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Résumé. Le modele de dimeres est un systeme de mécanique statistique qui modélise
I’adsorption de molécules diatomiques sur la surface d’un cristal, représentée par un
réseau périodique plan biparti. On attribue & chaque type d’aréte une énergie, corre-
spondant & la facilité avec laquelle une molécule va pouvoir s’y fixer. il existe une famille
a deux parametres de mesures de Gibbs, dont les comportements sont classifiés en trois
phases : gazeuse, liquide, solide.

La premiere partie de cette these est consacrée a 1’étude d’un tel systeme pres de la
transition de phase liquide-solide. En examinant le cas du réseau hexagonal, nous ex-
hibons deux types de comportements limites. Le premier est une collection de chemins
aléatoires conditionnés a ne pas se toucher. Le deuxieme, appelé le modele du collier
de perles, est un processus ponctuel sur Z x R. Ces comportements limites possedent
tous les deux des marginales données par le processus déterminantal sur R avec noyau
sinus, décrivant aussi les statistiques des valeurs propres des grandes matrices aléatoires
de I’ensemble GUE. Le modele du collier de perles est universel : nous montrons qu’il
apparait comme la limite de tout modele de dimeres sur un graphe planaire biparti
périodique.

Dans une deuxieme partie, on s’intéresse a la statistique des motifs dessinés par des
dimeres. Nous montrons que les fluctuations de densité d’un motif convergent a la limite
d’échelle vers un champ gaussien. Dans le cas liquide, ’objet limite est la somme d’une
dérivée du champ libre et d’un bruit blanc indépendant. Pour une mesure gazeuse, la
limite est un bruit blanc.

Dans le dernier chapitre, on aborde un probleme de dénombrement de chemins sur
le graphe-échelle, 1ié a 1’étude du noyau de la chaleur sur le groupe de I'allumeur de
réverbéres, ainsi qu’a celle des opérateurs de Schrodinger aléatoires.

Mots-clés. mécanique statistique, dimeres, pavages, transitions de phase, marches
aléatoires, groupe de ’allumeur de réverberes, opérateurs de Schrodinger aléatoires.

MSC2000. 82B20, 82B41, 82B44, 60B15.






Abstract. The dimer model is a system from statistical mechanics modelizing the ad-
sorption of diatomic molecules on the surface of a crystal, represented by a bipartite
biperiodic planar graph. A weight is assigned to every type of edge. This weight is
related to the energy needed for a molecule to settle at a particular place. For such a
distribution of weights, there exists a two-parameter family of Gibbs measures on config-
urations. The behaviour of these measures can be classified into phases: gaseous, liquid
or solid.

The first part of this thesis is devoted to the study of such a system near the liquid-solid
phase transition. Considering first the case of the honeycomb lattice, we exhibit two
sorts of limit behaviours. The first one is an infinite collection of non-colliding random
paths. The second one, called the bead model, is described by a point random field on
7Z x R. They both have marginals given by the determinantal point random field on R
with the sine kernel, describing also the eigenvalues statistics in the bulk of the spectrum
of large random matrices of the GUE ensemble. Then, we prove that the bead model
is universal: it appears as the limit of any dimer model on a bipartite planar periodic
graph.

In the second part, we study the statistics of patterns made of a finite number of dimers.
We prove that the fluctuations of pattern density converge in the scaling limit to a
Gaussian random field. When the measure is liquid, the limiting object is a linear
combination of a derivative of the massless free field and an independent white noise. In
the case of a gaseous measure, the limit is simply a white noise.

In the last chapter, we solve a counting problem of paths on the ladder graph. This
problem is related to the asymptotics of the heat kernel on the lamplighter’s group, as
well as to spectral theory of Schrodinger operators with random potential.

Keywords. statistical mechanics, dimer models, tilings, phase transitions, random walks,
lamplighter’s group, random Schrodinger operators.
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Introduction

La mécanique statistique cherche a décrire 1’état d’un systeme complexe composé d’un
tres grand nombre de constituants élémentaires. Le but est de donner une descrip-
tion probabiliste globale pour le sytéme a partir de la combinatoire locale qui régit
I’arrangement des configurations microscopiques de celui-ci.

Des exemples de tels systéemes sont:

- un gaz formé d’atomes identiques dont le volume, la pression, la température
décrivent ’état macroscopique. Ces grandeurs sont la traduction a grande échelle
du mouvement cahotique des atomes.

- un aimant, modélisé par un cristal sur les sites duquel se trouvent des spins qui,
malgré 'agitation thermique, cherchent & s’aligner avec leurs voisins.

Le formalisme canonique de la mécanique statistique consiste a attribuer a chaque confi-
guration micorscopique du systeme C une énergie £(C), calculée a partir des interactions
microscopiques. Une configuration est d’autant plus favorisée que son énergie est basse.
Pour traduire ce fait, la probabilité p(€) associée a chaque configuration est

p(©) = Zgﬁ)e—w@ (1)

ou [ désigne l'inverse de la température. Cette mesure de probabilité est appelée mesure
de Boltzmann. Le coefficient de normalisation,

Z() =7 e O (2)

e

est appelé fonction de partition. Cette fonction de partition joue un role tres important
puisqu’a partir de celle-ci, il est possible de calculer des grandeurs macroscopiques telles
que la pression dans le cas du gaz, ou bien 'aimantation dans le cas de ’aimant.

Il n’existe que peu de modeles non triviaux pour lequels on connait une formule exacte
pour la fonction de partition. Parmi ces rares exemples, on trouve le modele des dimeres,
qui est 'objet d’étude principal de cette these. Ce modele possede en effet une structure
sous-jacente tres riche, qui rend son étude tout a fait intéressante.

13



Introduction

Le modele des dimeres

Le modele des dimeéres fut introduit la premiere fois en 1937 dans la littérature par
les physiciens Fowler et Rushbrooke [15] pour modéliser ’adsorption de molécules di-
atomiques sur la surface d’un cristal. Les premiers calculs exacts sur ce modele sont dus
a Kasteleyn [24] et Temperley et Fisher [60] qui obtiennent indépendemment la fonction
de partition. Le modele des dimeres a fait ’objet de nombreux travaux, non seulement
pour son intérét propre, mais aussi, grace a des bijections, comme outil d’étude d’autres
modeles : modele d’Ising [14, 39], arbres couvrants [59, 5], fonte de cristal [44] 13],
marches aléatoires annihilantes [38], ...

A partir des années 1990, les mathématiciens s’approprient le sujet. Citons entre autres
les travaux de Thurston [62], Cohn, Kenyon et Propp [8], et Kenyon [27], qui posent les
bases d’une étude mathématique systématique de ce modele.

Récemment, le modele des dimeres connalt un nouveau gain d’intérét en théorie topolo-
gique des cordes, grace notamment aux travaux d’Okounkov, Reshetikhin et Vafa [45],
qui proposent une dualité entre les cordes topologiques du A-modele sur une variété de
Calabi-Yau de dimension 3 et un modele de dimeres sur lequel on impose des contraintes
aux bords.

Définitions et notations

Dans le lexique des chimistes, un dimére est une molécule constituée de deux atomes liés
par une liaison chimique. Par analogie, nous emploierons ce terme pour désigner parfois
les arétes d’un graphe G : une aréte e représente la liaison chimique entre deux atomes,
modélisés par les sommets extrémités de e.

Une configuration de dimeéres € est un sous-ensemble d’arétes de G tel que chaque som-
met de G est incident & exactement une aréte de ce sous-ensemble. En théorie des
graphes, elle est appelée aussi couplage parfait.

Supposons que le graphe G est fini et qu’il admet au moins une configuration de dimeres.
Une mesure de probabilité sur I'ensemble des configurations de dimeres M(G) est con-
struite de la maniére suivante : on attribue a chaque aréte e une énergie E(e). La
fonction d’énergie est ensuite étendue a une configuration de dimeres comme la somme
de I’énergie des dimeres qu’elle contient

EE€)=> &le). (3)

ecC

On associe alors a la configuration C la probabilité

Pe €] = Z(lg)es“” (4)

14



Introduction

ou Z(€&) est la fonction de partition

Z@E)= Y 0. (5)

CEM(G)

La mesure de probabilité ainsi obtenue est appelée mesure de Boltzmann. La quantité
ve = e €(®) est appelée poids de Daréte e.

Lorsque le graphe G est planaire, Kasteleyn a montré que la fonction de partition Z(€)
s’exprime comme le pfaffien d’une matrice d’adjacence orientée de G. Lorsque le graphe
est biparti, la structure du modele est plus riche. Z(€) peut s’écrire plus simplement
sous la forme du déterminant d’un opérateur K, appelé opérateur de Kasteleyn (voir
par exemple [27]). Par ailleurs, les configurations de dimeéres sont en bijection avec
des fonctions de hauteurs, ce qui permet d’interpréter le modeles de dimeéres comme un
modele de surface aléatoire discrete.

Quand le graphe G est infini, la fonction de partition en général est infinie, et on ne
peut définir simplement de mesure de Boltzmann. Cette notion est remplacée par celle
de mesure de Gibbs. Pour une telle mesure, une fois la configuration fixée dans une
région annulaire, la configuration a l'intérieur et a Iextérieur sont indépendantes, et la
mesure induite & l'intérieur est la mesure de Boltzmann. Dans [34], Kenyon, Okounkov
et Sheffield généralisent les résultats de [8, 27] et étudient I'ensemble des mesures de
Gibbs sur les configurations de dimeres des graphes planaires bipartis Z2-périodiques.
Elles forment une famille paramétrée par le champ magnétique B = (B, By) . Le
comportement de ces mesures peut étre décomposé en trois catégories ou phases : gazeux,
liquide ou solide suivant la vitesse de décroissance des corrélations entre les dimeres.

On donne maintenant un apercu des questions abordées dans cette these.

Transitions de phase et comportement limites

Un dimere e d’un graphe biparti planaire Z?-périodique se comporte en quelque sorte
comme un petit dipéle magnétique, dont la direction est celle de son aréte duale e*. En
présence d’'un champ magnétique B, le systeme privilégie les arétes dont les dipdles sont
alignés avec le champ.

Un des exemples les plus simples de graphes planaires bipartis Z2-périodiques est le
réseau hexagonal H, dont le graphe dual est le réseau triangulaire 7'. Un dimeére peut étre
vu comme un lien entre deux faces adjacentes de T', formant ainsi un losange. Le fait que
chaque sommet de H est couvert par un seul dimere implique que les losanges constitués
de cette fagon forment un pavage du plan. Le modele de dimeres sur H s’interprete par
dualité comme un modele de pavages aléatoires du plan par des losanges.

On distingue trois types de losanges, a, b, ¢, caractérisés par leur orientation, et représentés
sur la figure 2.

Si 'on affecte une énergie nulle aux arétes de H, en 'absence de champ magnétique les
trois types de losanges sont équiprobables.

15
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Figure 1: Un morceau de configuration de dimeéres sur H et le pavage par losanges correspondant.

Lorsqu’on augmente progressivement la composante verticale de B, la proportion de
losanges de type a augmente progressivement jusqua atteindre 1 pour une valeur critique
finie de B. Pour cette valeur de B, le graphe de cette proportion n’est plus dérivable :
on assiste a une transition de phase. Le systéme est passé d'un état liquide ou tous les
types de losanges apparaissent avec une probabilité positive, a un état solide o un seul
type de losanges est présent avec probabilité 1. Ce modele peut représenter un cristal
de glace qui se fissure et qui fond progressivement.

Peut-on donner une description quantitative du comportement
des fissures lorsque la glace commence juste o fondre ¢

Au contraire, lorsqu’on applique un champ magnétique tres fortement dirigé vers le bas,
la probabilité d’apparition des losanges de type a, méme si elle décroit avec 'amplitude
de B, reste toujours strictement positive. Elle n’atteint 0 que quand la composante
verticale de B tend vers —oo. Dans ce cas, on n’a pas a proprement parler de transition
de phase. En revanche, le comportement limite des losanges horizontaux est tout a fait
intéressant.

Quelle est, a la limite, la distribution des losanges horizontaux ¢

@

(a) (b) ()

Figure 2: Les différents types de losanges d’un pavage correspondant & une configuration de dimeres
sur H, ainsi que les directions des dipdles associés.
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Une partie de cette these est consacrée a I’étude détaillée de ces phénomenes, ainsi que
leur généralisation a des graphes plus complexes, et qui se trouve reliée a la statistique
des valeurs propres des matrices aléatoires.

