e. the n x n matrices with real entries), with the entries
given by

GY(a,y) = / ol () (dp), @y €V, irj € {1,....n},
Y

where the measure on paths ¥ (dgp) is given by Definition Since the image of u™¥ by time
reversal is pu¥7, and because of (9.4), we have that

U _ AU U _ AU
Gij(x7y) = sz’(?/,l”)a Gij(xax) = sz‘(%@-

ie. GY(x,9)7 = GY(y,z), (where T denotes the transpose) and GY(z, ) is symmetric. One can
see GU as a symmetric linear operator on (R™)V. It is positive definite (see [KL21I, Proposition
2.15]). We will denote by det GV the determinant of this operator.

The R™-valued Gaussian free field on G twisted by the connection U (massless, with 0
boundary condition) is a random Gaussian function ¢ : V — R (¢(z) = (¢1(z),. .., dn(z)))
with the distribution given by

1 .
e (1 Y Caw)lee) - Unew)?) I] [Tt
ZGrr 2
{z,y}eFE 2€Ving i=1
where || - || is the usual L? norm on R" and
Z80e = ((2m)"V det GV)2.
Note that if {z,y} € E,
16(2) = Uz, n)e)lI* = 2(y) = Uy, 2)p(2)|>.
We have that E[(]B] = 0. As for the covariance structure, it is given by
El¢s(2)o;(y)] = Gij(x,y);

see [KL.21, Proposition 4.1]. If (4(z)).cv is a gauge transformation, then ($(x)¢(z))zey is the
Gaussian free field related to the connection (U(x) 'U(z,y)U(y)){zyrep- In particular, if the
connection U is trivial, the field QAS can be reduced to n i.i.d. copies of a scalar GFF (massless,
with 0 boundary condition).

In [KL21], Theorems 5.1 and 7.3, Kassel and Lévy gave a BFS-Dynkin-type isomorphism
for GFFs twisted by connections, thus generalizing Theorem
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Theorem 9.2 (Kassel-Lévy). Let k € N\ {0}, z1,22,...,291 € Vine, J(1),J(2),...,J(2k) €
{1,...,n} and F a bounded measurable function RV — R. Then

[qu =) F(I91/2)]

B Z / [ (H¢ I /2_‘_2” ©;) er}HhOI @J)M 5 (dpy),

({aj.biD1<j<k
partition in pairs
of {1,2,...,2k}

where the sum runs over the (2k)!/(2Fk!) partitions of {1,...,2k} in pairs.

Note that hol”(p;) is an n x n matrix in O(n), and ho'?(aj)J(bj)(@j) means that one takes
the entry J(a;)J(bj). Also note that this entry may be negative.

9.4 Matrix valued fields, isomorphisms and topological expan-
sion

In my article [6] I observed that the topological expansion (Theorem combines well with
the BFS-Dynkin isomorphism provided one considers matrix-valued fields, that is to say
spin systems on a graph where the spins are matrices.

First we will present the case without connection (gauge field). Fix g € {1,2,4}. On top
of each vertex x € V, one considers a matrix M(z) € Eg, (n X n real symmetric, complex
Hermitian or quaternionic Hermitian depending on the value of ), with M (x) = 0 for x € Vj.
The distribution of the matrix-valued field is given by

1

7 exp( > Clay) T ((Mly) - M(@)*)) T] am(a). (9.5)

{x,y}EE 2€Ving

This is a matrix-valued GFF. We will denote by <>g ,, the expectation with respect to (9.5).

For every x € Viy,, M(z)/G(z, x)% under <)gn follows the distribution (9.1)).
Given v = (vi,v2,...,Vpy(y)) a family of positive integers, k, will denote the map from
{1,...,|v[} to {1,...,m(v)} such that k,; ' (k) = {v1 +---+vp_1 +1,...,v1 +- -+ g + i}

Theorem 9.3 ([0], Theorem 3.1). Let § € {1,2,4}. Let v be a finite family of positive integers
with |v| even. Let x1,x2,. .. s Zm(v) € Vint- Then for any F bounded measurable function on RY,

m(v)
(T o) (G rorem) ), -
S (X waslent)

p={a;.b;D1<i<p)yz PERwp
partition in pairs

Of {172?"‘7|V‘}
v]/2 v]/2

<[ E(GEo+ X o), L)) TLame e o)
j=1 Tg=l
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In other words, one sums over the ribbon graphs associated to the family of positive integers
v. As in Theorem each ribbon graph p comes with a weight w,, g(p)nf*(?), which may be
negative in the case 8 = 4. Each vertex of p with v, ribbon edges corresponds to a point zj in
Vint. To each ribbon edge between x4,y and zy, ;) is associated a nearest-neighbor path @,
on G between Tk, (a;) a0d 2, (p;)- For instance, the contribution of the ribbon graph appearing
on Figure9.3] resp. Figure would be

Wy—(a,3,1),5(P)° 1 (dipr ) 1" (dipa) 12 (dips ) > (dipa),

2, x1,T1

resp.  wWy—(4.31),8(p)n W (dp1) " (dgo) w2 (dgos ) "2 (dioa).-
Note that for the ribbon graph on Figure the coefficients wl,:(4’371),5(p) are

Wy—(4,31),8=1(p) = 16 Wy—(4.31),8=2(p) = 1, Wy—(4,31),8=4(p) = 1;

and in the case of Figure
1 1

wy=(4,3,1),5:1(l7) = 16’ wu:(4,3,1),5:2(P) =0, wu=(4,3,1),5:4(ﬂ) Ty

Now let us consider the setting with a connection. Let (U(z,y)){s41cr be such a connection,
orthogonal for § = 1, unitary for § = 2 and quaternionic unitary for § = 4. Consider the
distribution

Zglﬂexp(—; > C(m,y)Tr((M(y)—U(y,x)M(x)U(:z:,y))Q)) [T dM().  (96)
B.n {z,y}eFE € Vint

and let <>gg denote the expectation with respect to (9.5). Note that if {z,y} € E , then
Tr((M(2) = U(z,y)M(y)U(y, x))*) = Te((M(y) — Uly, z) M (2)U (z,9))?).

Also, if the connection U is non-trivial, M (x)/ G(m,x)% under (>gg does no longer follow in
general the distribution (9.1)). As for the distribution of (ﬁ Tr(M(z)))zev, it is the same
whatever the connection U, and it is that of a scalar GFF [6, Remark 3.9].

Theorem 9.4 ([6], Theorem 3.4). Let 5 € {1,2,4}. Let v be a finite family of positive integers
with |v| even. Let x1,x2,. .. s Zm(v) € Vint- Then for any F bounded measurable function on RY,

g7U

m(v)
(T st e( (o) )7 =

[v]/
) S ws(p) / (F((5 (0@ + Zzemm))mv)i’:
j=1 ’

p=({a;,0;})1<j<|v|/2 PERv,p
partition in pairs

Of{172 7777 |V|}
v]/2

x T‘rﬁ(h0|ll/],p(pl7 §925 -5 p\u|/2)) H Mxku(aj),xku(bﬁ(dpj)a
j=1

where Trlg(holgp(pl, 92, -+, P|/2)) s a holonomy factor explained below.
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The factor Trg(holll,{p(pl, ©2, .-+, 9Ju|/2)) is a product of f,(p) Wilson loops, i.e. traces of
holonomies along closed loops for § = 1 or § = 2, real parts of traces for § = 4. The loops
are formed by concatenation of some of the paths among 1, 2, ..., ),|/2, and one can read
them on the ribbon graph p. A ribbon edge is associated to a path @;. As one follows one of
the two boundaries of the ribbon edge, one moves along g;, or in the opposite direction, along
%j. So if one completes a turn along one of the f,(p) boundary cycles of the ribbon graph p,
then the random walk paths that one has followed form concatenated a loop, and one takes the

holonomy of U along this loop. So, in the example of Figure (9.3

Tra(holi_ 451y ,(91, 92, 93, 1)) =
Trg(hol” (p1)hol” (p2)hol” (1)~ hol” (2) ~1) x Trz(hol” (3)hol” (p4)hol” (94) ™) x Tra(hol” (3) 1),

and in the example of Figure 9.4

Trg(hol)_ 4 5.1, (91, 92, 93, 01)) =
Trg(hol” (p1)hol” (p2) ~hol” (1) tholV (p2) 1) x Trg(hol” (p3)*hol” (p4)hol” (p4) ™).

Note that each path p; appears in total twice. This is because a ribbon edge has two borders.
Also note that if the connection U is trivial, then ﬂg(holgp(pl, 02,5 Py 2)) is just ndv (),

Note that the fact that the holonomies appear only inside Wilson loops (traces along
closed paths) is not a surprise. Indeed, the fields of eigenvalues of (M (z)),cy are invari-
ant in law under gauge transformations. Indeed, if the new gauge equivalent connection is
(U(z)" U (x, Y)U(Y)){z,y}eE> then only needs to apply the conjugation

(M (@)zev = (W)™ M(2)U(2))zev

to get the field for this new connection. So the law of the fields of eigenvalues only depends

on the gauge equivalence class of U, which is characterized by the Wilson loop observables
[Gil81, [Sen94| T.€04].