Densités de motifs

Depuis [27], on sait, pour un champ magnétique fixé, calculer la densité moyenne
de n’importe quel motif dessiné par un nombre fini de dimeres dans une configura-
tion aléatoire. Le nombre moyen de motifs dans une grande boule est alors donné
grossierement par le nombre de domaines dans la boule fois la densité du motif. Il nous
parut intéressant d’essayer de comprendre les fluctuations de ce nombre autour de sa
valeur moyenne, du moins a la limite d’échelle : tout en gardant la taille de la boule
fixée, on fait tendre la maille du réseau vers 0, de sorte que le nombre de domaines
fondamentaux dans la boule tend vers 'infini.

Comment se comportent a la limite d’échelle les fluctuations des densités de motifs ?

Combinatoire des chemins

Les méthodes de la mécanique statistique peuvent aussi s’appliquer a des problemes plus
proches de la combinatoire, comme par exemple le dénombrement de grands chemins
sur des graphes. L’étude de la marche aléatoire simple ou de la marche aléatoire auto-
évitante sur Z2 en sont des exemples.

Un raisonnement élémentaire sur la marche aléatoire simple montre que, sur 7Z, la pro-
portion de chemins de longueur 2n qui reviennent a leur point de départ est de 'ordre

de N On se pose ici une question similaire, qui est la suivante :

Sur un graphe en forme d’échelle, quel est le nombre de chemins de
longueur n passant un nombre pair de fois par chaque barreau ?

1l se trouve que cette question, d’apparence pourtant anodine, et ses généralisations, ont
de profondes conséquences en théorie des groupes.

Contenu de la these

Cette these est composée de huit chapitres dont les sept premiers sont consacrés aux
modeles de dimeres. Le dernier chapitre aborde le probleme du dénombrement d’une
certaine classe de chemins. Les résultats principaux, présentés dans les chapitres 4 a 8,
sont expliqués brievement a la fin de cette section.
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Le chapitre 1 présente en détails le modele des dimeéres sur un graphe fini G. Apres
avoir rappelé dans le cas général la définition de configuration de dimeres ainsi que
celle de mesure de Boltzmann, nous discutons plus en détails le cas particulier des
graphes planaires bipartis pour lesquels la fonction de partition, ainsi que les statistiques
locales s’expriment en termes de déterminants d’un opérateur K, apparenté a la matrice
d’adjacence du graphe, et de son inverse K='. L’opérateur K est appelé opérateur de
Kasteleyn.

Dans le chapitre 2, il est question du modele de dimeres sur des graphes planaires bipartis
et Z?-périodiques. Dans le cas d’un graphe infini, la mesure de Boltzmann telle qu’elle
est définie dans le chapitre 1 n’a plus de sens. Elle est remplacée par la notion de mesure
de Gibbs qui en est une extension naturelle. Nous résumons les travaux de Kenyon,
Okounkov et Sheffield [34] dans lesquels ils montrent que pour un tel graphe, il existe
une famille & deux parametres de mesures de Gibbs. Le comportement de ces mesures
peut étre divisé en trois catégories ou phases : gazeux, liquide, solide, suivant la vitesse
de décroissance des corrélations. Le diagramme de phase est donné par ’amibe de la

courbe spectrale. La théorie générale est appliquée au cas particulier du réseau hexagonal
H.

On trouve dans le chapitre 3 des éléments de la théorie des champs aléatoires déterminan-
tauz ou fermioniques. Une présentation plus compléte peut étre trouvée dans [56]. Un
exemple de tels champs est donné par la distribution des valeurs propres d’une matrice
hermitienne aléatoire de I’ensemble GUE.

Le contenu des chapitres de 4 a 8 est décrit dans les paragraphes suivants.

Un modeéle de chemins auto-évitants

Le chapitre 4 présente une étude de la transition de phase que subit le modele des dimeres
sur le réseau hexagonal H, lorsque le champ magnétique, dirigé vers le haut, approche
sa valeur critique par valeurs inférieures.

La riche structure algébrique du modele permet d’étudier en détails cette transition.
Un pavage est décrit completement par les chemins que dessinent les losanges de type
b et ¢ de gauche a droite. Lorsque 'intensité du champ magnétique suivant la verticale
augmente, les chemins s’écartent de plus en plus. En effectuant le changement d’échelle
brownien, nous montrons que lorsque le champ magnétique tend vers cette valeur cri-
tique, la distribution de ces chemins converge vers une distribution de courbes alatoires.

Théoréme 1. La famille de chemins aléatoires de losanges converge faiblement dans la
limite d’échelle vers le processus sinus étendu.

Le processus sinus étendu est un processus déterminantal qui décrit un systeme station-
naire et invariant par translation de chemins browniens soumis a une force de rappel vers
I’origine, et conditionnés a ne pas se toucher. A un instant fixé, les corrélations entre les
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positions des différents chemins s’expriment comme un déterminant du noyau sinus

sin(z — y)
m(z —y)

et sont donc données par les mémes formules que celles des valeurs propres des grandes
matrices aléatoires de I’ensemble GUE.

Ce systeme homogene de chemins aléatoires a été étudié par Spohn [58], Osada [46],
Nagao et Forrester [42], et plus récemment par Katori, Nagao et Tanemura [26], comme la
limite lorsque le nombre de particules tend vers I'infini du cceur du modele de Dyson [12].

Notons que dans cette méme limite, la distribution du premier chemin est donnée par
le processus d’Airy. Ce processus, introduit par Préhofer et Spohn [50], se retrouve
aussi dans ’étude de pavages aléatoires auxquels on impose certaines contraintes aux
bords [13, 22], ainsi que dans d’autres modeles de mécanique statistique, tels que le
modéle de croissance polynucléaire (PNG) [50].

Alors que dans les précédentes études, le processus sinus étendu est obtenu en partant
d’un nombre fini de chemins — continus ou discrets — puis en faisant tendre ce nombre
vers 'infini, notre modele de départ décrit déja une famille infinie de chemins discrets,
ce qui constitue l'originalité de notre approche.

Le modele du collier de perles

Dans le chapitre 5, nous présentons un modele de mécanique statistique que nous ap-
pelons le modeéle du collier de perles. Les configurations pour ce modele sont des collec-
tions de points (les perles) sur Z x R représentant une succession de brins sur lesquels
les perles sont enfilées, qui vérifient les deux conditions suivantes

- Les configurations de points sont localement finies : sur un morceau fini de fil, il
n’y a qu’'un nombre fini de perles.

- Entre deux perles successives sur un méme fil, on doit trouver exactement une
perle sur le fil situé juste a gauche, ainsi que sur celui situé juste a droite.

Un exemple de configuration de perles est présenté sur la figure 3.

Si nous avions seulement un nombre fini de fils de longueur finie avec un nombre fixé
N de perles, Iespace des configurations serait un convexe borné de R et la mesure
uniforme sur ce domaine définirait une mesure de probabilité. Nous nous proposons dans
ce chapitre de construire des mesures de probabilité sur I'espace €2 de ces configurations
qui sont uniformes en un certain sens. Elles doivent :

- étre ergodiques sous 'action de Z x R par translation,

- posséder la propriété suivante : sil’on conditionne une configuration sur un anneau,
la mesure de probabilité induite & l'intérieur est la mesure uniforme.
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o | *1?

Figure 3: Un exemple de configuration de perles.

De telles mesures sont appelées des mesures de Gibbs. On prouve le théoreme suivant :

\

Théoréme 2. A densité moyenne de perles fizée, il existe une famille (P~),c—1,1[ @
un parameétre de mesures de Gibbs sur ). Pour chaque valeur de v, (Q,1Py) est un
processus ponctuel déterminantal, dont la marginale sur chacun des brins est le processus
déterminantal a noyau sinus.

Idée de la démonstration:

Les mesures de Gibbs sont contruites commes limites de mesures sur des modeles de
perles discrétisés pour lesquels les perles dont contraintes a occuper des sites d’un réseau
dont on fait tendre la maille vers 0.

Le point-clé est la bijection que nous construisons entre les configurations de perles et les
pavages du plan par losanges présentés plus haut : étant donné un pavage par losanges,
on place une perle au centre de chaque losange de type a. La famille & deux parametres
de mesures de Gibbs sur les pavages par losanges se transporte aux configurations de
perles discrétisées. Pour conserver la densité de perles lorsque la maille tend vers 0, il
faut dans le modele de pavages pénaliser les losanges horizontaux, en dirigeant fortement
le champ magnétique vers le bas.

A la limite, la grandeur v paramétrant la famille de mesures correspond a la composante
horizontale du champ magnétique : en favorisant ou en pénalisant les losanges de type b
par rapport a ceux de type ¢, elle influence la position relative d’une perle par rapport a
ses deux voisines sur le fil a sa droite, comme on peut le voir sur la figure 5.2, page[75. [

Le modele du collier de perles décrit donc la statistique limite des losanges de type a
dans un pavage aléatoire, lorsque leur densité tend vers zéro, c’est-a-dire lorsque le champ
magnétique est tres fortement dirigé vers le bas. En fait, il se trouve que les liens entre
le modele du collier de perles et le modele des dimeres ne sont pas limités au réseau
hexagonal, comme on I’explique dans le chapitre 6.

En effet le diagramme de phase d’un modele de dimeres sur un graphe planaire bipartite
bipériodique, dans I'espace des parametres (B, By), est représenté par 1’amibe d’une
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certaine courbe algébrique, associée au modele. L’amibe présente sur son bord extérieur
des tentacules qui séparent la phase liquide des différentes phases solides. Lorsque le
champ magnétique tend vers I'infini, en restant dans 'une de ces tentacules, la probabilité
d’apparition de certains types d’arétes, dits rares tend vers 0. Le théoreme que 'on
démontre dans le chapitre 6 peut étre formulé de la maniére suivante :

Théoréme 3. Lorque la densité des arétes rares tend vers 0, leur distribution est décrite
a la limite par le modéle de perles.

Idée de la démonstration:

Les corrélations entre les arétes s’écrivent sous forme de déterminants de 'opérateur in-
verse de Kasteleyn K", dépendant du champ magnétique. L’essentiel de la démonstration
réside dans la dérivation des asymptotiques des coeflicients de cet opérateur lorsque le
champ magnétique s’enfonce dans une tentacule, qui fait appel de maniére non triviale
aux propriétés algébriques des courbes de Harnack dont la courbe spectrale fait partie. [

Les corrélations déterminantales avec un noyau sinus (discret) avaient déja été remarquées
dans des cas particuliers par Johansson [21], Baik et al. [1]. Nous fournissons ici une
méthode systématique pour obtenir des sous-ensembles d’arétes dont les corrélations sont
arbitrairement proches du processus déterminantal sinus, et ce a partir de n’importe quel
modele de dimeres sur un graphe périodique planaire biparti.

Densités de motifs

Dans le chapitre 7, nous étudions la limite d’échelle de champs aléatoires construits a
partir d’'un modele de dimeres sur un graphe G planaire biparti et bipériodique, appelés
champs de densités de motifs.

Ces champs fournissent une alternative au point de vue adopté précédemment dans
les études par Kenyon [29, 31] et de Tiliere [10] des limites d’échelle de dimeres, qui
utilisaient la fonction de hauteur dont les fluctuations a la limite sont décrites par le
champ libre sans masse [54].

On appelle motif tout sous-ensemble d’arétes de G. Si ¥ est un plongement de GG dans
le plan, pour tout € > 0 on définit G* comme étant I'image de GG par le plongement V.
G* représente le graphe G vu a 1’échelle e.

Etant donnés un facteur d’échelle £ et un motif P, on construit un champ aléatoire N5 qui
associe a tout domaine borné du plan D, le nombre aléatoire N5(D) de motifs observés
dans une configuration de dimeres aléatoire de G* dans la région D. Ces champs peuvent
étre étendus en distributions aléatoires en s’appliquant a des fonctions-tests ¢ lisses et a
support compact . On s’intéresse aux fluctuations de ces distributions alatoires autour
de leurs valeurs moyennes, lorsque ¢ tend vers 0.
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Alors que l'espérance de N5(¢p) est de 'ordre de €72, ses fluctuations
N3(p) = Ni(p) - E[N5()]
sont de I'ordre de e~!. Nous montrons que dans le cas d’une mesure de Gibbs fluide —

c’est-a-dire liquide ou gazeuse — les fluctuations, correctement normalisées, convergent
vers un champ aléatoire continu completement explicite :

Théoreme 4. Pour une mesure de Gibbs fluide, eN5, converge faiblement,au sens des
distributions, vers un champ gaussien No dont la structure de covariance a la forme
sutvante

ENo(@)No(0)] =~ [ | 9p-p(w)Glu0)dp-v(o)dulldv] + By [ ptuvtadul. (©

La fonction G(u,v) est le noyau de Green sur le plan —%bg‘u — v|, et lopérateur
Op+ désigne la dérivation selon un vecteur qui dépend du motif P et de la mesure de
Gibbs. Pour une mesure liquide et un motif formé d’une seule aréte, ce vecteur coincide
avec I'image de ’aréte duale par un plongement bien adapté. C’est le vecteur nul si la
mesure est gazeuse, car comme les corrélations décroissent exponentiellement vite, elles
ne persistent pas a la limite d’échelle.

Cette structure de covariance peut étre interprétée physiquement comme 1’énergie d’inter-
action magnétique entre deux dipOles macroscopiques, pointant dans la direction P*,
soumis en plus & une interaction a courte distance pénalisant leur interpénétration. Ceci
pousse donc un peu plus loin 'analogie entre dimeres et dipoles déja relevée plus haut.

Idée de la démonstration:

Bien que les arguments soient différents suivant le type de mesure et la complexité du mo-
tif, la structure de la démonstration reste la méme. Dans un premier temps, on montre
par I'analyse que le deuxiéme moment converge en utilisant notamment les asympto-
tiques de l'opérateur de Kasteleyn inverse K~' obtenus dans [34]. Ensuite, la deuxieme
partie de la démonstration, plus combinatoire, consiste a vérifier a la limite la formule
de Wick, donnant les moments d’un champ gaussien en fonction de sa covariance. Les
raisons pour lesquelles la formule est vérifiée a la limite sont non triviales et dépendent
fondamentalement des propriétés de chaque phase. O

Dans la suite du chapitre, on étudie aussi les corrélations entre les champs de densités
correspondant a différents motifs. Nous montrons que leurs corrélations sont elles-aussi
données par la formule de Wick. Les résultats sont alors appliqués a deux cas particuliers
. le graphe Z? et le réseau régulier aux faces carrées et octogonales.

Chemins dénoués et I'allumeur de réverbéres

Le chapitre 8 aborde un probléme de combinatoire de chemins. Sur un graphe en forme
d’échelle, quel est le cardinal de ’ensemble P, de chemins fermés passant un nombre
pair de fois par chacun des barreaux 7
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Il se trouve que cette question est liée au probleme d’estimation du noyau de la chaleur
pour le groupe de I'allumeur de réverbéres. Ce groupe fait partie de la classe des groupes
engendés par des automates [19], qui est aujourd’hui un sujet tres actif de la théorie des
groupes. Obtenu comme le produit en couronne Zs ! Z, il modélise une rue avec une
infinité de lampes indexées par Z, dont seulement un nombre fini est allumé, ainsi qu'un
allumeur qui peut se déplacer le long de cette rue et allumer ou éteindre les réverberes
devant lesquels il se trouve. Le groupe est engendré par les éléments correspondant aux
trois mouvements élémentaires de 'allumeur : se déplacer d’une lampe vers la gauche,
d’une lampe vers la droite, et changer I’état de la lampe devant laquelle il se tient.
Dans la configuration correspondant a I’élément neutre du groupe, toutes les lampes
sont éteintes et le 'allumeur de réverberes se tient en face de la lampe O.

La proportion de chemins de longueur n sur le graphe en échelle appartenant a P,, donne
la probabilité p, que l'allumeur réussisse en n actions a ramener les lampes a leur état
initial, et revenir a sa position de départ.

On donne une estimation asymptotique de cette probabilité :

Théoréme 5. )
3rlog2\5, 1
Pl (et

e 7)

ou le symbole =< signifie que le quotient des deux membres est borné loin de 0 et de
I'infini.

Ce résultat avait déja été obtenu par Revelle [53], sous une forme légerement plus précise,
mais pour d’autres générateurs du groupe Zs ! Z et par une autre méthode que celle
employée ici.

Idée de la démonstration:

Le principe de la preuve se fonde sur le fait combinatoire suivant : si on affecte des
poids aux arétes d'un graphe, on peut définir la matrice d’adjacence M du graphe qui
reflete les propriétés de connectivité de celui-ci. En particulier, I’élément (i, ;) de M™
est la somme des poids des chemins de longueur n allant de ¢ a j. En combinant les
contributions obtenues pour diférents poids bien choisis — en ’occurence, ici on attribue
des poids £1 sur les barreaux et 1 ailleurs — on arrive a sélectionner uniquement la con-
tribution des chemins qui nous intéresse. Lorsque n est grand, les asymptotiques de M™
sont données en premiere approximation par A}, ou A; est la plus grande valeur propre
de M. En analysant finement la matrice pour chaque donnée de poids +1, on obtient
une valeur approchée de ;. Ces estimations sont ensuite recombinées pour obtenir les
asympotiques de |P,|. O

Le chapitre s’ouvre ensuite sur une généralisation de ce probéme en dimension 2, en
faisant le lien avec les opérateurs de Schrodinger avec potentiel aléatoire. La résolution
de ce probleme permettrait d’évaluer la croissance du sous groupe de Fb, le groupe libre
a deux générateurs, engendré par les commutateurs de commutateurs.
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1 Combinatorics of the dimer model

The goal of this chapter is to give a combinatorial presentation of the dimer model on a
graph G. Following Kasteleyn [24], 25], we explain how to compute the partition function
of this model in particular cases, including the case when G is planar, using the so-called
Pfaffian-Hafnian method. We then specialize the study to the case of bipartite graphs,
and discuss some aspects of the dimer model related to the homology of the graph.

1.1 Dimer configurations of a graph

Dimer configurations and partition function

Let G = (V,E) be a connected graph with no multiple edge and no loop. A dimer
configuration or perfect matching of G is a subset of edges € C E such that every vertex
v € V is incident with exactly one edge of C.

5 4

Figure 1.1: An example of a dimer configuration on a graph G.

We will always suppose in what follows that G has at least one dimer configuration. If
positive weights are assigned to edges by the mean of a weight function v : E — R™T,
then one can define the weight of a dimer configuration C as

v(C) = H Ve

ecC

These weights on dimer configurations can be used to define a Boltzmann probability
measure on the set of all dimer configurations: the probability that the random dimer
configuration €, is equal to a given configuration €y is given by

v(Co)

P[@wzeo]:m
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1.1. Dimer configurations of a graph

where the normalizing coefficient Z(G,v) equals the sum of the weights of all the dimer

configurations of G
Z(Gw)=> vE@)=> []v

C C ecC
Z(G,v) is called the partition function.

In fact, the role played by the partition function in the dimer model — and in every sta-
tistical mechanical model in general — is much greater than just the role of a normalizing
constant. Notice that

ov(C)
Ve OVe
is equal to v(C) if the edge e belongs to C, and 0 if not. Therefore,
0Z(G,v)
e

is the sum of the weights of the dimer configurations containing the edge e. Hence, the
probability of seeing the edge e in the random configuration is given by
ve O0Z(G,v) OlogZ(G,v)

Pleetu]= Z(G,v) 0Ove  Ologue

More generally, the probability of seeing k edges eq,...,e is given by the following
formula
Ve, Ve, OFZ(G,v)

Z(G,v) Ove, -+ 0ve,

As the elementary events “e € C,” generate the algebra of all events, the probability of
any event can be expressed in terms of derivatives of Z(G,v). Therefore, the partition
function plays the role of a generating function for the Boltzmann probability measure.

Ple,...,ex € Gl =

Dimer configurations as tilings

If the graph G is embedded on an orientable compact surface X, one can give a dual
description of dimer configurations of G in terms of tilings of 3. The embedding of G on
¥ induces a cellular decomposition D of ¥.. One can define a dual cellular decomposition®
D* of ¥: the dual vertices correspond to faces of D, and there is a dual edge between
two dual vertices if the corresponding faces in D share an edge. The vertices v of D
correspond to the dual faces v* of D*. To an edge e = (v1,v2) of G is associated a
compact domain T, = v] Uwv3 of ¥. The fact that in a dimer configuration C every
vertex is incident with exactly one edge implies that (Te)ece satisfies

Ve e el TeNTy=o (1.1)
UTe=x (1.2)
ecC

1This dual cellular decomposition is not unique.
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1. Combinatorics of the dimer model

and hence (Te)ece is a tiling of ¥. Reciprocally, if a subset € of edges is such that
(Te)ece is a tiling of X, then € is a dimer configuration of G. Dimer models can be seen
as particular cases of random tiling models. Two cases are particularly important:

e Dimer configurations of a piece of the square grid Z? are dual to tilings with 2 x 1
rectangles, also known as dominos.

e Dimer configurations of a piece of the honeycomb lattice H are dual to tilings with
rhombi with a 60° angle, also known as lozenges.

When these dimer models are discussed as examples, it will be useful to have in mind
their dual interpretation.

(a) rhombi (b) dominos

Figure 1.2: Two examples of dimer configurations on bipartite graphs and the corresponding tilings.

1.2 The dimer model on planar graphs

In this section we explain how to compute the partition function of the dimer model on
a planar graph. A planar graph is a graph that can be embedded on the plane. This
means that one can draw the graph on a sheet of paper in such a way that no edge
intersects an other edge.

A dimer configuration of G is a particular case of a partition of the set of its vertices
into parts of length 2. An obvious necessary condition for G to have a perfect matching
is to have an even number, say 2n, of vertices.

For instance, the dimer configuration represented in figure 1.1 corresponds to the parti-
tion

{{i17j1}> te {Zna]n}} = {{17 8}7 {2’4}7 {3? 7}7 {57 6}}
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1.2. The dimer model on planar graphs

Such a partition can be conveniently encoded by a permutation of &s, with the two
following constraints:

Vike{l,....,n} o(2k—1) <o(2k)
Vke{l,...,.n—1} o(2k—1)<o(2k+1).

The images of two successive integers o(2k — 1) and o(2k) correspond to a component
of the partition. The permutation encoding the dimer configuration of figure 1.1 is

o 1 2 -~ 2n—-1 2n\ (1 2 3 4 5 6 7 8
BRI in jgn) \1 8 2 4 3 7 5 6)°
This point of view yields a new expression for the partition function

ZA As(2n-1),0(2n)-

where the sum is performed over the partitions with the restrictions indicated above and
A; j is equal to ve if i and j are the ends of the edge e, and is 0 if not. This expression
is sometimes called the Hafnian of the matrix A.

Given an orientation of GG, the weighted adjacency matrix X is defined as follows: if the
edge e is oriented from vertex i to vertex j, then

Kij=ve and X;; = —ve.

If there is no edge between ¢ and j, then X; ; = 0. The partition function, expressed in
terms of the matrix X as

Z Koo Kan-1).0n)|
is very similar to the Pfaffian of K defined by the following formula

/
Plaff X = Z Sgn(o-)jco(l),cr@) e KU(QTL—I),O’(QTZ)‘ (13)

The Pfaffian of a matrix is much easier to compute than the Haffnian. In particular, it
is a square root of the determinant. If there exists an orientation for which all the terms
in the sum defining the Pfaffian have the same sign, then the partition function is equal
to the Pfaffian of the adjacency matrix X for this orientation, up to a global sign

Z(G,v) = |Pfaff K|. (1.4)

An orientation for which equation (1.4) is satisfied is called an admissible orientation or
Pfaffian orientation, and the corresponding adjacency matrix X is called the Kasteleyn
matriz.
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1. Combinatorics of the dimer model

Kasteleyn proved that if the graph G is planar, then there exists an admissible orien-
tation. Such an orientation is given by the odd clockwise rule: around every face, the
number of edges oriented clockwise is odd.

The reason why the odd clockwise rule gives an admissible orientation is the following:
if we superimpose two dimer configurations € and €’ encoded by permutations o and o’
respectively, then we see a collection of cycles of even length and double edges, represent-
ing graphically the decomposition in cycles of the permutation o’ oo ~!, the double edges
corresponding to the fixed points of this permutation. Consider one of these nontrivial
cycles. Its length is even and, up to reindexation of the vertices of GG, we can suppose
that the vertices of this cycles are labelled from 1 to 2m counterclockwise. It is formed by
edges (1,2),...,(2m—1,2m) from € and edges (1,2m), (2,3), ..., (2m—2,2m—1) from ¢/,
and represents thus an even cycle of ¢’ oo ~!. Besides, the odd-clockwise rule is preserved
by deletion of edges, so the number of edges oriented clockwise is odd along any cycle
of GG, and in particular, the one we consider. Consequently, the number of edges with
negative orientation among (1,2),...,(2m — 1,2m) has the same parity as the number
of edges with negative orientation among (1,2m), (2,3),...,(2m —2,2m —1). It follows
that the contribution of each of these cycles in sgn(o) [[; K »(;) and sgn(o’) [1; K; o5
have the same partity, and therefore, all the terms in the sum (1.3) have the same sign.