Next are some comments on the proofs, without going into details. The traces Tr(M (zx)"*)
can be expressed though the coefficients of the matrices M (xy), which are Gaussian. So Theorem
9.3)is a consequence of Theorem [I.4and Theorem [0.4]is a consequence of Theorem[9.2] However,
as one expands the product of traces and applies the BFS-Dynkin (Theorem or Kassel-
Lévy isomorphism (Theorem , one gets plenty of terms, many of which given identical
contributions, many give zero contribution, and many give contributions that get canceled out
by other terms. So Theorems [0.3] and [9.4] essentially present a way to organize the final result in
a combinatorially meaningful way. A brute force approach through direct computation can be
carried out in the case § =1 and 8 = 2, but for § = 4 it becomes particularly arduous because
of the non-commutativity of quaternions, and even more so in the presence of a gauge field. So
instead I relied in [6] on an induction on |v|/2, the number of ribbon edges, inspired by Bryc
and Pierce [BP09]. This approach covers all the three cases § € {1,2,4}.
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Chapter 10

Isomorphisms between 1D Brownian
local time and S-Dyson’s Brownian
motion

In this Chapter is persented my article [3]. There I show that the 5-Dyson’s Brownian mo-
tions for general values of 3 satisfy both a Le Jan type (Theorem and BFS-Dynkin type
(Theorem isomorphism with the local times of one-dimensional Brownian trajectories. The
Le Jan type isomorphism involves a whole range of intensity parameters a for the 1D Brown-
ian loop soup, not just « half-integer. In Section is explained the motivation behind this
work. In Section [10.2] is recalled the notion of Gaussian beta ensembles. In Section [10.3] are
detailed the isomorphism theorems for the continuum GFF in dimension one. In Section [I0.4]
is explained the Le Jan type isomorphism for the S-Dyson’s Brownian motion. In Section [10.5]
is presented the BFS-Dynkin type isomorphism for the S-Dyson’s Brownian motion. In Sec-
tion [I0.6] are presented important open questions that motivated this whole work. In essence,
the question is whether the Gaussian beta ensembles have natural generalizations to arbitrary
electrical networks.

10.1 Motivation

Here is explained the motivation behind my work [3]. It is primarily contained in the open
questions presented in Section [I0.6]

The relation between the GFF and the loop soup (random walk or Brownian) of intensity
parameter o = 1/2 (Theorem and Theorem provides a powerful tool to study both the
GFF and the loop soup itself, in particular in dimension 2 (see Part . Some aspects are easier
to see though the GFF, some other through the loop soup, and the isomorphisms between the
two enable a transfer of results from one object to the other.

In dimension 2 in continuum, the Brownian loop soups are of major interest for any intensity
parameter «, not just @ = 1/2. This is because of the conformal invariance, the relation to the
conformal loop ensembles CLE, (Theorem , and the non-Gaussian multiplicative chaoses
constructed out of loop soups (Chapter [6)). However, for o # 1/2, the Brownian loop soups are
much less understood and the picture is overall more complicated. So the idea is to obtain for
a # 1/2 some isomorphism Theorems similar to Le Jan’s (Theorem which would relate
the loop soups to some random fields, preferably satisfying some integrability /exact-solvability.

If « is half-integer, & = d/2, then there is an isomorphism with a vector-valued GFF
with d i.i.d. components. So for general o, what one looks at is a natural notion of non-integer
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dimension. It turns out that there is a notion of non-integer dimension in the theory of Gaussian
beta ensembles GSE(n); see Section and ((10.2)). Further, the 8-Dyson’s Brownian motion
is a one-dimensional field version of the GSE(n), where there is a sample on the GGE(n) on
top of each point on the line; see Section It turns out that there is indeed a Le Jan type
isomorphism between the S-Dyson’s Brownian motion and a 1D Brownian loop soup, with an
intensity parameter o depending on  and n and that may be non half-integer (Corollary .
On top of that, the 8-Dyson’s Brownian motion also satisfies a BFS-Dynkin type isomorphism
(Theorem [10.9).

Now it would be interesting to have the same thing on any electrical network. These are the
open questions presented in Section One would like to have a sample of GGE(n) on top
of each vertex of a graph, everything being correlated in a non-trivial way, so as to interpolate
and extrapolate the fields of eigenvalues in matrix-valued GFFs for g € {1,2,4}. We would
also like to emphasize that we are not interested in the large n (number of ”eigenvalues”) limit
that is usually studied random matrix theory. What we are interested in is for fixed values of
n, including small ones, 2,3,4,5, etc. Most importantly, the pseudo-dimension d(3, n) has
to be fixed. It is the electrical network that eventually has to become large.

10.2 Gaussian beta ensembles

For references on Gaussian beta ensembles, see [DE02) [Forl5], [EKRI1S8, Section 1.2.2], and
[AGZ09l Section 4.5]. Fix n > 2. A Gaussian beta ensemble GSE(n) follows the distribution
on A\ = ()\17)\27“',)\71) e R"”,

1
Zobusaesesa, [ - Aj)Pem 2NN g0 dy L dn, (10.1)
Bn 1<i<j<n

where the partition function 23, 1s given by

zg, - CDE P LU+3)

AT )

This distribution is well defined for every 8 > —2/n, but in the literature one usually is interested
in the large n limit and considers only S > 0. For 8 = 1, 2, resp. 4, one gets the GOE(n),
GUE(n), resp. GSE(n); see Section For n = 0, one gets the reordered family of n i.i.d.
N(0,1) Gaussian r.v.s. In the limit § — —2/n, the GBE(n) converges in law to

1 1 1
(ﬁga ﬁga cee %5)7
where ¢ follows NV(0,1).

The brackets (), will denote the expectation w.r.t. (10.1). For ¢ > 1, pg(\) will denote
the ¢-th power sum polynomial

pa(N) =D AL
j=1

By convention, po(A\) = n. Let d(5,n) denote

d(B,n) =n+n(n— 1)2 (10.2)

One can see d(f,n) as a kind of pseudo-dimension. For 8 € {1,2,4}, d(3,n) is the dimension
of the corresponding space of matrices.
Next are some elementary properties of GSE.
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Proposition 10.1. The following holds.
1. For every B > —2/n, ﬁpl()\) under GBE has for distribution N(0,1).
2. For every B > —2/n, p2(\)/2 under GBE has for distribution Gamma(d(8,n)/2,1).
3. p1(N) and A — Lp(\) under GBE are independent.

4o 5(p2(N) = Lp1(N)?) = Lpa(A—Lpi(N)) under GBE has for distribution Gamma((d(8,n) —
1)/2,1).
Let v = (v1,va,...,Vy) be a finite family of positive integers. We will denote

m(v)

m(v) =m, lv| = Z k.
k=1

Let p,(\) denote

m(v)

= H Py, ()‘)
k=1

By convention, we set pg(A) = 1 and |@] = 0. Note that pg(\) # po(A). We are interested
in the expression of the moments (p,(A))g,. These are 0 if |v| is odd. For |v| even, these
moments are given by a recurrence known as loop equation or Schwinger-Dyson equation ([LCQ9,
Lemma 4.13], [LC13, slide 3/15] and [EKRIS8, Section 4.1.1]). This generalizes Theorem [9.1] to

B &{1,2,4}.

Proposition 10.2 (Schwinger-Dyson equation). For every 5 > —2/n and every v as above
with |v| even,

o(N)on = 5 S s Ve (Va1 W) (103)
=1
(1= 2) W) = Dy Moy -2(Wi
m(v)—1

+ Z Vk V'r r#k,m(v) ()\)puk+ym(u)—2()\)>ﬂ,n;
=1

where po(A) = n. The recurrence (10.3) and the initial condition po(A\) = n determine all the
moments (py (X)) g.n-

10.3 Isomorphism theorems in continuum in dimension one

Let K > 0. Let (¢(z))zer be the massive continuum GFF on R with square-mass K. This is
nothing else than a stationary Ornstein-Uhlenbeck process, satisfying the SDE

do(z) = V2dW (2) — V2K ¢(x)dx

where dW (z) is a white noise on R. Here we will think of = as a one-dimension space variable
rather than a time variable. The covariance function of ¢ is given by the Green’s function Gr g
of —s &4, + K:
L eRy-
Gri(z,y) = —=¢ ly==l,
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Let (B¢)e>0 denote the standard Brownian motion on R. Let pr(¢, x,y) denote its transition
densities (heat kernel) and Py the 1D Brownian bridge measures. The massive measure on 1D
Brownian loops is

loop __ oo —Kt dt T, T
PR i = dac e TPR(t’ T, .%‘)PRt.

For a > 0, let Ly ;- denote the Poisson point process with intensity measure a,uR K This is the
massive 1D Brownlan loop soup. Given a 1D Brownian path (p(t ))0<t<T(p), we will denote by
¢*(p) the Brownian local times

. 1 [T
t*(p) 22%25/0 L (t)—a|<cdl.

Further, £*(L§ ) will denote

(LR )= Y (p

PELE K R K

According to the continuum massive version of the Le Jan’s isomorphism (Theorem ,
for a = 1/2, the field (E‘”(E]}{/i))xeﬂg has the same distribution as (¢(z)?/2),er. In general, one
can see ({*(Lg x))zcr as a stationary solution to the SDE

A0 (LE 1) = 2(0°(LE 1)) 2dW (2) + 20dz. (10.4)

For z,y € R, we will denote by pg"%- the massive measure on Brownian excursions from
to y: 7
+oo
' = /0 dte”"'pr(t, 2, y) PR
The measures uﬂélyK are involved in the BFS-Dynkin isomorphism for the field ¢ (Theorem .
In the 1D setting, the measures ,uﬁ:yK can be further decomposed as follows. Let be z < y € R.

Let 7, be the first hitting time of level = by a Brownian motion (B:):>o. Let fIR rY be the
following measure on paths:

/F(p)ﬂ%’%(d@) = IEBo:y [e_KTmF((BTx—t)OStSTx)]

The total mass of i is

_ GR K(xa y) _ _
Kty | _ ) V2K (y—x)
EBU:y |:€ } GRK(x, x) ’

Further, the measure pp"- is the image of the product measure pp % ® fig- under the concate-
nation of two paths.