Let us now explain how to compute probabilities with Pfaffians in the dimer model on
the planar graph G. Let e; = (v, w1),...,e, = (vg, wy) be k disjoint edges of G. The
graph G obtained from G by removing the edges e, . .., e has an admissible orientation
that is induced by that of G. Therefore the Pfaffian of the matrix X obtained from X by
deleting rows and columns corresponding to the vertices v;, w; represents the partition
function of the dimer model on G (which can be zero). The following expression

Ve, * " Vey ‘Pfaﬁff(‘

is then the sum of the weights of the dimer configurations of G containing the edges
e1,...,eg. The probability of seeing eq,...,e; in a random dimer configuration of G is
thus given by

‘Pfaff X ‘

P[el,...,ek]:Vel"‘l/ek‘:Pfaqu.

what can be rewritten, using the correspondance between Pfaffians of submatrices K
and that of X', as

P [el, Ce ,ek] = V91 e Vek |Pfaff(9<71)e1...ek}

where (KX7")e,..e, is the restriction of X~* to the vertices v;, w;.

In general, if the graph is drawn on an orientable surface of genus g > 1, the situation
is more complicated: some cycles are not homotopic to zero, and the odd-clockwise rule
does not work directly any more, and some terms in (1.3) come with the wrong sign.
However, the partition function can be written as a linear combination of 49 Pfaffians
obtained from different orientations [61, [11].
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1.3. The dimer model on bipartite graphs

1.3 The dimer model on bipartite graphs

In this section, we assume that the graph G is bipartite, i.e that we can color the vertices
of G in black and white such that any two adjacent vertices have different colors. Since
an edge links a white vertex with a black vertex, an obvious necessary condition for G to
have a dimer condition is to have the same number, say n, of white and black vertices.

If the vertices of GG are labelled in such a way that in the Kasteleyn matrix, the first n
lines and colums refer to white vertices and the last n to black vertices, then X has the

following form
0 Ko—>o
*= ( Kooe| 0 )

Ko—>o . (Dblack vertices _, (thlte vertices

where

acts on functions defined on black vertices and K,_,, is the transpose of —K,_,. For
simplicity, we will denote the operator Ke_,, simply by K. In this particular context, a
dimer configuration can be encoded by a permutation o € &,,. Foralli € {1,...,n}, o(i)
is the label of the black vertex with which w; is incident in the configuration represented
by o.

The partition function of the dimer model can be expressed only in terms of K

Z(G,v) = Y [K(W1,be1) - K(Wa, by
ceS,

Like in the previous section, a simpler expression for Z can be given if G is planar, i.e. if
it can be embedded in the plane, whereas the situation is more intricate if G can only
be embedded on surfaces of higher genus.

If G is planar, and more generally if it admits a Pfaffian orientation, then the partition
function is, up to a sign, the determinant of K

Z(G,v) = |detK|.

The odd-clockwise rule in this particular case introduces minus signs in the matrix K
when comparing with the natural orientation of the edges of G (from white to black
vertices). The number of minus signs around a face is even if the face is borded by
2 mod 4 edges, and odd if it is borded by 0 mod 4. Thanks to correspondance between
determinants of submatrices of K and that of K=, the probability of seeing k edges
e; = (wy,b1),...,ex = (Wg, by) in a random configuration is given by a determinant of
a submatrix of K1 of size k:

k
Ple;, - e, €€ = H Ve, | det[K™"(b;, w;)]| = det[ve,K™" (b;, w;)]. (1.5)
j=1
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1. Combinatorics of the dimer model

Using multilinearity of the determinant and an inclusion-argument argument, one can
also express as a determinant the probability of the following events:

]P[el)"')ek ¢e7 €k+1).--,€k+l € e]
1 ‘ —l/e.K_l(bi W) ‘ —I/e.K_l(bi W)
= det + 4 ! J 4 ! J 16
<[ ‘ 0; ] [ Z/ejK_l(bi,Wj) ‘ I/ejK_l(bi,Wj) ( )

where the diagonal square blocks of the matrices have size k and [. 1 and 0; are the
identity matrix of size k£ and the null matrix of size [.

The superposition of two dimer configurations of the planar graph G is a collection of
cycles and double edges. One can pass from one configuration to another by performing a
succession of elementary operations [51], reducing gradually the length of the non-trivial
cycles. If G is not planar but can be embedded on a torus, the situation is different:
in such a superposition, some of the cycles are not homotopic to zero. There are in
fact four equivalence classes of dimer configurations, coinciding with the homology class
in Hy(T?,%/2%) of the collection of cycles obtained from the superimposition with a
reference dimer configuration €y, i.e. the horizontal and vertical winding number of this
collection of cycles modulo 2. Let K be a Kasteleyn matrix as above. Configurations
in different classes give terms with different signs in det K. One can chose properly the
orientation so that the class (0,0) give positive terms and the others negative terms. Let
vz and vy, and denote by K7 the matrix obtained from K by multiplying the entries
corresponding to edges crossing 7, (resp. 7,) by (—1)? (resp. by (—1)7). The expression
of the partition function is given by the following linear combination:

7 - %(_Z«m) 1+ 200 4 700) | Z00) (1.7)
where Z07) = det K. The expression for the probability of seeing e1,...,e; in a

random dimer configuration of G is

i 1/ 70 (00)y—1
IP [617. .-,ek-] - HKWlbl X 2<_ Z det’<K )bi,w]-—i_

7(10) Z7(01)
€

where €; = (Wj,bj).

1.4 Dimers on bipartite graphs and flows

In the case of a bipartite graph, interesting interpretations of a dimer configuration can
be given in terms of flows.
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1.4. Dimers on bipartite graphs and flows

1.4.1 Forms on a graph embedded in an orientable surface

The embedding of G in an orientable compact closed surface X yields a cellular decom-
position of ¥. For k € {0,1,2}, a k-chain is a formal combination of oriented k-cells
with integer coefficients, and a k-form is a function on k-chains. Let QF(G) be the linear
space of the k-forms?. The coupling between k-chains and k-forms will be denoted by
the integral sign.

The spaces 2%(G) come with the standard exterior derivative d, the adjoint of the border
operator J on chains: if f is a 0-form and e is an oriented edge from v to w, then

/ df = df(e) = f(9e) = f(v) — f(w).

Similarly, if « is a 1-form and f is a positively oriented face, bordered by edges e1, ..., en,
oriented counterclockwise, then

//fda_%afa_g/eia'

Finally, the derivative dw of a 2-form w is 0.

One can associate to the graph G embedded in 3 a dual graph G* embedded in ¥. The
vertices of G* are the faces of G and there is an edge e* between f{ and f5 of G* if the
two corresponding faces of G, f1 and f», share an edge e. The faces of G* are associated
to vertices of G. This duality extends to oriented chains: an orientation of e induces an
orientation of e* so that (e,e") is a direct frame. Note that for 0-chains and 2-chains,
the duality operator is an involution

whereas it is an anti-involution on 1-chains

()" = —e.

This *-operator induces a bijection between QF(G) and Q2~*(G*) for k € {0, 1,2}, also
noted by *. For any k-chain v and any k-form «,

xa(y) = (-1)Fa(y")

*Note that whereas Q°(G), Co(G), 2 (G) and Ci(G) depend only on the structure of the graph G,
the spaces Q%(G) and C2(G) depends strongly on the embedding in the surface ¥, since it is the
embedding that defines the faces of G.
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1. Combinatorics of the dimer model

1.4.2 Unit white-to-black flows and height function

A dimer configuration € defines a unit white-to-black flow w, i.e a flow with divergence
+1 at every white vertex, and —1 at every black vertex: the amount of flow few in the
edge e equals 1 if e belongs to C, and 0 if not.

Let Cg be a reference dimer configuration of G with flow wp. For any dimer configuration
C with flow w, The difference w — wy is a divergence-free flow: its dual is a closed 1-form.

e If the surface in which the graph is embedded is a sphere, then the dual closed
form is ezact: there exists a function on faces of G, h € Q%(G), such that the flux
of w — wg across any dual 1-chain v from face f; to face f3 is

/*@ ~ wo) = h(fs) — h(f).

This function h is called the height function.

e If the graph G is embedded in a torus, the form #(w — wp) is not always exact.
If 4, and ~, are dual paths with respective homology class (1,0) and (0, 1), then
*(w — wp) can have periods along these paths: after m horizontal and n vertical
winds, the change in height is

j{ *(w — wp) = mhy + nhy,.
myz+nyy

(ha, hy) is called the height change of €. Tt is an element of Z?2,and can be identified
with the homology class in Hi(T?,Z) of the flow w — wy.

1.4.3 Gauge transformation and magnetic field
The edges of the bipartite graph G have a natural orientation: from their white end to
their black end. The functions on edges can be identify with the 1-forms of G. Similarly,

we identify the functions on the vertices and on the faces of G with the elements of
Q°(@) and Q2(G) respectively.

Define the energy € as the logarithm of the weight function v
& =—logur.

If a dimer configuration is identified with the sum of the edges it contains, the energy of

a configuration is given by
&) = / e=) |[&
e

ece”®
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1.4. Dimers on bipartite graphs and flows

When superposing two dimer configurations €; and €y, one sees double edges and a
union of cycles «;. The difference of energy between the two configurations is therefore
the (alternate) sum of the energy of edges of each cycle ~;

E(C) —E(C)=> ¢ &
g

The relative weights of dimer configurations are determined by the flux of energy through
cycles fv €. In particular, adding to the energy the derivative d f of a O-form, i.e replacing
the energy of an edge e = (w, b) by

/ &+df = &(e) + f(w) — f(b)

will not affect the Boltzmann probability measure. Such a transformation is called a
gauge transformation.

e When the graph G is planar, the set of gauge equivalence classes is parameterized
R~ where F is the number of faces of G: An equivalence class [€] is represented
by the element d€ € Q?(G) ~ R giving the flux of energy through faces, and
subject to the relation that the sum of all the fluxes is zero. Following [34], we will
refer to the element d€ € Q2?(G) as B,.

e When the graph is embedded in a torus, the situation is different for topological
reasons. The set of gauge equivalence classes is parameterized by Rf~! @ R?: in
addition to the previous fluxes through the faces of GG, there are also the fluxes
through the non trivial cycles 7, and -y, that are controlled by the last two param-
eters, B, and By. B, represents an extra energy that is added (resp. substracted)
to edges crossing 7, from left to right (resp. from right to left). Similarly, B, is
the amount of energy that is added (resp. substracted) to edges crossing v, from
left to right (resp. from right to left). Modifying the magnetic field B by

B' = B+ (0,AB,,AB,)

will affect the energy of a configuration €. The change in energy depends linearly in
the magnetic modification through the height change (h, hy) of the configuration:

Ep(C) — Ep(Coy) = EB(C) — Ep(Co) + ABhy + AByhy (1.9)
This influence of the magnetic field on the relative weight of a configuration through

its height change will be used in the next chapter to classify the translation invari-
ant probability measures on dimer configurations of a planar Z? periodic graph.

33



2 Dimers and Amcebae

The title of this chapter is borrowed from an article written by Kenyon, Okounkov and
Sheffield [34]. In that article, the authors describe the set of all translation invariant
Gibbs measures for the dimer model of a planar bipartite periodic graph, as well as its
phase diagram. That is what we propose to explain in this chapter.

Let G be a bipartite Z?-periodic planar graph: the vertices of G are colored in black
and white such that any two adjacent vertices have different colors, and Z? acts on G by
color-preserving translations. For a chain o and z € 72, we will denote by ay the image
of a by the translation of x. We denote also by G,, the quotient of G by the action of
(nZ)?.

Fix a white-to-black unit flow wg on G1. This flow can be lifted to any G,, and to G and

will serve as a reference flow to define the height function. We will suppose that this
flow corresponds to a dimer configuration €y of G;.

Let € be an energy function on edges of G1, which defines also a periodic energy function
on edges of G, and G. We define like in the previous chapter a probability measure p,
on the set M(G,,) of dimer configurations of G,, by the formula
Ve € M(G ay = 9
S = =%

The graphs G, are naturally embedded in a torus, and therefore dimer configurations
on G, have a height change. For a fixed (s,t) € R?, we also define M;+(Gy,) be the
set of dimer configurations of G, with a height change (|ns|, [nt|) and u,(s,t) be the
conditional measure induced by p, on M +(G,,).

2.1 Gibbs measures on dimer configurations

Since G is an infinite graph, the notion of Boltzmann measure as presented in the
previous chapter cannot be applied here. It is replaced by the notion of Gibbs measure,
which is a natural extension of it:

Definition 2.1. A probability measure y on dimer configurations of G is a Gibbs mea-
sure if it has the property that if we fix the matching in an annular region, the dimer
configurations outside and inside the region are independent, and the probability of any
interior matching is proportionnal to the weight of this matching. Moreover, if u is in-
variant and ergodic under the action of Z?2, then y is said to be an ergodic Gibbs measure
(EGM).
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2.2. Spectral curve and related objects

For an EGM g, let s = IE [h(f1 0)) — h(f)] and t = E [h(f(o,1)) — h(f)] be respectively the
expected horizontal and vertical height changes. (s,t) is called the slope of p. Sheffield
proved in [55] a theorem about unicity of ergodic Gibbs measures

Theorem 2.1 ([55]). For each (s,t) for which Ms(Gy,) is non empty for n sufficiently
large, 1 (s,t) converges as n goes to +0o to a EGM u(s,t) of slope (s,t). Moreover,
itself converges to a EGM p(so, to), where (sg,to) is the limit of the slopes of fi,.

If (so,to) lies in the interior of the set of (s,t) for which Ms(Gy) is non empty for n
sufficiently large, then every EGM of slope (s,t) is of the form pu(s,t) as above: that is
(s, t) is the unique EGM of slope (s,t).

The surface tension or free energy per fundamental domain of a measure p(s, t) is defined
to be the following limit

1 —g(e
o(s,t) = —Elog GGMZ(G )e ©), (2.1)

This quantity describes how fast the number of dimer configurations of a given slope
grows with n. The slope of the measure u(so,t) is the slope that realizes the minimum
of 0. The minimum is unique since the surface tension o is strictly convex [55].

2.2 Spectral curve and related objects

Since the weights on G are periodic, a Kasteleyn operator on G can be defined by lifting
that of the finite graph Gj.

The Kasteleyn operator K commutes with the translation action of Z2. In particular,
it preserves the ZZ2-eigenspaces, that are indexed by multipliers (z,w) € (C*)2. These
eigenspaces are finite-dimensional, and a basis (d,) is given by the functions supported
on a single Z?-orbit, and taking value 1 on a vertex v inside a fixed fundamental domain.
Let K(z,w) be the matrix of the retriction of K to the Z2-eigenspace indexed by (z,w)
in the basis (dy).

This matrix can also be viewed as the magnetically altered Kasteleyn operator of the
graph G, that is a Kasteleyn operator for weights modified as follows: let v, and v, be
dual paths in G avoiding edges of Cpy, with respective homology class (1,0) and (0,1),
and whose lifts delimit the fundamental domain of G. The weight of an edge crossing
Yz from left to right (resp. from right to left) is multiplied by z (resp. by z~!). The
weight of an edge crossing ~, from left to right (resp. from right to left) is multiplied by
w (resp. by w1t).

The polynomial
P(z,w) = det K(z,w)

is called the characteristic polynomial of the graph G. The spectral curve is the locus of
the zeros of P in (C*)?. The partition function of the dimer model on G in presence of a
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2. Dimers and Amoebae

magnetic field (B, By), given by formula (1.7), is expressed in terms of the characteristic
polynomial P:

1
Z(Gy) = 5(—P(eBz,eBy) + P(—eBe eBv) 4 P(eBr, —eBv) + P(—ePo, —eBy)) (2.2)

The Newton polygon N(P) of the polynomial P is the convex hull in R? of the set of
integer exponents of monomials in P

N(P) = Conv {(j, k) € 72 | Z7w” is a monomial in P(z,w)} .

The interest of the Newton polygon in the dimer context is given by the following
proposition:

Proposition 2.1 ([34]). N(P) is the set of all possible slopes for an EGM on dimer
configurations of G.

A choice of another reference configuration €y will lead to another characteristic poly-
nomial, differing from P just by a multiplicative term of the form zFw!, whose Newton
polygon is obtained from N(P) by a translation. The spectral curve is invariant by this
modification.

The ameeba A(P) of the polynomial P is the image of the curve P(z,w) = 0 by the
application

Log :(C*)* — R?
(2, w) — (log |z, log [w]) -

A related object is the Ronkin function F(x,y) of the polynomial P, defined by the

following integral
dz dw

F($,y) = //z|=ez logP(sz)% QW (23)

juwl=ev

These objects coming from algebraic geometry have a direct probabilistic interpretation,
as we will see in the following sections. It is important to note that the integral in (2.3)) is
singular if and only if (z,y) € A(P). The Ronkin function is linear over each component
of the amoeba’s complement, and strictly convex over the interior of the amoeba [40].

The locus of the zeros of P define an algebraic curve in C? of a very special kind. More
precisely, it is a Harnack curve. The consequences of this algebraic fact will be explained
in section 2.4l

2.3 Changing the magnetic field and computing. ..

Theorem 2.1 states that the set of EGMs for a given periodic energy function € on the
Z2-periodic graph G is a two-parameter family. To obtain one of these measures, instead
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2.3. Changing the magnetic field and computing. . .

of taking limits of the conditioned measures p,(s,t), one can fix a value (B, By) for
the magnetic field, and take the limit of the Boltzmann measures on M(G,,) for the
magnetically modified weights: let 7, be a lift of n - v, to Gy and 7y a lift of n - .

Multiply the weight of an edge of G, crossing 7 (resp. of ;') to by et"Bz (resp. by

e*"By) according to its orientation.

Let K, p be a Kasteleyn operator on G, for these weights.

2.3.1 ... the partition function

The partition function of the dimer model on G,, for these weights can be computed
from formula (1.7).

1
Z(Gr, B) = 5 (= det K3 + det KI5 + det K[\ + det K[\ ) (2.4)
where Kgg are the four modifications of K,, p where the entries of K;, g corresponding
to edges crossing 47 (resp.3?) are multiplied by (—1)? (resp. by (—1)7). Using the
action of (Z/nZ)? by translation, the operators K(GTB) can be diagonalized by blocks by
discrete Fourier transform: the diagonal blocks are of the form K ((,&) where ¢ and &

are nth roots of (—1)7e™P+ and (—1)%"Pv respectively. The different determinants can
be computed in terms of P:

detkip = J[ P9 (2.5)

Cn:(_l)‘rean
gn:(_l)eenBy

The normalized logarithm of such a determinant is thus a Riemann sum on the torus

— log det KOy = % > logP(¢,¢) (2.6)

Cn:(il)‘rean
3

n:(_l)eenBy

approximating the integral

dz dw
F(Bg, By) // oBs 10gP Z,w) 5im2 Tir” (2.7)

In fact, one can show that the asymtotics of the four terms in (2.4) are the same, and
by a standard subadditivity argument [8] that

lim - log Z(Gy, B) = F(B,. B,). (2.8)

n—oo N

Thus, the Ronkin function gives the free energy of the model for the measure p(B,, By).
On the other hand, from formula (1.9) and the definition of the free energy, we have

F(B., By) = m%x(—a(s, t) + sBy +tBy) (2.9)
S,
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2. Dimers and Amoebae

since the slope of the limit measure p(B,, B,) minimizes the surface tension correspond-
ing to the magnetically modified weights. In other words, the Ronkin function is the
Legendre transform of the surface tension o. Since the surface tension is strictly convex,
the Legendre transform is involutive, and o is the Legendre transform of the Ronkin
function F'.

The gradient of F' maps R? to the Newton polygon N(P). the facets of F correspond
to the cusps of 0. The slopes of the facets of F' are integer points of N(P) [40].

2.3.2 ...the local statistics

One may also want to compute the local statistics for the measure p(B;, By). What is
the probability that k given edges e; = (w,by),..., e, = (Wi, by) appear in the random
dimer configuration ? For the finite graph G,,, the answer is given by formula (1.8]).

k 1 Z(OO) (00)
NH(B$7By)|:el7"‘7ek:| = (l[! lebl> x 2<_ ZnB de t(KnB)b Wi "
r(j%) det(K(lo))—l 4 b Z(Ol) de t(K( )) e L - Z(H) de t(K( ))_1 ) (2.10)
7n7B n,B bi7wj ZnB n,B b@,W] ZnB b;,w; .

where Z( ) = det K7 and Z, 5 = 1(— Z( ) Z(OO) + Z( ) Zfll%) + Z(ll)) and the
indices 1 and j in the determinants range from 1 to k:

(67)

The inverses of the operators Kn p can be also explicitly computed by discrete Fourier
transform. Their entries are Riemann sums. Let w and b be respectively a white and
a black vertex in G;. Denote by w, , the lift of w in the fundamental domain (x,y) of

Gy, and by the lift of b in fundamental domain (2’,y). The entry of K( ) between
by, and w , is

T)\ — 1 _ () o —x
(Kf,ﬁ)b;y,,wz,yzﬁ Yo (KGO VY
' Cn:(_l)fean
fn:(_l)éenBy

1 LACY —(y' —y) ¢x'—2

= § WC W' —y)¢ (2.11)
Cn:(_l)Te"B;I;
fn:(_l)éenBy

where Qp w(z, w) is the cofactor of the matrix K (z,w) obtained after removing the line

corresponding to white vertex w and the column corresponding to black vertex b. When
-1

. (67)
n goes to +oo, the entries (Kn,B)bm/’thz’y

converge to the integrals

W Qo (zow) dz dw
P(z,w) 2imz 2imw

Kél (bm/’y/7 Wx7y> = /Z|631 (212)

jul=ePv
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2.3. Changing the magnetic field and computing. . .

The operator Kz' is the inverse of the operator K over the space EQB(G), the completion
of the space of functions with finite support for the scalar product

Fo)p = (BB ST Flug)g(vny) (2.13)

T,y vefund.
domain

and the probability converges to

k
M(Bw,By) [el, ey ek] = (H KWlbl) det(Kél(bi, W])) (214)

=1

A natural topology on the set M(G) of dimer configurations of G is the product topology,
for which two dimer configurations are close if they coincide on a large ball around the
origin. For this topology, M(G) is compact and the convergence of finite dimensional
distributions is equivalent to the weak convergence of probability measures fi, (B, By)

to /'L(Bx,By)'

The way we chose to compute the correlations in presence of a magnetic field leads to a
nice interpretation of the magnetic field, as the size of the torus over which we integrate
to get the expression of the free energy and of the operator K=! giving the correlations.
However, the drawback of this procedure is that the entries of the operator Kj' are
unbounded for a non-zero magnetic field.

Another way to get local statistics for the measure y(p, p,) is to take limits of Boltzmann
measures on G, for weights in the same equivalence class, but for another gauge. The
magnetically modified weights are defined as follows: we multiply the original weights
of an edge crossing any lift of 7, (resp. 7.) to Gy, by etB+ (resp. by e*P+ ) according
to its orientation. We get then the following expression for the (new) inverse Kasteleyn
operator Kz'

K5 (byy, W) :/ 7w Qow(ePrz, ePrw) dz dw
B AT T2 P(eBrz, eBvw) 2imz 2imw

(2.15)

where T? is the unit torus. This expression for the entries of Kz differs from (2.12) by
a factor e?P=—*By_ However, the special expression of this factor implies that formula
(2.14) used to compute local statistics are unchanged, thanks to their determinantal
form. The entries of this new operator are bounded for any value of the magnetic field.
The price to pay to use this expression is that we have to modify the Kasteleyn operator
itself: in presence of a magnetic field, every edge crossing a lift of the horizontal cycle ,
(resp. the vertical cycle ,) has its weight multiplied by e*5+ (resp. by e*Pv), leading
to a new Kasteleyn operator Kp. Following [34], we will in fact adopt this second point
of view and use (2.15) to compute K3'.
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2. Dimers and Amoebae

2.4 Harnack curves and consequences of maximality

As we said briefly in section 2.2] the curves arising as spectral curves of bipartite dimer
models are algebraic real curves of a special kind. They are called Harnack curves or
maximal curves. While all complex curves of a given degree have the same topology,
the number and the position of ovals of real curves can be different. Harnack curves
are the curves with the largest number of ovals in the “best possible” position. A
precise topological definition can be found in [40]. Recently, Mikhalkin and Rullgard
gave alterative characterizations of Harnack curves

Theorem 2.2 ([41]). Let P a polynomial with real coefficients whose Newton polygon
N(P) has positive area. Then the three following assertions are equivalent

i) The real curve {P(z,w) = 0} is a Harnack curve.

ii) The mapping from the complex curve {P(z,w) = 0} to its ameba is at most!
2-to-1.

iii) Area A(P) = % Area N(P)

The right hand side of i) is in fact an upper bound for the area of the amoeba of a curve
with a given Newton polygon [47]. Harnack curves have thus the property that the area
of their amoeba is maximal among those of the curves with the same Newton polygon.
This explains why Harnack curves are also called maximal curves. Several proofs of
maximality of spectral curves of bipartite planar dimer models were given [32, [34] [36].
The 2-to-1 property implies that, generically, the polynomial P has 2 or 0 roots on the
torus {|z| = eP=,|w| = ePv} depending on wether (B, B,) lies in the amceba or in its
complement. The number of roots of P on this torus has an influence on the asymptotics
of K', that has an impact on the decay of correlations between dimers.