10.4 [-Dyson’s Brownian motion and Le Jan type isomorphism

For references on S-Dyson’s Brownian motion, see [Dys62, [(Cha92l, [RS93| (CL97, [CL0O7|, [Meh04,
Chapter 9] and [AGZ09, Section 4.3]. Let 8 > 0 and n > 2. Let K > 0. We consider the
process (A(x) = (A1 (), ..., A\ (2)))zer With Aj(x) > --- > A\, (z), satisfying the SDE

d\j(z) = V2dW;(z) — V2K \j(z) +5FZ
J'#3

e = SwEL (10:5)
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the dWj;, 1 < j < n, being n i.i.d. white noises on R, and \ being stationary, with (2K)%)\(a:)
being distributed according to . This is the stationary [S-Dyson’s Brownian motion.
For B8 € {1,2,4}, this is the diffusion of eigenvalues in a stationary matrix-valued Ornstein-
Uhlenbeck process. Since we will be interested in the isomorphisms of the S-Dyson’s Brownian
motion with 1D Brownian local time, we will see x as a one-dimensional space variable rather
than a time variable. For 5 > 1, there is no collision between the \;(z)-s, and for 8 € [0,1) two
consecutive \;j(z)-s can collide, but there is no collision of three or more particles [CLOT]. Note
that the case § € (—2/n,0) has not been considered in the literature, although I believe that
the S-Dyson’s Brownian motion should still exist for this range of 5. However, the problem is

the extension of the process after a collision of \j(x)-s. If 5 < 0, the collision of three or more
2(n—3)

n(n—1)’
Next are some elementary properties of the 5-Dyson’s Brownian motion. See [3| Proposition

4.2).

particles, including all the n together for § < — is no longer excluded.

Proposition 10.3. The following holds.
1. The process (ﬁpl()\(x)))zeR has the same law as ¢; see Section .

2. The process (3p2(A\(2)))zer is a stationary solution to the SDE
dZ(z) = 2(Z(x))Y2dW (z) + d(B, n)dz, (10.6)

where d(f,n) is given by (10.2).
3. The processes (p1(A(2)))zer and (A(z) — %pl()\(x)))weR are independent.

4. The process (5 (p2(A(z)) — %pl()\(m))z))meR is a stationary solution to the SDE
dZ(x) = AZ(w))"2dW (x) + (d(B8,n) - 1)dz. (10.7)

By comparing and (| - ) to ( , one can observe that the Le Jan’s isomorphism
(Theorem [1.13] _ has a generahzatlon to ﬁ Dyson’s Brownian motion and it involves a whole
range of a-s, not just « half-integers.

Corollary 10.4 ([3], Proposition 4.21). Take v = d(B,n)/2. The process (3p2(A(z)))zer has
the same law as the occupation field ((* (L x))zer of a 1D massive Brownian loop soup L j.

Moreover, the process (& (p2(A(z)) — 2p1(A(z ))2))x€R has the same law as (W(Ca 1/2))3@1%-

10.5 BFS-Dynkin type isomorphism for S-Dyson’s Brownian
motion

We observed that the Le Jan’s isomorphism has a generalization for the 5-Dyson’s Brownian
motion (Corollary . Actually, the BFS-Dynkin isomorphism (Theorem has such a
generalization, too. This is proved in my article [3]. For 5 € {0,1,2,4} this reduces to the
Gaussian case; see Theorem[9.3] But for general values of 3 this requires involved combinatorics,
which are not just partitions in pairs as in the Wick’s rule.

To begin with, we will present the expressmn for the symmetric moments of a S-Dyson’s
Brownian motion. Let the brackets <>§ denote the expectation w.r.t. to a stationary (-
Dyson’s Brownian motion - Let v = (v1,V2, .. ., V() be a family of positive integers and
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consider m(v) points ¥1 < w2 < -+ < Zp,(,) € R. We are interested in an expression for

m(v)
(T @), (103)
k=1 ’

Curiously enough, despite an important literature on the S-Dyson’s Brownian motion, an ex-
pression for these symmetric moments was nowhere to be found. So I gave one in my paper;
see [3, Section 4.2]. It involve a recurrence similar to that of Proposition I am not
aware whether it has appeared previously elsewhere. The recurrence will be introduced in what
follows.

Let (Ygr)k>1 denote a family of formal commuting polynomials variables. We will consider
finite families of positive integers v = (v1,v2,..., V() With |v] even. The order of the vj-s
will matter. That is to say we distinguish between v and (1/0(1),1/0(2), .. .,Vg(m(u))) for o a
permutation of {1,...,m(v)}. We want to construct a family of formal polynomials @, g, with
parameters v,3 and n, where @), 3, has for variables (Ykk)1§kgm(y)- To simplify the notations,
we will drop the subscripts 8,n and just write (),. The polynomials @, will appear in the
expression of the symmetric moments . We will denote by ¢(v, 8,n) the solutions to the
recurrence (10.3), which for 8 € (—2/n,+00) are the moments (p,(A))g, of the GBE(n). By
convention, ¢((0), 8,n) = n and ¢(§, 8,n) = 1. For k > 1 and Q a polynomial, Q* will denote
the polynomial in the variables (Yj/x/)1<p<k, obtained from @) by replacing each variable Y/

with &/ > k + 1 by the variable Y. Note that QT(V)H = (), and that QL is an univariate
polynomial in Yj;. For Y a formal polynomial variable, degy will denote the partial degree in
Y.

See next page.
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Definition 10.5 ([3], Definition 4.7). The family of polynomials (Qy )| even is defined by the
following.

1. QL = c(u,ﬁ,n)Ylﬂ‘/z.
2. If m(v) > 2, then for every k € {2,...,m(v)},

vt —2

e _ ﬁ k’
6Yka T Z Z Q(Vr)wgk/z 1,0, —1—1%) (109)

k<k’<m (v)
v >2

B
5 Y, QG 2

k<k'<m(v)
V1 >2

B o
+§n Z Q yr T#k,

k<K' <m(v)
l/k/ =2

B (v — 1)
+(1 N 5) Z %ng&)#khl’k/*?)

E<k'<m(v)
v >2

+(17§>n Z Ql(ﬁ)r#k'

E<k'<m(v)
V=2

E : k<«
+ Vklyk”Q((VT‘)ry&k’,k”7Vk’+yk"_2)
E<K'<k"<m(v)
Vs Vg1 >2

k<
+n Z Q(VT)rqék’,k”.

E<k'<k” <m(v)
v =vn=1

If kK = m(v), then the last two lines of (10.9)) vanish.

Proposition 10.6 ([3], Proposition 4.8). Definition uniquely defines a family of polyno-
mials (Qu)|y| even- Moreover, the following properties hold.

1. For every A monomial of Q, and every k € {2,...,m(v)},
2 > degy, A< > w, (10.10)
k<k'<m(v) k<k’<m(v)

and

2 Z degy,, , A= |v|.
1<k’ <m(v)

In particular, Q, is a homogeneous polynomial of degree |v|/2.
2. For every k € {1,...,m(v)} and every permutation o of {k,...,m(v)},
_ Qk(—
A

Q(Vr)1<r<k L(Vo(r)) k<r<m(v)

On top of the formal commuting polynomial variables (Yjx)r>1 appearing in the polynomials
Qu, we also consider the family of the formal commuting variables (Yj_1)r>2, also commut-
ing with the first one. A polynomial P, = P, g, will have for variables (Yjx)i<k<m(,) and

(Y1 k)2<k<m(v)-
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Definition 10.7 (]3], Definition 4.10). Given v a finite family of positive integers with |v|
even, let P, be the polynomial in the variables (Yix)1<k<m(v)> (Yk—1k)2<k<m(r) defined by the
following.

L Py((Yik)1<k<m@v)y Ye-1% = Da<icme)) = Qu((Yrr)1<k<m())-
2. For every A monomial of P, and every k € {2,...,m(v)},

degy,  A+2 Z degy,,,, A= Z Vg
k<k'<m(v) k<k’'<m(v)

The property (10.10) ensures that P, = P, 5, is well defined. The polynomials P, are
involved in the expression of the symmetric moments (10.8)); see Theorem below. As an
illustration, we provide below some examples of polynomials P, .

Vs = nd (1= D)0 12m,

2
P, = (Zr (1= BV n2) Y Yar Vs + 20Y2, VY 10.11
(21,1 = 571 + D) n 11Y22Y23 +2nY11 Yo Y3, (10.11)
Pap1y = (§n3 + (1 - g) >+ 2”)Y11Y12Y2z\?23,
Puig = (§n3 + (1 - g)n2>Y11\?12Y33 +2nY11Y12Y22 Y3,

Theorem 10.8 ([3], Proposition 4.9, Corollary 4.11 and Proposition 4.22). Letv = (v1,v2,. .., Vm@))
be a family of positive integers, with |v| even, and consider m(v) points x1 < xg < -+ < Ty €
R. Then the moment (10.8|) is obtained by evaluating the polynomial P, as follows:

R,K

m(v)
( TI pura),
k=1

The polynomials P, are also involved in the BFS-Dynkin type isomorphism for g-Dyson’s
Brownian motion. Given v a finite family of positive integers with |v| even and x1 < 2 < -+ <

Tmw) € R, Nnyézywrm(”) (also depending on 8 and n) will be the measure on finite families of

= P,((Yar = 1/V2EK )1 <pam@eys Va1 = e V2E@—m0) ).

s

continuous paths obtained by substituting in the polynomial P, = P, g, for each variable Yy
the measure pg*;*, and for each variable Yj_1j the measure jig'™**; see Section Since

we will deal with the occupation fields under uﬂgﬁ""’xm(”), the order of the Brownian measures

in a product will not matter. For instance, for v = (2,1, 1), the expression for P3,1,1) appears

in (10.11)), and

pphmmes (D (1 0)2) e e e
o @l I © R © R
Note that depending on values of n and (3, a measure u;{f%""’xm(”) may be signed.