One distinguishes three phases, depending on the behavior of the correlations at long
range:

e in the gaseous phase, the correlations decay exponentially fast,
e in the liquid phase, the correlations decay as a power law,

e in the solid phase, there exist edges arbitrary far from each other such that the
correlation between them is 1.

The relation between the magnetic field and the phase of the corresponding measure
I4(B,,B,) has been investigated in [34] and is summarized in the theorem:

Theorem 2.3 ([34]). The measure p(p, p,) is gaseous, liquid or solid respectively when
(Bz, By) is in the closure of a bounded complementary component of A(P), in the interior
of A(P), or in the closure of an unbounded complementary component of A(P).

!This mapping is 2-to-1 over the interior of the amceba except at the real nodes of the curve.
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2.5. The gaseous phase

The components of the boundary of the amaeba are the curves separating the different
phases of the dimer model. They form the phase diagram of the model.

Another consequence of the 2-to-1 property is that to any lattice point of the New-
ton polygon corresponds either a bounded component of the amoeba complement or an
isolated real node of the spectral curve. In particular, the number of gaseous phases
of a dimer model equals the genus of the spectral curve [34]. For a generic choice of
weights, the dimer model has a gaseous phase for every lattice point in the interior of
the Newton polygon N(P) and a frozen phase for every lattice point on the boundary
of N(P). When the curve has the maximal possible number of real nodes, the amoeba
has no holes. The spectral curve has genus 0 and therefore corresponds to an isoradial
dimer model [30), 32, 10], that have particular properties of locality.

The next three sections describe more in details the quantitative behaviour of the dif-
ferent phases. We will use short notations for magnetically altered quantities

PB(z,w) = P(ePrz,ePrw), KP(z,w) = K(ePoz, ePruw), QP(z,w) = Q(eP,ePv2).

As introduced before, Kp and K3' will stand for the Kasteleyn operator and its inverse
in presence of the magnetic field B = (B, By).

2.5 The gaseous phase

When (B, By) belongs to a bounded complementary component of the amceba, the
polynomial PZ(z,w) = P(eP+z, ePvw) has no root on the unit torus. For any choice of
black and white vertices b and w, the rational fraction

QEW (Z, 'LU)

2.16
PB(z,w) (2.16)
is analytic over the unit torus. Therefore, the coefficients Kz' (by, w) decay exponentially
when || — co. As a consequence, the height variance Var(h(f;) — h(f2)) stays bounded
independently from the distance between f; and f5.

2.6 The liquid phase

We suppose in this section that (B, By) is in the interior of the amaeba. When (B, By)
is a generic point in the interior of the ameeba, the polynomial PB(Z, w) has two roots
on the unit torus. We describe some features of liquid measures assuming that (B, By)
is such a generic point. Similar statements can be given when (B, By) is a real node.
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2. Dimers and Amoebae

2.6.1 Map from G* to R?

When given a liquid measure on dimer configurations of GG, there is a natural application
U from the dual graph G* to R?, described by the following lemma. This application
seems to give the good geometry to study liquid dimer models. In particular, when
dimer weights are critical, ¥ coincides with the isoradial embedding of G* [30].

Lemma 2.1. Let (zg,wp) be a root of the characteristic polynomial on the unit torus.
The 1-form

e = (w,b) — K5, (20, w0) QL. (20, w0) (2.17)

is a divergence-free flow. Its dual is therefore the gradient of a mapping from G* to
R2 ~ C.

This mapping ¥ is A-periodic, where A is the two -dimensional lattice generated by
T = iZoalp(ZO, wg) and Q == inBQP(Zo, wg).

Proof:
The divergence of the 1-form w : e — iKgb(zo, wo)wa(zo, wp) at some black vertex b
is given by

(divw)(b) = ) K (20, w0) Qb (20, wo)

w’/~b

= i(Q" (20, w0) - K (20, w0))y, , = iP” (20, w0) = 0

Similarly, one can check that the divergence of this flow is 0 at every white vertex w.
Thus, since G is planar, there exists an application ¥ : G* — C such that w = dW.

The fact that W is periodic is a consequence of the fact that G and the Kasteleyn operator
are both periodic. There exist two complex numbers & and g such that for every v € G*
and every (z,y) € 72, the difference between the image of vz, the translated of v by
(x,y) and that of v itself is given by

U(vgy) —¥(v) = 22 + yy. (2.18)

Define o and 3 to be the partial derivatives of PP at the root (zq,wp) with respect to
the first and the second variable respectively

o = 81PB(zo, wo), ﬁ = OQPB(ZO,U](]). (2.19)

Let us prove now that the numbers & and g are given by izga and iwg( respectively. Let
vz and 7, be respectively the lift of v, and v, starting at the same face of G. The complex
number & equals the sum of the complex numbers +w(e) over all edges e crossing 7, (see
figure 2.1). These are exactly the edges of G; whose weights have been multiplied by
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2.6. The liquid phase

Figure 2.1: A piece of a planar bipartite periodic graph. The shaded zone represents its fundamental
domain, delimited by the two paths v, and ~,.

z*1 in the magnetically altered Kasteleyn operator K Z(z,w), and the sign of the power

of z is the same as that in front of w(e). Noticing that

9 z itm=1
zazm =mz"=¢ -2z ifm=-1 (2.20)
0 iftm=0

we can write

&= Z i(2001 K gy (20, w0) ) Qi (20, wo)
w,beG

= iZO tr (81KB(Z(),’LU0) . QEW(Z(),’LU())).

On the other hand, recall that the characteristic polynomial P? (z,w) is the determinant
of KB(z,w). Therefore if the black and white vertices of G are labeled from 1 to n,
then

n
iZoOz = i2081P(Z0, ’u}o) = iZQ Z det(KEl (Z(), ’u}o), ey 81KEJ (ZO, w()), ce ,KEH (z(], ’wo))
j=1
(2.21)
where Kfj (z,w) is the jth column of the matrix KZ(z,w). Expanding each determinant
with respect to the column containing derivatives, we get

n n
. . B
12000 = 120 E g Olekbj (20, wp) X

7=1 k=1
COfwkbj (Kgl (ZD, wo), e ,81K§j (2’0, ’Ujo), Ceey Kt]?n (Zo, wo)) (2.22)
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2. Dimers and Amoebae

Since the cofactor Cofwkb].(Kfl,...,81ij(zo,w0),...,KgL(ZO,wO)) does not depend
on the jth column, we can replace it by Kfj (z0,wp). This cofactor by definition is

ijwk (Zo, wo). Thus,

n n
izo =20 Yy Y 01Ky, (20, w0)Qp w, (20, wo) (2.23)
j=1k=1
=120 tI‘(alKB(Zo, wo) . QB(Z(), ’u)())) = 1. (2.24)
The same argument applied to 7, gives the formula
we =7. (2.25)
O

In what follows, to construct the application from G* to R?, we will choose between the
root (zp,wp) on the unit torus for which the frame (z,¢) is direct. This is equivalent to

requiring that
Im (woﬁ> >0 (2.26)
2o

2.6.2 Asymptotics of K;'(b, w)

The coefficients of KZ' decays linearly. More precisely, if b and w are in the same
fundamental domain, and b, , is a translate of b by (z,y), then we have the following
asymptotics for Kg'(bg y, w):

Lemma 2.2. Let (29, wg) the root of PP on the unit torus satisfying (2.26). Then the
asymptotic expresion for the coefficients of K=' are given by

20 YwEQE (20, wo) 1
K= (byy, w) = —Re [ L0 ¥Pw ™ +0 <> 2.27
B (Pzy, W) e ( W(xfi—i—yy) 122 + |y[2 ( )

The proof of this lemma is given in [34].

Note that the geometry of the map from G* to R? appears in this analytical result.
The denominator up to a factor 7 is the vector separating the image of the fundamental
domains of b, , and w under this mapping. Moreover, if b and w are the ends of an
edge e then (2.27) can be rewritten as

zg Ywitie* 1
Kg(w,b) K3 (by,, w) =Re [ —2—0—_ +0<> 2.28
(w,b) K5 (Boy, W) <7T(xx+y}’) |22 + |y[? (2.28)

In particular, this lemma implies that the correlations between two distant dimers e;
and ey decays as dist(e1, e2) 2. As a consequence, the variance of the difference of height
between two faces grows like the logarithm of the distance between the images of the
two faces by V.
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2.7. The solid phase

2.7 The solid phase

Let wg be a periodic white-to-black unit flow. Since a probability measure p on dimer
configurations of G' gives also rise to a periodic white-to-black unit flow w,, by the
formula

wu(e) =P, [e], (2.29)
the difference w,, —wy is a divergence-free flow and the corresponding flux is the average
height function h.

For f; and f; two adjacent faces of G and € the (oriented) edge having face f; on its left
and f> on its right, define d(fi,fy) to be the maximal possible amount of flow w,, — wo
through the edge €. Thus quantity is called the capacity of the edge €.

For two any faces f and ', define D(f,f’) as

D(f,f) = min > d(fy ) 1) (2.30)
j=1
where the minimum is taken over all dual paths v = (fv(l), £ ,fv(n)) from £ =1,y

to f/ = f'y(n)

The maz flow-min cut theorem states that the quantity D(f, f’) is equal to the maximum
flux through any dual path from f to f’. This theorem can be stated as follows:

Theorem 2.4 (max flow-min cut). For any dimer configuration C, the difference of
height between faces £ and £ satisfies

h(f') — h(f) < D(f, f') (2.31)

If there exist no dimer configuration with slope (s,t), then there exists a face f and a
translated of it f; , such that

D(f,f, ) < sz +ty (2.32)

In this case, there exists a dual path v = (fi,...,fy) between f = f; and £/, = £}, a
translated of f (maybe different from f, ,) using at most once each type of face, such

that
k—1

Dy(f £ ) = > d(fj,fi11) < s2’ +ty/ (2.33)
j=1

There is a finite number of such paths, and each paths of this type gives a constraint on
the slope of a height function. In particular, the Newton polygon representing the set
of all possible slopes is the convex set defined by the intersection of the half-planes

{(s,t) | Dy(f, £ y) > sa’ + ty/'} (2.34)
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2. Dimers and Amoebae

when v runs through the set of such paths. The case of equality in the inequality
corresponding to a path v means that the flux through this dual path is maximal: the
amount of flow w,, through an edge crossing « is either 0 or 1. In other words, the state
of the edges crossing v is completely deterministic. The path ~ is called a frozen path.
One can always manage to deform slightly v so that any edge crossing v appears with
probability zero in the random configuration.

By
4
7 2 3 73 Bx
2
-4
o O
(a) weighted graph (b) phase diagram

Figure 2.2: The graph and the phase diagram of a dimer model comporting a non-frozen solid phase.
The multipliers used to compute the Fourier transform of K are indicated on the graph.
On the phase diagram are drawn the type of edges appearing with probability 1 in each
frozen solid phase. The fourth solid phase is not completely frozen. The frozen paths
corresponding to this phase are represented by dotted lines.

Every weighted bipartite graph is equivalent? to a honeycomb graph with a n x n funda-
mental domain. Generically, all the weights are non zero, and the Newton polygonal is
an isoceles right triangle. It has 3n lattice points on the boundary, each corresponding
to a solid phase of the model. These different solid phases are easily described. For
example, the vertical side of the Newton polygon corresponds to n frozen paths in the
Z-direction. The strips between two neighbouring frozen paths admit only two dimers
configurations (see fig.) with generically different energy, given by a succession of edges
in one of the two directions allowed. The choice between the two directions depends
on the magnetic field. The transition from a solid phase to another happens when the
magnetic field makes one of these strips switch from one direction to another.

A typical tiling with a height lying on this side of the Newton polygon will be a succession
of rows of edges of the same type separated by frozen paths. Two solid phases will differ
from each other by the direction each rows has.

In this generic situation the solid phases are really frozen: every edge appears in the
random dimer configuration with probability 1 or 0.