Theorem 10.9 ([3], Proposition 4.14 and Proposition 4.22). Let v be a finite family of positive
integers, with |v| even and let 11 < w2 < -++ < Xy € R. Let I be a bounded measurable
functional on C(R). Then

m(v) RK

(Lm0 ((r0en), ), =
R,K

F((2p00@) + 3 (o) o (o))
/< ((2 )xER)>,B,n

96



10.6 Open questions

Here we present the open questions that motivated the paper [3]. The first question is combi-
natorial. We would like to have the polynomials P, g, given by Definitions and under
a more explicit form. The recurrence on polynomials is closely related to the Schwinger-
Dyson equation . Its very form suggests that the polynomials P, g , might be expressible
as weighted sums over maps drawn on 2D compact surfaces (not necessarily connected), where
the maps associated to v have m(v) vertices with degrees given by vy, vs, .. ., Vm(v), With powers
of n corresponding to the number of faces. This is indeed the case for 8 € {1,2,4}, and this
corresponds to the topological expansion of matrix integrals; see Chapter [0}

Question 10.10. Is there a more explicit expression for the polynomials P, 5,7 Can they be
expressed as weighted sums over the maps on 2D surfaces (topological expansion)?

The second question is whether there is a natural generalization of Gaussian beta ensembles
and B-Dyson’s Brownian motion to electrical networks.

Question 10.11. We are in the setting of an electrical network G = (V, E) as in Section|1.1.1}
Givenn > 2 and 8 > —2, is there a distribution on the fields (A(z) = (A1 (2), A2(2), ..., An(2)))wev,
with A\ (z) > Xa(z) > -+ > A\, (x), satisfying the following properties?

1. For B € {1,2,4}, X\ is distributed as the fields of ordered eigenvalues in a GFF with
values into n x n matrices, real symmetric (§ = 1), complex Hermitian (8 = 2), resp.
quaternionic Hermitian (3 = 4) (see Chapter[d).

2. For 8 =0, X is obtained by reordering n i.i.d. scalar GFFs.
3. As B — —%, A converges in law to
1 1 1
(%(b, %Qs? cey %qb)v
where ¢ is a scalar GFF on G.
4. For every x € Vipe, AN(x)/\/G(z,x) is distributed as the GBE (10.1)).

5. For every x,y € Vin, the couple (MNx)//G(z,x),\y)/+/G(y,y)) is distributed as the
values of a -Dyson’s Brownian motion (10.5) (with K =1/2) at points 0 and

6. The fields p1(X\) and A — 2p1 () are independent.

7. The field ﬁpl(x\) is distributed as a scalar GFF.

8. The field 5 (pa(X) — Lp1(N)?) is distributed as the occupation field of the continuous-time

random walk loop soup Lo

9. The symmetric moments
g

m(v)
(I pur@),
k=1 ’

are linear combination of products

[T Gz,

1<k<k'<m(v)
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with agg € N and for every k € {1,...,m(v)},

2akk + Z Akl = Vg,
1<k’ <m(v)
K #k
the coefficients of the linear combination being universal polynomials in B and n, not
depending on the electrical network and its parameters; see also Question |10.10

10. X satisfies a BFS-Dynkin type isomorphism with continuous time random walks.

In the simplest case n = 2, the answer to the question above is yes on any electrical network.
I provided a simple construction relying precisely on random walk loop soups in [3], Section 5.2].
For n > 3 things become complicated. If the graph G is a tree, the natural generalization
A of the B-Dyson’s Brownian motion is straightforward to construct. In absence of cycles, A
satisfies a Markov property, and along each branch of the tree one has the values of a 8-Dyson’s
Brownian motion at different positions. However, if the graph G contains cycles, constructing
A is not immediate, and I have not encountered such a construction in the literature. One does
not expect a Markov property, since already for 5 € {1,2,4} one has to take into account the
angular part of the matrices.
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Part V

Inverting the isomorphism theorems:
relation to self-interacting random
walks
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Chapter 11

GFF and the combinatorics of the
Ising model

In this Chapter is explained the relation between between the discrete GFF, the metric graph
GFF and the random walk loop soup on one side and the Ising related models, spin Ising, FK-
Ising, random currents, on the other side. The latter appear once one conditions by the absolute
value of the discrete GFF on vertices. This relation led Wendelin Werner and myself [12] to
a probabilistic coupling between the FK-Ising and the random current model; see Proposition

oT4

11.1 Spin Ising, FK-Ising and random currents

Let 3 = (V,E) be a finite undirected graph, and for {z,y} € E, consider coupling constants
J(z,y) = J(y,z) > 0.

Definition 11.1. The spin Ising field is a random configuration (6()), .p € {1, 1}‘7, such
that for every o € {—1,1}V

P(6 = o) = exp( Z J(z,y)o(z)o(y )) (11.1)

Ising

The FK-Ising model is a rendom configuration of edges (i) .z € 10, 1}E (0 for closed and
1 for open) with the following distribution. For every w € {0,1}¥,

P(i = w) = k(w) H o2 (e we (¢ —2J(e))l—we,
e€E

where k(w) is the number of connected components induced by the open edges {e € Elwe = 1}.
Given S C V with |S| even, the random current with sources in S is a random conﬁguratlon

(Me) e € NZ that is even outside S and odd in S in the following sense. For every x € v \ S,

D, e

ecE
e adjacent to x
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is even, and for every x € S it is odd. The distribution of (7.), cB € NE is given by the following.

For every (ne), .5 € NE,

) 1 J(e)ne
]P’(n = 7’L) = 1(n€)eeﬁ admissible ZRC g H ( ) )

eck
If S = (), the random current is said to be sourceless.

For more on the FK-Ising model, see [Gri06]. For more on random current model, see
[Aiz82] [DC16].

Now let us recall how the three models above are related. We start with the Edwards-Sokal
coupling between spin Ising and FK-Ising [ES8S].

Theorem 11.2 (Edwards-Sokal). Given an FK-Ising model, sample on each cluster an inde-
pendent uniformly distributed spin. The spins are then distributed according to the Ising model.
Conversely, given a spin configuration & following the Ising distribution, consider each edge
{z,y} € E, such that 6(z)6(y) < 0, closed, and each edge {x,y} € E, such that 6(z)5(y) > 0
open with probability 1 — e=27@Y) . Then this edge configuration is distributed according to the
FK-Ising model. The two couplings between FK-Ising and spin Ising are the same.

Further let us recall the relation between the spin Ising model and the random currents at
the level of partition functions. This is elementary and well known, and follows from expanding
the exponential in (11.1)) into a series and removing the terms that get canceled out.

Proposition 11.3. The following identity between partition functions holds: Ziging = 2|‘7‘ZR07@.
Moreover, given points x1,xa,...,To, € V, two by two distinct, set S = {x1,xa,...,2or}. Then

ZRC,S
ZRC,p

Elo(z1)d(x2)...0(xor)] =

Then, in our note [12], Werner and myself observed that there is actually a probabilistic
coupling between the random current model and the FK-Ising model. It appears that this has
not been known before. This is the Ising version of the idea of opening additional edges that
appeared in Theorem Sometimes this is referred to as sprinkling. See Section for more
explanations.

Proposition 11.4 ([12]). Let (f¢) .5 € NP be a sourceless random current. Let (@e) cp €

{0, l}E be an independent Bernoulli percolation, with
P@e=1)=1—¢"7).
Set
We = (Ne A1)V e,

that is to say an edge e is open for the configuration w is either ne > 0, or e is open for @.
Then the configuration @ follows an FK-Ising distribution.

The coupling of Proposition starts from a random current, and with some additional
randomness returns an FK-Ising. It is possible to describe the same coupling by starting from
the FK-Ising. This is not in [12], as it has been observed only later. Perhaps it did not appear
anywhere. We state this next.
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Proposition 11.5. Let (we)eeE € NE be an FK-Ising. Further, for each e € E, consider a
Poisson r.v. N with parameter J(e), with different Poisson r.v.s. being independent, and the
whole family independent from w. Let (ﬁE)EEE e NP pe sampled among all the configurations
(ne) e € NP satisfying the following two constraints:

~

1. for everye € E, Ne < We(1+ Ne);

2. for every x € V, >

GEE Ne 1S even,

e adjacent to x

with weights proportional to

1 (1+ N,)!
oy ne! (1 + Ne — ne)!

We=1

Then 1 is distributed as a sourceless random current. Moreover, the joint distribution of (7, &)
1s the same as in Proposition [11.4)

11.2 Real scalar GFF conditioned on its absolute value and
Ising model

Let G = (V, E) be an electrical network as in Section with conductances C(z,y). Com-
pared to Section let be V = Vi and

E = {{z,y} € E|z,y € Vit }.

Let G be the metric graph associated to G (Definition . Let ¢ be a massless discrete GFF
on G with 0 boundary conditions (Definition and let be its metric graph extension ¢ on G

(Definition . Let £Y% be a metric graph loop soup of intensity parameter a = 1/2, coupled

to ¢ as in Theorem Let £'/2 be the random walk loop soup obtained from Eé/ 2 by consider
the traces of the latter on the vertices V. Consider the edge configuration (&e)ecr given by

(3.3), with o = 1/2:

We = .
0 otherwise.

B {1 if Vo e I, p(z) # 0,

Note that for e € E'\ E, & = 0. For e € E, denote by Ne(£Y?) the total number of crossings
of the edge e by the random walk loop soup L£Y/2 in either of the directions. Note that for
e € E\ E, N,(£'?) =0. For {x,y} € E, denote

Jai(.9) = Clz, ) o(x)d(y)].

Next we explain how the isomorphisms for the GFF are related to the combinatorics of the
Ising model when one conditions on the absolute value of the GFF on vertices.

Proposition 11.6. Conditionally on the absolute value on vertices (|¢p(x)|)zev, the following
holds:

1. The field (sign(é(z))) ¢ is distributed as a spin Ising field with coupling constants J\g|(z,y).
2. The configuration of edges (‘Z’e)eeﬁ follows an FK-Ising distribution with coupling con-

stants Jig|(z,y).
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3. The field (Ne(ﬁl/Q))eeE is distributed as a sourceless random current with coupling con-
stants Jjg| (7, y).

4. The fields (sign(¢(x))) ¢ and (@e) o are coupled as in the Edwards-Sokal coupling (The-
orem [11.9).

5. The fields (&) .p and (Ne(£1/2))eeﬁ are coupled as in Proposition m

The point 1. above is obvious from the density of the discrete GFF (¢(x))zev. The point
3. has been observed by different people, including Le Jan. The point 2. was first observed by
Werner and myself in our note [12]. The point 4. follows immediately from Theorem The
point 5. follows from Theorem Precisely the five observations above led Werner and myself
to the coupling of Proposition m [12].
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Chapter 12

Inversion of the isomorphism
theorems in discrete: relation to
self-repelling jump processes

In this Chapter is presented the conditional law of a random walk loop soup of parameter
a = 1/2 given a discrete GFF. It appeared in a collaboration of myself with Sabot and Tarres
[10]. This inversion of isomorphism involves self-repelling jump processes, more precisely a
variant of the Vertex Diminished Jump Process (VDJP) on FK-Ising type clusters, where the
clusters themselves evolve by getting eroded over time. Section is a general overview of
the Vertex Diminished Jump Process, and its dual the Vertex Reinforced Jump Process. These
two processes will also appear in Chapter In Section is presented the result of Sabot
and Tarres [ST15a] who gave the conditional law of the loop soup given the square of the GFF
(without the signs). This conditional law involves an other variant of VDJP, the magnetized
VDJP. In Section is presented the result of Sabot, Tarres end myself, for the signed GFF.
It will be also applied in Chapter [13| for the construction of a continuous fine mesh limit of the
VDJP in dimension one.

12.1 Vertex Reinforced and Vertex Diminished Jump Processes

In this section we will show a glimpse on two models of self-interacting random walks, the Vertex
Reinforced (VRJP) and the Vertex Diminished (VDJP) Jump Processes, since the VDJP will
appear in the sequel of this Chapter, and both the VRJP and the VDJP will appear in Chapter
13 This is by no means an exhaustive presentation.

Let G = (V E) be a finite undirected graph, and for {z,y} € E consider conductances
C(x,y) = C(y,z) > 0.

Definition 12.1. Let Lo be a positive function on V. Let g € V. The Vertex Reinforced Jump
Process (VRJP) on G starting from o with initial occupation profile Ly is the nearest neighbor
jump process (X5)8>0, with Xo = xg, and for z,y two neighbors, the jump rate from x to y at

time s being given by C(z ,y)LS(y), where
/\ S
Ls(y) = Lo(y) —I—/ 1)? - yds’.
0

The Vertex Diminished Jump Process (VDJP) on é starting from x¢ with initial occupa-
tion profile Lo is the nearest neighbor jump process (Xs)s>0, with Xo = ¢, and for z,y two
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neighbors, the jump rate from z to y at time s being given by C(z,y)L(y), where

L(o) = o) = [ 15,0
The VDJP is defined up to the time
S$max = inf{s > 0|3z € V, Ly(z) = 0},
which is finite a.s.

The VRJP, resp. VDJP, is a model of reinforced, resp. self-repelling random walk. The
evolution of (X, (Ls(z))sev) and that of (X, (Ls(z))sev) is Markovian, but that of X or X,
alone is not.

Note that in the case of the VRJP there is global acceleration of the jump rates over time,
and in the case of the VDJP there is a global slowdown of the process. Therefore, sometimes
in the literature is used a different time scale which removes the global acceleration, resp.
slowdown. For the VRJP, the time change is given by

~ o~

dt = Ly(X,)ds.

We will simply write X, (instead of X s) for the process in this new time scale, and will further
use only this time scale. The jump rate of X; from x to a neighbor y at time ¢ is given by

Lo(y)? + 24,(y)
Cla, y)\/Lo(m)2 2l (x)

where .
U(z) = / 1g _dt'.
0 1=z
Similarly, for the VDJP we consider the time change
dt = Ly(Xs)ds.

We will simply write X; (instead of X) for the process in this new time scale, and will further
use only this time scale. The jump rate of X; from x to a neighbor y at time t is given by

Clay) \/ Lo(y)® - %}(y; | 21)

where .
Zt(z) = / ]‘X'/:zdt/'
0 t

In this time scale, the VDJP is defined up to the time

fmax = inf{t > 0|3z € ‘A/,Et(x) = Lo(z)?/2},
which is finite a.s.

The VRJP and the VDJP satisfy a remarkable property, the partial exchangeability. Roughly
speaking, the infinitesimal weight of the path depends only on total times spent at each vertex
and the number of jumps that have occurred along each edge, but not on the order of these
jumps. In particular, this partial exchangeability implies, through an extension of de Finetti’s
theorem [Fre96], that the VRJP has the same distribution as a mixture of Markovian jump
processes in a random environment. The explicit law of this random environment was given
by Sabot and Tarres [ST15b]. Further Bauerschmidt, Helmuth and Swan showed in [BHS21]
that the VRJP and the VDJP satisfy BFS-Dynkin type isomorphism (Theorem . Indeed,
the VRJP is related through an isomorphism to a random field with values into the hyperbolic
space, and the VDJP to a random field with values into the half-spherical space.
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12.2 From the squared GFF to the random walk loop soup
through the magnetized VDJP

Let G = (V, E) be an electrical network as in Section with conductances C(z,y). Let ¢
be a massless discrete GFF on G with 0 boundary conditions, and £1/2 a random walk loop
soup with o = 1/2, coupled to ¢ through Le Jan’s isomorphism (Theorem . One can ask
the following question. What is the conditional law of £1/2 given ¢2/2 = (£*(L£LY?)),ey? Let
xo € Vine. Sabot and Tarres showed [ST15a] that one can obtain the conditional law of all the
loops visiting zg through a self-interacting jump process, a magnetized version of the VDJP.
We will describe this next.

Fix zg € Viy. We will consider a Markovian evolution (X7, (‘i)t(llf))mevim) where X; € Vig
and ®; is a positive field on Viy. For {z,y} € E with z,y € Vi, denote

For x,y € Vi, denote

(z;w)o(2)a(w)

zae{—l,l}vint O'(SL’)O'(y) Z{z,w}eE ejt

(o(x)o(y))e = 2, WEVing
Zﬂe{fl,l}vint Z{Z,w}eE eJi(zw)o(z)o(w)

vae‘/int

In other words, (o(x)o(y)): is a two-point correlation in a spin Ising field with coupling constants
Ji. Note that (o(x)o(y)): > 0, as one can see from Proposition Further, denote

t
b(z) = / g, dt'" (12.3)
0

Py (x) = \/BE — 204(x), (12.4)

%cbt(xf _ %éo(:ﬁ)Q i),

The field @, is given by

that is to say

The process X; is a nearest neighbor jump process, with jump rates from x to a neighbor y at
time t given by 5

Co g 2T

Oy (x){o(xo)o(2)):

By comparing (12.4)) to , we see that the jump rates above are similar to those of a VDJP,
but there are additional magnetization factors (o(zg)o(y)): and (o(xz¢)o(x));. The process
(Xt (D4(2))zevs,, ) is defined up to the time

fmax = Inf{t > 0|3z € Vin, ly(z) = Po(2)?/2}, (12.5)

which is finite a.s.

Theorem 12.2 (Sabot-Tarres). Fix xg € Vipe. Let ¢ be a massless discrete GFF on G with
0 boundary conditions. Let (X, (‘i)t(x))we\/im)ogtgimx be the self-interacting process as above,
with initial conditions
Xo = x0, vz € Ving, @o(x) = |o(2)].

Then X; = xg a.s. The path (Xi)g<y<i.  and the field (®;  (¥))zevs, are independent. The
path (Xt)ogtgfmx is distributed as the concatenation of all the loops in the random walk loop
soup LY/? that visit xo (one roots the loops in o). The field (D (2))aeviy, is distributed as
the absolute value of a discrete GFF with boundary conditions 0 on Vo U {zo}.

tmax

To see why the Ising magnetization factor should appear, check Section [11.2
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12.3 From the GFF with signs to the random walk loop soup
through the VDJP on clusters

Consider now that the random walk loop soup £1/2 is coupled to the GFF ¢ through the metric
graph extension as in Theorem In particular the sign of ¢ is constant of each cluster of £1/2.
One can further ask what is the conditional law of £1/2 given ¢. That is to say one conditions
also on the sign of ¢, not just it absolute value as in Section The answer to this question
was given in a collaboration of myself with Sabot and Tarres [10]. The conditional law involves

a VDJP on FK-Ising type clusters, where the clusters themselves get eroded over time.

As previously, fix 2o € Viy. We will consider a Markovian evolution (X¢, (®¢(2))zevi,,, (@¢(€))ecr)

where X; € Ving, @, is a positive field on Viy and @& € {0,1}F. Specifically, Xo = zp and X;
will be at all time in the connected component of zg induced by the edge configuration ;.