2The equivalence relation for dimer graphs means that one can pass from one graph to another by a
succesion of elementary moves that preserves dimer properties. See [52]
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2.8. The dimer on the honeycomb lattice

This is however not always the case, as shows the following example. Let us consider
the dimer model presented on figure 2.2l

This model presents 4 solid phases, 3 of them being completely frozen. The fourth one
is of a different kind: between two neighbouring vertical frozen paths, the strips admit
an infinity of dimer configurations corresponding to tilings of infinite strips of width 2
by 2 x 1 dominos. Dimer configurations in different strips are independent.

2.8 The dimer on the honeycomb lattice

In this section we discuss the different aspects introduced in this chapter on a particular
graph: the honeycomb lattice H. The dual graph of H is the triangular lattice, and a
dimer configuration can be seen by duality as a rule to glue the triangular faces of H*
by pairs, leading to a tiling of the plane by rhombi.

Every edge of the lattice is assigned a weight equal to 1. A system of coordinates (z,y)
is chosen to label fundamental domains of the graph consisting of a white and a black
vertex.

Figure 2.3: A piece of the honeycomb lattice. The shaded area represents the fundamental domain of
this lattice. The unit vectors X and y drawn with solid lines define the system of coordinates
(z,y) we use to label vertices. Another system of coordinates (¢, y) is used, using vector ¢
in dotted lines.

The characteristic polynomial for this model is P(z,w) =1+ z + % For a given choice
of magnetic field (B, By), the inverse Kasteleyn operator is given by the formula

Z2TYw® dz dw
K= (b, W) — ) 2.35
B (bry, W) //11“2 14+ eBay 4 e—Byi 2Tz 2imw ( )

If the three inequalities

ePepePr>1, 14ePr>e By, 146 P> b (2.36)
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2. Dimers and Amoebae

are fullfilled, the polynomial PB(z,w) = P(ePsz, eBvw) has two zeros on the unit torus
T? and the corresponding Gibbs measure is liquid. If one of these inequalities is not
statisfied, the Gibbs measure is frozen: with probability 1, we will see only one type of
edge. All the Gibbs measures have the conditional uniform property: the probability
measure induced by conditionning on an annular region on the tilings inside this region
is the uniform probability measure.

Imposing a magnetic field in this case is in fact equivalent to assigning different weights
to edges according to their orientation, as in figure 2.4

Figure 2.4: The weights assigned to edges of the honeycomb lattice, according to their orientation.

These weights a, b and c are related to the magnetic field by

B, = log (2) B, = —log (Z) (2.37)

This is the point of view we adopt in this section.

o)

S

Figure 2.5: The amaeba of the dimer model on the honeycomb lattice. The connected complement of
the complementary represent the solid phases of the model. The type of edge appearing
with probability 1 in each of these phases are represented.
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2.8. The dimer on the honeycomb lattice

The spectral curve of this dimer model is a Harnack curve of genus zero, whose amceba
is represented on figure 2.5. The dimer model has only two phases, instead of three:
there is no gaseous phase. It belongs thus to the class of the isoradial dimer model with
critical weights introduced in [30] by Kenyon: there is an embedding of H* in the plane
such that every face is inscribable in a circle of radius 1, and the length of any dual edge
is proportional to the weight of the corresponding primal edge®. The faces of H* are
triangles with side length proportional to a, b and c.

A dimer configuration on H can be interpreted as a surface in R? through the height
function: the corresponding tiling is the projection of a landscape of unit cubes in the
plane perpendicular to (1,1,1) direction, and the height function is the coordinate in
the direction (1,1,1).

It is sometimes more convenient to use another system of coordinates to label vertices
of H. We decide to use (¢,y) where ¢ = x + y labels the columns of hexagons of H. The
inverse Kasteleyn operator in these new coordinates is given by

—y, ¢
Kfl(bcjw) :/ u ‘w du dw .
4 T2 a+ %(b + cu) 2iTu 2iTw

In the special case when ¢ = 0, this integral can be completely computed by the method
of residues. If y #£ 0, K‘l(béo),w) equals
_ 0 N Sin(90y)
K (b, w) = ——=.

Tay

where 6y = Arccos (‘12%;;‘32) The inverse Kasteleyn operator, restricted to a column

is a discrete sine kernel. In the continuous framework, the sine kernel describes the
statistics of eigenvalues in the bulk the spectrum of large random Hermitian matrices.
Several between random tilings and discrete sine process have been presented in [21]

In chapters 4/ and |5, we will see that in some particular limit cases, the distributions
of dimers in a column converge to that of the eigenvalues of large Hermitian random
matrices. In chapter 4, we discuss the case when 0y converges to w. The case when 6
goes to 0 is developped in chapter |5 and generalized in chapter 6.

Before that, we introduce in the next chapter some definitions and basic facts about
determinant random fields, giving the necessary framework to describe the two examples
of such random processes discussed here, namely the dimer model on a bipartite planar
graph, and the statistics of the eigenvalues of large Hermitian random matrices.

3The usual embedding of the trianglular lattice H* with equilateral triangles is a case of isoradial
embedding, corresponding to equal weights a = b = c.
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3 Determinant random point fields

In the random dimer model on a bipartite planar graph, the probabilistic quantities of
interest, like the correlations between edges, are given by determinants. It is an example
of a determinant random point field.

In this chapter, we present some background on the theory of determinant random point
fields. Here are collected definitions and basic properties about these objects that will
be necessary in the sequel. These facts as well as an exposition of some recent results
can be found in [56].

3.1 Definitions

Let E be a separable Hausdorff space, called the one-particle space and ) be a space
of countable configurations of particles in E. In our examples, E will be a product
H;n:l E;, with F; = R or Z, or the set of edges of an infinite biperiodic graph G.

To a Borel set B of E and to a configuration w € € is associated an integer Np(w)
representing the number of particles in B. We assume that each configuration w =
(x;)iez of X is locally finite, i.e. that Nx(w) in any compact set K C FE is finite.

We refer to a set of the form
Ch={weQ| Npw)=n}

as a cylinder set. The o-algebra F of measurable subset of €2 is the o-algebra generated
by the cylinder sets.

Definition 3.1. A random point field is a triplet (Q,F,P) where P is a probability
measure on (X, Q).

Such a probability measure can be constructed, at least in the cases we will consider, by
Kolmogorov extension theorem [37]. Suppose we are able to construct a joint distribution
of non-negative integer-valued random variables Np for a sufficiently large class R of sets
BY such that the following finite-additivity condition holds: if By, ..., B, are disjoint
sets of the class R and B = U;n:1 Bj, then

Np = Z Np; almost surely. (3.1)
j=1

"When E = R? for instance, it is sufficient to consider the class R of all finite unions of open, closed
or semi-closed rectangles with rational integers.
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3.1. Definitions

The joint distribution of random variables N, B € R determines uniquely a probability
distribution on (€2, ¥F).

‘We now define the correlation functions.

Definition 3.2. Locally integrable function p, : E™ — RT is called the n-point cor-
relation function of the random point field (2, F,P) is for any disjoint bounded Borel
subset Bji,..., By of E and any integers nq, ..., ng, the following holds

k
= dzy---d 3.2
H NB [ n] /;?1><---><sz pn($17 7$n) €1 Tn ( )

where n = Z?Zl n; and IE is the mathematical expectation with respect to IP.

The probabilistic interpretation of py, is the following: for j € {1,...,k}, if [z;, x; + dz;]
is an infitesimally small bax around z; of volume dx;, the probability to find a particle
in each box is

pn(T1,. .. xn)dey -+ - day, (3.3)

One can construct from these correlation functions a generating function for the joint
distribution of (Np,,...,Np,). If

n=my,...,ng), z=1(21,...,2x), B=(B1,...,Bg),

it will be convenient to use following multi-index notations
k k
= = n _ Br ng n n ng
_Hnj!, |n|—an, B"=BM x - x BlE, gt =M. g

The generating function @ p(z) is given by the formula

k k
o i (—2)" NB]"
N 1;[1—,2] V= Z n! = H(NB —n;)!

ncNk Jj=1 J
)
= Z ( ‘) / pn(xla ,$n)d$1 dxn
neNk B

The probability to find exactly n; particles in B; for every j is obtained from Qg(z) by
differentiation

(-l o

P [Vj S {1,...,k} NBj = nj] = ol 8?QB(Z)
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3. Determinant random point fields

where 5977; stands for the differential operator g% e %. In particular, the probability

of having no particle in a Borel set B is given by the alternating series

P [Ng = 0] :Z (_1!)71/-"/npn(xl,...,xn)dml...dxn. (3.5)

n

n=0

We now introduce the notion of determinantal random point field, which will be useful
in the next chapters:

Definition 3.3. A random point field in F is called determinantal or fermionic if its
n-point correlation functions are given by
pn(T1, ... xy) = 1§c}3t§n[,](azi,mj)] (3.6)

where J(x,y) is the integral kernel of a non-negative locally trace class operator on
L2(E), also denoted by J.

For a determinantal random point field (2, F,IP), the generating function of the distri-
bution of the number of particles Np in a bounded Borel set B equals the Fredholm
determinant® of Id — zJp, with Jp : f — [ J(-,y)f(y)dy, whose expression is

+oo n
Qp(z) = Det(ld — 2Jp) = » (_nz') // det[J (2, xj)]day - - - dzp. (3.7)
 nl n

Similar formulz exist for the generating function of the joint distribution of the numbers

of particles Np,, ..., Np, in disjoint bounded Borel:

k
Qp(z) =Det(Id — > z;- Jp,)

j=1

_ (=" [ ot [ J(zs 2\ dws - - - da
= X S el 05)

neNk

If the kernel J(z,y) is bounded, say by M, then the series Qp(z1,...,2y) is an entire
function of z € CF. Indeed, Hadamard’s inequality states that the determinant of a
matrix is bounded by the product of the £2-norms of its columns:

2Fredholm determinants are used to solve integral equation of the form

plz) — A / (@, 9)p(y)dy = f(z).

The coefficient )
ﬁ//n det[J(zi, ;)| dz1 - - - dan

is in fact the trace of the operator Jp acting on functions on the n-th exterior power of E. This
formula is thus a generalization of the usual formula det(I — A) for matrices.

52



3.1. Definitions

Lemma 3.1. Hadamard’s inequality

n

VAeM,(R), |det(4)] < ﬁ (Z Agj)m (3.9)
j=1

Consequently, the nth term in the series (3.8) is bounded in absolute value by

o

[ detlatein)anal < LI [ Wna)aa

n! n!
21" oy < (T (15, ||z] :
< / (|n|M2)M/2q25 (H )|n|ln\/ .
n! Bn i
The series Qp(z1, ..., 2,) converges normally on every compact set of C* and is thus an
entire function of z. In particular, the joint distribution of Np,,..., Np, is completely

determined by the correlation functions.

The generating functions @Qp(z) can be useful to prove weak convergence of random
point fields. Indeed, the space Ng of all locally-finite, integer-valued measures on F
is usually endowed with the topology defined by the usual notion of convergence for
measures: a sequence (u,) converges to pu if for all functions f with compact support in
E7

lim /f dpn, = /f dpu. (3.10)

n—-+o0o

With this topology on N, weak convergence of random point fields, or equivalently,
of probability measures on N, is equivalent to the convergence of finite dimensional
distributions [9].

Let (i) be a sequence of determinantal random point fields with kernel J(™. Suppose

we can prove that for every finite collection of Borel sets B = (B, ..., By), the series
k
B (2) =Det(1d =" z - J”) (3.11)
j=1

converges to a Fredholm determinant

k
_ . 7(o0)
Det (Id Z 2 Jg ), (3.12)
and that this series has a positive radius of convergence around z = (1,...,1). Then by
a standard argument [4], the joint distribution of (Np,,..., Np,) converges, and thus

the determinantal random field u, converges to a random point field ¢ with a kernel
J(®),
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3. Determinant random point fields

3.2 Examples of determinantal random point fields

3.2.1 Eigenvalues of Random matrices

The archetypical example in random matrix theory is the so-called Gaussian Unitary
Ensemble. See for example [16] for a review. Gaussian ensembles belong both to the
family of invariant ensembles — for which the probability measure is invariant under
the action of some continuous symmetry group — and to the family of ensembles with
independent identically distributed entries.

Let 3 be the set of Hermitian matrices of size N. A matrix H € H has N? real
degrees of freedom: one can chose arbitrarily the N real entries on the diagonal, and

the real and imaginary part of the M complex entries above the diagonal. H can

de identified with IR”Q, and we define a probability measure vy on Hy by giving the
expression of its density with respect to the Lebesgue measure on RY 2, denoted by dH.
If f is a measurable function on Hy, its expectation with respect to this probability
measure is

B,y [f(H)] = ZlN/g{ F(H)e o g g (3.13)

where Zp is a renormalization factor to ensure we deal with a probability measure. The
denomination of Gaussian Unitary ensemble is justified by the fact that ﬁ tr(H?) is a
positive definite quadratic form invariant under the transformation H — U~'HU, where
U is a unitary matrix, implying that the probability measure vy is a Gaussian measure
preserved by the action of U(N). With respect to uy, the different degrees of freedom
(hii, Re(hsj) and Im(h,;) for j > i) are independent random variables with Gaussian

distribution.