We will keep the notations (12.2)), (12.3) and (12.5). As previously, we will have ®;(x) =
i)% — 20(x), and the whole process will be defined only up to the time #ya, (I2.5). Given two
neighbors z,y € V, the jump rate of X; from z to y at time t is

EE )

that is to say the jump from x to y cannot occur if the edge {x,y} is closed for w;. Moreover,
if o:({x,y}) =1 and X; = x, then the edge is {z,y} is closed (i.e. @;({z,y}) set to 0) with rate

Ko<

b

K«

20w ) 3D (2how) 1)1,
nes

A

and conditionally on the last event,

e if z and y still belong to the same connected component induced by @, after {z,y} closed,
then X instantaneously jumps to y with probability 1/2 and stays in x with probability
1/2;

e otherwise X; moves or stays with probability 1 on the unique extremity of {z,y} which
remains connected to xg.

Theorem 12.3 ([10], Proposition 3.4). Fix xy € Vin,. Let ¢ be a massless discrete GFE on
G with 0 boundary conditions. Let (Xt, (Pi(7))zevin, (@t(€))eck)o<i<in.. € the self-interacting
process as above, with initial conditions

Xo=wm0,  Va € Vin, Po(z) = |o(x)],
and conditionally on ¢, the (wo(e))ecr being independent, with

P(@o({z,y}) = 1) = Loya(>o(1 — e 20000,

Then Xgmx = x¢ a.s. Moreover, the path (Xt)0<t<imax is independent from (((i)fmax (7)) 2eVings (@7, (€))ecE)-
The path (Xt)0<t<imax is distributed as the concatenation of all the loops in the random walk

loop soup LY? that visit xo (one roots the loops in ). The field (D (2))weviy, is distributed

as the absolute value of a discrete GFF with boundary conditions 0 on Vy U {xo}. On top of

that, if one samples i.i.d. uniform signs in {—1,1} for each cluster induced by &; ., one gets

a discrete GFF (with its signs) with boundary conditions 0 on Vy U {zo}.
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Chapter 13

Continuum limits of the Vertex
Reinforced and Vertex Diminished
Jump Processes in dimension 1

In this Chapter are presented two articles written in a collaboration of myself with Sabot
and Tarres [7, [5]. There we construct in dimension one the fine mesh limits of the Vertex
Reinforced Jump Process (VRJP) [7] and of the Vertex Diminished Jump Process (VDJP) [5].
See Section for a presentation of the discrete processes. The limits we constructed can
be seen a self-interacting (reinforced and self-repelling) continuous one-dimensional diffusions.
Our construction is done through stochastic flows of diffeomorphisms of R introduced by Bass
and Burdzy in [BB99]. Note that Bass and Burdzy introduced these flows for reason completely
unrelated to self-interacting processes. In Section [13.1] are presented the heuristics explaining
how the Bass-Burdzy flows appear. In Section is given the rigorous construction of the self-
interacting diffusions out of the Bass-Burdzy flows and the convergence results are stated. In
Section the reinforced diffusion is presented as a mixture of Langevin motions in random
potential, a property that it inherits from the VRJP. In Section is presented how the
self-repelling diffusion is involved in the inversion of the Ray-Knight identity. This is a one-
dimensional continuum version of Theorem

13.1 Presentation and heuristic reduction to Bass-Burdzy flows

Let I be an open interval of R, bounded or unbounded. Let Ly be a continuous positive function
on I, satisfying

sup I
/ Lo(z)2dx = 400, / Lo(z) " 2dx = 4o0. (13.1)
inf I

The condition above is to avoid an explosion in finite time of the self-interacting processes on
I we are going to construct. For N > 1, denote Iy = I N (3Z). Consider Xt(N) and Xt(N) the
following self-interacting nearest neighbor jump processes on Iy and denote

=N 1 - =N
[rooe [1io

(N)

X ), resp. Xt

The jump rate of X, , from x € Iy toy:a;:tﬁis

Lo(y)? — 20 (y)
Lo(z)? — 20" (x)

Lo(y)* + 20" (y)
Lo()? + 20 (x)

1 1
5]\[2 , resp. §N2
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Thus, )?(N) is a VRJP on Iy and X( ) is a VDJP on Iy; see Section We are interested
XM and X( ) as N — +oo.

Let Xt and X; denote the limit processes. We see Xt as a reinforced diffusion process, and
X, as a self-repelling diffusion process. On a purely formal level, without dealing with the
convergence or the meaning of the terms involved, one gets the following equations:

in the hnnts in law of X,

~ 1 A
dX, = th+”§azlog(Lo(m)2+2et(x))

_d, (13.2)

=X+

) dr’ ,

. 1 <
dX; = th—l—”i@xlog(Lo(x)Q—2&(90)) .

where dW; is a white noise, d, denotes the space derivative, and @t(x), resp. fy(z), are the
local times of X;, resp. X;. Note however that the equations (|13.2)) are not classical SDEs. It

is not immediately clear how to make sense of the drift terms 583; log(Lo(z)? + 2&@))‘ _dt

and 8 log(Lo(z)? — 204(z ))‘ _dt, as © — fy(x) and & — f,(z) will not be differentiable
T

for ¢ > 0, and moreover there Wlll not be a change of spatial scale under which these will be
differentiable for all ¢ > 0. So the problem is not only to solve (13.2) by an approximation
scheme, the problem is already to give an appropriate meaning to being a solution to (|13.2]).
The equations ({1 are also somewhat misleading, as it is believed that the solutions are not
senn martingales (see the comment after Proposition , and in particular the drift terms

,az log(Lo(x)? —|—2€t(m))‘ _ dt and fax log(Lo(z)? —2&(3:))

2 ZB:Xt 2 xr= X
continuous w.r.t. dt. However, it turns out that the equations (13.2)) are in some sense exactly
solvable, and the solutions involve stochastic flows of diffeomorphisms of R introduced by Bass

and Burdzy in [BB99] for unrelated reasons. This is what is described next, in an informal
heuristic way to begin with.

% dt are in reality not absolutely

We will focus on Xt, since the der1vat10ns for X, are similar. Let tg > 0 and let X, X (to) be the
continuous process that coincides with X, on [0, to], and for ¢ > ¢ is just a Markovian diffusion
with infinitesimal generator

1 d2

1 - d
53+ 50ulog(Lo(e)? + 204y () o

dz’

Then after time %o, )?t(to) is a scale and time changed Brownian motion. Given z s S, (z) an

anti-derivative of (Lo(z)2 4 20y, () Sto( (to)) is a local martingale for ¢ > ¢y3. By further
performing the time change

du = (Lo(X")2 + 20, (X)) 24t

we get a standard Brownian motion.

Then, it is reasonable to assume that near time tg, )/ft is close to )? (to) The idea is to let
the change of the spatial scale depend on time. Assume there is a flow of changes of scales
Sy : I — R, such that S is an anti-derivative of (Lo(z)? + 20;(z))~*, and such that 5;(X,) is a
local martingale. Consider u(t) the change of time given by

du = (Lo(Xy)? + 20,(X;))~2dt.

and t(u) the inverse time change. Assume that, by analogy with the Markovian case, (§t(u) ()?t(u)))uzo
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is a standard Brownian motion (By)y>0. Let 1 < 22 € I. Then

d -~ ~ at d [** 2 i -1
oG = Bane) = G5 [ L@+ 2w

X1
t
= —(Lo(X3)? + 204(Xy))? / 1m1<)?t,<x22(L0(Xt/)2—i—%t,(Xt,))_Zdt’
0

Lo(X)? +20,(X,)) %1

Sl

= —2(Lo(Xy)? + 20,(Xy))?
—21

—~

171<)?t<172

T <X\t <2

—215 a .
Sty (1) <Bu<Sy) (22)

This implies that %gt(u) (x) is of form

TS (@) = =15, oyop, 15, @<s, T W),

for some function f(u) not depending on x € I. Further, it is reasonable to assume that the
left and the right sides of X; play symmetric roles, and thus f(u) = 0. Then, we get that

d ~

1§t(u) (I)>Bu + 1§t(u) (I)<Bu :

This is an equation studied by Bass and Burdzy in [BB99].
In the self-repelling case of X; the dynamic change of spatial scale S; is given by the anti-
derivative of (Lo(z)? — 2¢;(x))~!, and the change of time by

du = (LO(Xt)Q - 2@,5()2,5))726#

The change of spatial scale is governed by the equation

VIII S I, %St(u)(x) = 1St(u)($)>Bu — 1St(u)($)<Bu’

that is to say the signs are opposite to those in ((13.3]).
In the next section the processes X; and X; will be defined rigorously out of the flows of
solutions to the Bass-Burdzy equations.

13.2 Construction of a self-interacting diffusions out of Bass-
Burdzy flows

Let (By)u>0 be a standard Brownian motion on R with By = 0. The convergent Bass-Burdzy
flow is given by the differential equation

dYy, [ =1 ifY, > By,

du { 1 ifY, < B, (134)
and the divergent Bass-Burdzy flow is given by

dy, [ 1 itY, > B,,

du { —1 ifY, < By, (13.5)

As ODEs, ([13.4)) and (|13.5)) do not satisfy the usual Cauchy-Lipschitz conditions for the existence
and uniqueness of solutions. However, it is shown in [BB99] that given an initial condition,
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and each admits a.s. a unique solution defined for all positive times that is
Lipschitz continuous. Moreover, these Lipschitz continuous solutions form a flow of increasing
C}\ diffeomorphisms of R, both in the case of and that of . We will denote by
(¥y)u>0 the flow for and by (‘i’u)uzo the flow for ([13.5)). For the properties of these flows,
we refer to [BB99, HWOQ, [Att10].

Denote R

The divergent Bass-Burdzy flow (‘bu)uzo satisfies a bifurcation property: there is a finite random

value ypir € R, such that for y > ynir, ¥yu(y) > B, for u large enough, and lim . ¥, (y) = 400,
for y < ypir, ¥u(y) < By for u large enough and lim | o, ¥, (y) = —o0, and {u > 0¥, (ypi) = B.}
is unbounded. Moreover,

Ybif = UEI}JOO Eu-

The processes (£, )u>0 and (£, )y>0 are locally 1/2 — e Holder continuous for every € > 0 but are
believed not to be semi-martingales [HW00]. See also Proposition and the comment that
follows it. The process (£4)u>0, resp. (€4)u>0, admits a family of local times Ay (y), resp. Au(y),
such that for any f bounded Borel-measurable function on R and u > 0,

[ s€nae= [ swrsan [ €= [ i

Moreover, these local times are related to the spatial derivatives of the flows as follows:

0 ~ o 0 - .
%Wu(y) =1- 2)‘u(y)7 %Wu(y) =1 + 2)\u(y)'

Note that for all y € R, sup,> Au(y) < 1/2.

Definition 13.1 ([7], Definition 1.1, and [5], Definition 1.3). Let xg € I and Lg a positive
continuous function on I satisfying ([13.1)). Let be the change of scale

So(x) = /x Lo(2')2da/, (13.6)

0
and Sy ! the inverse change of scale.

1. Consider the change of time t(u) from u to t (and w(¢) the inverse time change) given by
dt = Lo(Sy L (€u))*(1 = 20 (£)) 2 du.
Set X¢ = S5 (€uwy)-
2. Consider the change of time t(u) from u to ¢ (and u(t) the inverse time change) given by
dt = Lo(Sy ' (€)' (1 + 2Mu (&) *du.

Let oo
Fra = /0 Lo(S7 E)M (1 + 20u(€,) 2du,

with fiax < +00 a.s. Set X; = S[)_l(fu(t)), for t € [0, fmax]-
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With the definition above, a posteriori,

() = 3 Lo(@((1— 22u(So(@) ™~ 1), ) = S Lo(@) (1~ (14 24, (So()) ™)

tmax = inf{t > 0|3z € I, L0($)2 — 2?,5(1:) =0}, Xfmax = S&l(ybif).

Next are some regularity properties of the processes )A(t and X, that appeared in our articles
[7, 5.
Proposition 13.2 ([7], Proposition 2.4). Denote by (]’Et)tzo the natural filtration of ()?t)tzo;
and by (Fy)i>0 that of (X,ns, )es0. The processes ()A(t)tzo and (Xypz, Ji>0 admit adapted
decompositions R P
Xy=M+ Ry, Xy, =M+R,.

The processes ]\//E, resp. My, are martingales w.r.t. (]?t)tzg, resp. (Fi)i>0, with

o t N R 5 tATmax . L
5= [(Lo(R? 4 20X By, M= [ (Lo~ 20X B,
0 0

with the quadratic variation
<M’M>t:t7 <M7M>t:t/\fmaX7

and ]\/Zt thus being an (ﬁt)tzo Brownian motion. As for the processes ]/%t and Rt, they are a.s.
locally 3/4 — e Hélder continuous, for every € > 0, and have thus a zero quadratic variation.

The above tells that ()?t)tzo and (X;z,)i>0 admit an adapted decomposition into a local
martingale and a process with zero quadratic variation, and thus are Dirichlet processes in the
sense of Follmer [F681]. It is not shown in our articles [7, [5], but we believe that the exponent
3/4 is optimal for Et and R;, and that the latter do not have a bounded variation and thus,
(Xt)tzo and (X, )i>0 are not semi-martingales.

In [7, 5] we prove that the self-interacting diffusions )A(t, resp. X;, are the fine mesh limits

of the VRIP XV, resp. of the VDJP X,

Theorem 13.3 ([7], Theorem 1.3 and [5], Theorem 1.4). Assume that

im XM = lim XN =20 = Xy = Xo.
N—lg—loo 0 N—1>I—Is—loo 0 0 0 0

Then, as N — +oo, the process ()?t(N))t converges in law to the process (X;); and the process
(Xt(N))t converges in law to the process (Xy);.

In both cases, the proof of the convergence in law goes through the construction at the
discrete level of something that approximately resembles a Bass-Burdzy flow. We will not
detail this here. However, the proof of the convergence also requires to know a priori the
tightness of the discrete processes ()?}N))t and (Xt(N) )i and of the corresponding local time
processes ¢ () and /N (z). This is achieved differently in the case of the VRJP and in the
case of the VDJP. For the VRJP, we use that it is also a mixture of Markov jump processes in
random environment; see Section For the VDJP we rely on the relation to the Ray-Knight

identity; see Section
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13.3 Reinforced diffusion and random environment

Sabot and Tarres showed in [ST15b] that the VRJP on any graph corresponds to the annealed
description of a Markov jump process in random environment, and gave the distribution of this
environment. In the one-dimensional setting this distribution is simpler to describe.

Consider a family of independent r.v.s (Vx(z, 7+ 1/N))y o11/nery, With the distribution of
Vn(z,y), where y = . + 1/N, given by

N Lo(z)Lo(y)
2\/m

Define Uy (z) for z € Iy as follows:

exp ( — NLo(z)Lo(y) sinh(v/2)* + v/2> dv.

0 ifx:)?(()N),
m—A(N) > . > . . e

Un(a) =3¢ SV DX + (G- /N XN 4 5/N) it > XY,
A(N)fx > . > . . s

STy (X — N XN - G- 1/ it < X3V

Note that Uy (z) depends on the initial starting point )?(SN).

Theorem 13.4 (Sabot-Tarres). The VRJP ()?t(N))t has the same distribution as the annealed

nearest neighbor Markov jump process on Iy in random environment, with jump rate from x to
y=x+1/N given by

1.2 Lo(y) e~ Un(y)+Un(z)

2 LQ(I‘)

By passing the random environment (Un(z))ger, to the limit as N — 400, we obtained
in [7] a description of the reinforced diffusion (Xt)tzo as a Markovian diffusion in random
environment. Let us first describe this environment. Let (W(y))yecr be a bilateral standard
Brownian motion, that is to say (W(y)),>0 and (W(—y))y>0 are two independent Brownian
motion, with W(0) = 0. Define for z € I

U(x) = V2W o So(x) + |So(z)),

where Sy(z) is given by ((13.6]).

Theorem 13.5 ([7], Theorem 1.6). The reinforced diffusion ()A(t)tzo given by Deﬁnitionm
has the same distribution as the annealed Markovian diffusion in random environment on I,
with infinitesimal generator

2
L (A toa(o@) ~ U@))
A Markovian diffusion with infinitesimal generator can be rigorously defined through
a change of spatial scale. ([13.7) is actually the generator of a Langevin motion in a random
potential. Prior to our work [7], no connection between the convergent Bass-Burdzy flow
and the diffusions in random environment was known. This description through diffusion in
random environment implies the following large time asymptotic for ()?t)tzo.

(13.7)

Corollary 13.6 ([7], Proposition 4.9). Take I =R and Lo = 1. Then

~ ~

. . t 1 . Xt 1
liminf — = —= a.s., limsup — = - a.s.
t—+o0o logt 6 t—+o00 lOgt 6
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13.4 Self-repelling diffusion and the Ray-Knight identity

Given a > 0, (¢9(x))zer will denote a massless GFF on R conditioned to be a at = = 0, that is
to say (¢ (z)/v2)e>0 and (¢*) (—z)/1/2)2>0 are two independent standard Brownian motions
starting from a/v/2. We recall the Ray-Knight theorem.

Theorem 13.7 (Ray-Knight). Fiz a > 0. Let (5¢)i>0 be a standard Brownian motion starting
from 0 and let Ef(a:) be its local time process. Let 7'52/2 be the stopping time

Thh 1y = It {t > 0167 (0) > a®/2}.

Let (¢ () per be a massless Gaussian free field on R conditioned to be 0 at x = 0, independent
from the Brownian motion 8. Then the field

@O @)?/2+ 0% (2))ser

Ta2/2
has the same law as the field (¢ (2)%/2)per.

In discrete, the inversion of the Ray-Knight type identities involves a modification of the
VDJP where the jump process evolves on clusters that themselves get eroded over time; see
Theorem It turns out that in dimension one, in a fine mesh limit, this modified VDJP and
the ordinary VDJP coincide up to some random macroscopic time. Using this, the following is
proved in [5].

Theorem 13.8 ([5], Theorem 1.5). Let a > 0 and (¢'9(z))zcr be a massless Gaussian free
field on R conditioned to be a at x = 0. Let I(d)(a)) be the connected component of 0 in
{z € R|¢\@(z) > 0}. Fora € I(¢), set Lo(z) = ¢\¥(x). Then a.s. Ly satisfies the condition
([33). Let (Xt)o<y<i,.. be the process, distributed conditionally on (¢9(x))zer, as the self-
repelling diffusion on I(gf)(“)), starting from Xo = 0, following Definition . Let be the triple

(60 (@)%, 61, 0 (x)Q)zeR,OStSTﬁz/z’
jointly distributed as in the Ray-Knight identity (Theorem . Let be
77 = inf{t € [0’752/2]|¢(0)(6t) =0 and Vt' € (t, 752/2]7@/ # Bi}

Then the couple 3
(X1, 0 (2)?) per 02t <tma

has the same distribution as
(Bt ¢(a) (x)z)zeR,ogthﬂﬂ-

In a sense, the self-repelling diffusion X; inverts the Ray-Knight coupling in continuum in
dimension one. It gives the conditional law of 8; up to time T2 given ¢(®. To get 3; up to
time Tf 2/5 ONE has to perform a surgery and glue together countably infinitely many processes
defined each through a divergent Bass-Burdzy flow .

Actually, the convergence Theorem [13.3] in the self-repelling case is first proved for Lg
random given by Lo(z) = ¢(*(z). Then it is extended to the general deterministic Lo by a

change of scale argument.
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Part VI

Some further perspectives of
research
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Chapter 14

Dimension two

14.1 Finalizing the description of the continuum GFF through
Brownian loop soup

An important aspect of my research was relating different aspects of the 2D continuum GFF
¢p to the Brownian loop soup £1D/2 and to Brownian trajectories in general; see Parts [[I| and
[[TT} There are still things to prove in this direction. These are listed below. To a large extent,
these are already works in progress.

e Prove the decomposition of ¢p through the clusters of [,32 (4.9) presented in Section

e Prove that the multiplicative chaos of the loop soup E})/Z constructed in Chapter @ is
exactly the renormalized cosh of the GFF given by , that is to say that the relation
is a.s. and not just in law. Also show that the renormalized exponential is obtained by
restricting the renormalized cosh to clusters with positive sign in (4.9)).

e Relate the odd Wick powers of ¢p to the Brownian loop soup Egz. For the even Wick
powers, Le Jan showed [LJ10, [LJII] that these correspond to the renormalized intersection
and self-intersection local times of E})/z. This however does not work for the odd Wick
powers, and the relation should be more in the spirit of , taking into account the sign
of each cluster of EE/Q.

e Prove Conjecture and show that the Lévy transformation (Chapter [8) extends in the
fine mesh limit to the 2D continuum GFF.

14.2 The P(¢), fields

Given a bounded domain D C C and P a polynomial of even degree with positive leading term,
on can define define a P(¢) field which is absolutely continuous w.r.t. the GFF ¢p on D, with
density
L JoPn):, (14.1)
ZpD
where : P(¢p) : denotes the Wick’s renormalization of P(¢p). See Section Note that the
P(¢) fields are no longer conformally invariant in law. The density can also be expressed
through the Brownian loop soup L’}D/Q. Now, one can also take infinite volume limits of a P(¢)
field, i.e. D — C. See [Sim74, Section VIIL.6]. An infinite volume P(¢) field is not globally
absolutely continuous w.r.t. a free field, only locally. Now, what happens to the Brownian loop
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soup weighted by in the infinite volume limit, in particular in the case of spontaneous
symmetry breaking for P(¢), or generally when P(¢) has multiple infinite volume limits? For
instance, one can take P(¢) = %qﬁ‘* — u%¢? (double well potential). Then, depending on the
values of A and u, there is either only one infinite volume field or several, and in particular two
translation invariant ergodic laws related through ¢ — —¢ (symmetry breaking). This is similar
to the magnetization in the Ising model. In the symmetry broken phase, does the corresponding
Brownian loop soup contain ”loops” that are actually excursions from oo to oo, i.e. loops that

close only at co?

14.3 Fields for a € (0,1/2) and relation to SLE processes

As explained in Section in dimension 2 the Brownian loop soups L, are of major interest
for every a € (0,1/2] because of the conformal invariance in law and the relation to the CLE,
(Theorem [2.3). So one would like to have conformally invariant fields that play for o € (0,1/2)

the same role as the GFF for a = 1/2, as the GFF was instrumental for many results on Egz.
Currently I see two approaches to this problem. The fist one is through the multiplicative chaos
measures that have been constructed for every a > 0 (Chapter @ The second approach is more
speculative, through the multi-dimensional extensions of the 5-Dyson’s Brownian motion; see
Chapter [I0] and Question [I0.11] If such hypothetical extensions are possible on a 2D lattice,
then one can further consider the fine mesh limits, which have good reasons to be conformally
invariant in law. Once such fields constructed, one can consider their level lines or other types
of interfaces, and investigate how these are related to different SLE processes.

A particularly intriguing value is @ = 1/4. For this value, according to Theorem the
outermost boundaries in a Brownian loop soup are distributed as CLE3. The CLE3 also appears
in the scaling limit of 2D critical Ising interfaces [CS12]. So the question is whether it is possible
to find a deeper connection between the Brownian loop soup with o = 1/4 and the 2D critical
Ising model. In particular, is there a combinatorial relation between the 2D random walk loop
soup in discrete and the planar self-dual Ising model?
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Chapter 15

Higher dimensions

15.1 Geometrical description of the continuum GFF

First, let us emphasize once more that the identification of the sign clusters of a metric graph
GFF with the clusters of a metric graph loop soup with v = 1/2 (Theorem is not related
to planarity. It holds on any electrical network. So a natural question is what happens in the
scaling limit in dimensions d > 3. In his publication [Wer2l], Wendelin Werner presented a
series of conjectures on this topic. Let us summarize them.

In dimension d = 3 one believes that the picture is pretty similar to that in dimension 2,
however more challenging to prove. Loops in a 3D Brownian loop soup can be combined in
clusters, since two independent Brownian paths can intersect in dimension 3. All the clusters
in the full space R? should be bounded. The dimension of each cluster should be 5/2. Let us
explain how this 5/2 is obtained. This is similar to the heuristic presented at the end of Section
On the metric graph of Z3, the probability that two distant points x and y belong to the
same sign cluster of the GFF is, according to Corollary of order ||y — z||~!. On the other
hand, if § is the dimension of a cluster in continuum, one expects the above probability to decay
as |ly — x| 7239 as one loses ||y — z|| to the codimension 3 — § at both ends of a cluster. From
this one gets 6 = 5/2. Further, as for the dimension 2 (Section and ([£.9)), in dimension 3
each cluster will come with an i.i.d. uniform sign and with a Radon measure supported on the
cluster. This Radon measure in likely a Minkowski content measure for the dimension 5/2.

In dimensions 4 and 5, on one hand the Brownian loops cannot intersect, but on the other
hand the dimension in the limit of clusters on a metric graph should be 1+ d/2, that is to say 3
for d =4 and 7/2 for d = 5. First of all theses dimensions are strictly larger than 2 (dimension
of a Brownian path), and moreover the corresponding codimension is strictly smaller than 2. So
the clusters should be able to intersect with positive probability macroscopic Brownian loops.
It is conjectured that despite the fact that the Brownian loops do not intersect, there is still a
way to regroup them into non-trivial clusters, each cluster being of dimension 1+ d/2. There
is some sort of ”glue” that lives outside the Brownian loops and that is inherited from the
mesoscopic loops in discrete (which do not correspond to Brownian loops in the scaling limit),
and this glue binds different macroscopic loops together. Moreover, Werner conjectures that
in dimension d = 4 the "glue” is actually measurable w.r.t. the Brownian loop soup, while in
dimension d = 5 it involves additional randomness.

In dimension d > 7 the GFF and the loop soup are considered to be independent in the
scaling limit. This is because 1 4+ d/2 < d — 2, so a typical macroscopic cluster on a metric
graph with high probability does not contain macroscopic loops. In fact, on a metric graph,
the number of clusters with large loops is of smaller order than the number of large clusters
without large loops. The publication [Wer21|] contains some proofs in this direction.
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The dimension d = 6 is not discussed in [Wer21]. It is in some sense critical, because then
1+ d/2 =d— 2, and there the picture is the hardest even to imagine.

Trying to prove the conjectures above constitutes and exciting and challenging endeavor,
which is also of fundamental importance for understanding the intrinsic geometry of the GFF
in higher dimensions. Already the dimension d = 3 is much harder than d = 2, since one does
not have the tools related to the planarity. The dimensions 4 and 5 require on top of that the
introduction of new mathematical objects, the mysterious ”glue”.

A related question is whether the Lévy transformation of the GFF (Chapter |8) has a contin-
uum limit in dimensions d > 3. This is related to the continuum first passage sets. Indeed, on
metric graphs the ”balls” around the boundary for the pseudo-metric involved in the Lévy trans-
formation are distributed as first passage sets . Moreover, in the continuum limit these first
passage sets should be clusters of Brownian loops and Brownian boundary excursions, which
connects to the discussion above.

15.2 Phi 4 field in dimension 3 and the Brownian loop soup

Let D be a bounded domain in R3. On a purely formal level, the ¢* field on D has a density
w.r.t. a GFF ¢p on D, which is

ZlDexp<—;\!/D¢D(x)4dx>.

In the Le Jan’s isomorphism (Theorem [1.13)), the quantity ¢p(z)* corresponds to a self-

intersection local time of the Brownian loop soup .C}D/Q. This is actually close to the original
picture presented by Symanzik [Sym66]. However, the values ¢p(z)* do not make sense, and
one has to apply a renormalization procedure. In dimension 3 the renormalization procedure is
more complicated than the Wick’s renormalization in dimension 2, and at the end of the day the
renormalized ¢* field in 3D is not absolutely continuous w.r.t. the GFF ¢p. See [GJ87, Section
23.1]. A natural question is whether this renormalization procedure has an interpretation in

1/2 1/2
D

terms of the Brownian loop soup £}, in particular in terms of the double points of L), since
1/2
D

heuristically the double points of £~ carry the self-intersection local times. A double point of
EE/Q is either a double point for one of the Brownian loops in c 2, or an intersection point of

two different loops in EID/Q. Also note that the 3D Brownian motion, and by extension the 3D
Brownian loop soup, does not have points of multiplicity 3 or higher [MP10, Section 9.3].
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