The U(N) invariance can be used to “integrate out” the dependence on the eigenvectors
of the random matrix Hpy, and to get a probability measure uy on eigenvalues \ =
(Aly.o oy AN)

1 Ll (A24. 122
Eu o] = 7 [ a0y = wpe svOFioasa (319)
N /R i<j
Rewriting the square of the Vandermonde of A as an exponential
TT03 = 302 = o
1<j
one can give a new interpretation of uy as a Boltzmann measure of a system with N
particles with mass %, repelling each other by Coulomb interaction.

The statistics of the eigenvalues of the random matrix H can be studied, making use of
the method of orthogonal polynomials, involving in this case Plancherel-Rotach asymp-
totics of Hermite polynomials.
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3.2. Examples of determinantal random point fields

The empirical measure
N
1
My =5 D0, (3.15)
j=1

converges weakly when N goes to +0o to a probability measure with support [—2,2]
whose density do, with respect to Lebesgue’s measure is

1

T 2r

doo () 4 — 221 _9 (7). (3.16)
This is the Wigner semicircle law. This tells us that roughly, the spacing between
two neighbouring eigenvalues in the bulk is is of order % If we rescale properly the
eigenvalues A around z( € (—2,2) by posing

§ = TNdoo(z0) (A — 20), (3.17)

then letting IV going to infinity, we get the convergence of the distribution of the random
points £ to a determinantal random point field whose correlation functions are

sin(&; — fj)} _

pe(&r, - &) = det[ (& — &)

(3.18)

The kernel 54 s called the sine kernel.

At the edge of the spectrum, the density goes to zero. The typical distant between two
successive eingevalues is of order N~1/3 and the scaling needs to be modified. At the
edge of the spectrum, the distribution of the rescaled eigenvalues

(=N3(\-2), (3.19)

converges when N goes to infinity to a determinantal random point field with the Airy
kernel

Ai(z)Ai'(y) — Ai(y)Ai'(x)

A = 3.20
(2,9) p— (3.20)
where the Ai(x) is the Airy function
1 [T . 13
Ai(z) = = / T dt. (3.21)
™ —o

The GUE ensemble furnishes two examples of determinantal random point fiels with
hermitian kernels. If an evolution of the system in time is wanted, one can replace the
Gaussian random variables by Gaussian stochastic processes, like Brownian motion or
Ornstein-Uhlenbeck processes. The eigenvalues depend now on time, modelling the mo-
tion of charged particles, not allowed to cross each other. Determinantal expressions for
probabilities involving non intersecting paths is a well know phenomenon in probability
theory [23] as well as in combinatorics [17].
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3. Determinant random point fields

In a suitable scaling limit, the distribution of the time-dependent eigenvalues converge
to a generalization of the determinantal random point fields described above, with the
so-called extended sine kernel and extended Airy kernel. Note that these kernel are not
hermitian any more. The distribution in time of the first eigenvalue of the random
matrix, referred to as the Airy process, introduced in [50], appears as the scaling limit of
random growth system, crystal melting or also in random tilings of the so-called Aztec
diamond [22]. The extended sine kernel will be discussed more in details in the following
chapter.

3.2.2 Dimer models

The dimer model is another example of determinantal random point field. Let G be a
Z2-periodic, with positive weights on edges, and K the associated Kasteleyn operator.
If p is a probability measure on dimers configuration of G as described in the previous
chapter: 4 is a Boltzmann measure if G is finite, and a Gibbs measure if G is Z?-periodic.

The one-particle space is the set of edges of E, endowed with the discrete topology

The correlation functions are given by determinants. In this discrete setting, the expres-
sion of the n-point correlation function p,, evaluated at edges e; = (wy,by),..., e, =
(Wl, b1) is

1<i,j<n

pu(er,....en) =Pler,... e, € C = (H K(wk,bk)) det [K7'(bj,w))] (3.22)
k=1

= det [J(ej,e)] (3.23)

1<i,j<n

where J(ej,e;) = K(w;,b;)K™'(b;, w;).

If an explicit embedding of the graph G in the plane is used, the dimer model can
be interpreted as a determinant random point field on the plane. Suppose that the
fundamental domain of G contains n edges, whose translates define n classes of edges.
A dimer of a configuration is identified with the image under the embedding of its white
end, labelled with the class of edges it belongs to. The probability distribution of the
position of the labelled points is a (multitype) determinantal random field. The kernel
of this random field is singular, since the particles are forced to sit on a set of Lebesgue
measure 0 (the image of the white vertices).

We would like to indicate that the dimer model is not the only model from statistical
physics whose correlations have a determinantal form. We cite the example of the random
uniform spanning tree model [5]. A spanning tree of a graph G is a connex subgraph
without cycles covering all the vertices of G. For a finite graph, the number of spanning
trees equals the determinant of the discrete Laplacian of the graph. The probability that
k edges appear in a uniform spanning tree is the determinant of a matrix whose entries
are transfert impedances, which are combinations of Green functions. Temperley [59]
discovered a bijection between the uniform spanning tree model on (a piece of) Z? and
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3.2. Examples of determinantal random point fields

the random tilings with dominos. This correspondence has been widely extended to
other graphs [35, 36].
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4 Lozenge tilings and the Dyson model

A dimer configuration on the honeycomb lattice H is, by duality, in correspondence
with a tiling of the plane with three different types of rhombi, which can be viewed as
a three-dimensional landscape made of cubes piled up.

This three-dimensional interpretation of dimer configurations on subgraphs of H has
been used for example to modelize a melting crystal corner [7, 44]. A dimer configura-
tion of H with asymptotic constraints on the slope of the height function, as the one
represented on figure 4.1/ can be viewed as the corner of an infinitely large crystal from
which some atoms (small cubes) escaped.

Figure 4.1: A melting crystal corner.

This crystal corner can be described by the family of paths formed by rhombi with
a vertical side, separating zones tiled with horizontal rhombi. Using the techniques
of [44], Ferrari and Spohn [13] studied the fluctuations of the first ledge, separating the
frozen region and the temperated one. The fluctuations of this first ledge are related in
the scaling limit (when the size of the atoms goes to zero) to the Airy process, which
describes the fluctuation of the upper path in a family of N Ornstein-Uhlenbeck processes
conditionned not to intersect, also known as the Dyson model, in the limit when N goes
to +o0.
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4.1. Non colliding random paths

In the limit of an infinity large crystal corner, the local statistics are given by the Gibbs
measure with a slope equal to that of the asymptotic height function [31]. We consider
the Gibbs measure corresponding to the local statistics in the neighbourhood of this
first ledge. In the random configuration, edges of type b and ¢ form a infinite family of
non-intersecting paths. In this chapter, we study the scaling limit of this family of paths
and prove that their distribution in the limit coincide with the so-called sine process
describing the bulk of the Dyson model in the stationary regime.

4.1 Non colliding random paths

A dimer configuration of the honeycomb lattice is in correspondance by duality with a
tiling of the plane with rhombi of three different types. The type of a rhombi refers to
the orientation — and therefore to the weight a, b or ¢ — of the corresponding edge.

<

(a) (b) ()

Figure 4.2: The different types of rhombi in a tiling corresponding to a dimer configuration on the
honeycomb lattice.

In such a tiling, rhombi of type b and ¢ form infinite paths from left to right that cannot
cross each other. This collection of paths characterizes completely the whole tiling.
In this chapter, we are interested in the limiting distribution of these paths when the
probabilities of apparition of b- and c-rhombi are equal to each other and tend to zero.
This is achieved for example by taking b = ¢ = 1 and letting a go to 2 from below.
Recall that if a is greater than 2, then the system is frozen, and with probability 1, we
will see only a-rhombi. To label vertices of the graph, we use the system of coordinates
(c,y) described in section 2.8l

Let € > 0 be small. The inverse Kasteleyn operator K-' for the weights a = 2COS(%),
©)

b= c =1 between w and black vertex bg(,

K- // dz // ) YwtY dz dw
T2 a+ b/w + cz 2imz 217rw ™ a —|— (1 + zw) 2imz 2iTw
[ e
_Jsta + (1+ 6’0) 2imw 2w

:/ i0(—y+c/2) / u du ) df
o 51 2cos(e/2)u+ 2cos(0/2) 2im ) 27
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4. Lozenge tilings and the Dyson model

—zgzgzgg is outside of the unit disk if and only if 2cos(6/2) > a, i.e. if

and only if § € (—¢,¢). The integral over u in the definition of K;' can be computed
using residues, and we get the following expressions for the entries of that operator

(_1)c+1 / cos(0/2) ) © i0(—y+c/2) df .
N i do ¢
2c08(¢/2) Ji—cq <COS(E/2)> € 2 ifc<0

(_1)c / cos(6/2)\ ¢ i0(— .
PYSUTY e0(-yte/2)d0 3¢ . >
2 COS(€/2) [—m,7]\[—¢.e] (COS(5/2) ) 2m

Since a is close to 2, one sees in a typical configuration large zones tiled by rombi of type
a, separated by paths made of tiles of type b and ¢, the distance between paths being
larger and larger as a gets closer to 2.

The pole at u =

K2 (bS,w) = (4.1)

As the paths become more and more distant, they should behave like simple random
walks since they do not feel the presence of other paths. Indeed, if we condition on
having a path passing trough a given point, one can compute the law of the n first
steps of the path from this point. The probability that a path of rhombi passes through
vertices labelled by (0,vo), ..., (n,yn), given that the horizontal edge (w(’,bg’) is not
covered by a dimer, is given by the following expression

(Co.Yo)
P | Ny ' X&]
1 Kgl(b07wl) Kgl(bnflawl)
det : : (4.2)

:1—aK_lb7W ‘
T ) L Koo

Ci Cj
where b; and w; are shortcuts for b j] and Wjj .

Since K~!(b;, w;) = 3 + o(1), and K~'(bj, w;) = £ + O(e) if j < i, the determinant in
(4.2) equals up to terms of smaller order

(0 5 % - %K
00 3 . o
det | - : == (4.3)
: * on '
0 0 3
5 0 0]
and hence, the probability (4.2) equals
1 € 1
— | = = — 1 4.4
(G o) = hret v

When € goes to zero, this conditional probability converges to the corresponding prob-
ability for a simple random walk. In the limit we are left with an infinite collection of
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4.2. The Dyson model and the sine process

random paths that individually behave like a random walk, but that are conditionned
not to intersect with each other. This looks like a discretized version of the so-called
Dyson model, modelizing the diffusion of particles conditionned not to collide, when the
number of particles goes to infinity.

4.2 The Dyson model and the sine process

The Dyson model [12] is a random process on Hermitian n x n matrices H , where
the independent coefficients of each matrix H independently undergo diffusion. More
precisely, they execute independently Brownian motion subject to a harmonic restoring
force. When n = 1, this is the so-called Ornstein-Uhlenbeck process. Dyson observed
that the equilibrium measure is the Gaussian Unitary Ensemble (GUE) measure of
random matrix theory. In a Dyson process, one is generally interested in the distribution
of the eigenvalues of the matrix, seen as curves parameterized by time. Given 7 < --- <
7. and a sequence of subsets (Ij)é?:1 of R, the distribution of the number of curves
crossing subset [ at time 73, for every k can be expressed in terms of determinants of
the extended Hermite kernel, a space-time extension of the Hermite kernel appearing in
the GUE. In particular, the probability that all the curves avoid all the subsets is given
by the Fredholm determinant of this kernel.

If we scale the Dyson process in the bulk when n goes to infinity, we get the sine process
associated with the extended sine kernel given by

Y venee / de .y
e cos(gZ)(y — y))— if t/ <t
0 T

S(t_t/7y/_y): +oo , 5 dd)
—/ e~ (t'=1)97/2 cos(p(y —y))— ift' >t
1 s

(4.5)

sin(y’—y)
(Y —y)

The sine process describes an infinite system of particles repulsing each other by Coulomb
force, and which is homogeneous both in space and time. Such a system has been studied
by [12, 58, 26]

The probability that the number Nj,(7;) of curves crossing I; equals n; at time 7; is
given by the following expression

When t = ¢/, this reduces to the usual sine kernel

P[vje{l,.. k}NI(TJ =n;

]
= 2 TS e St SE @) (50

pENFK

lpl

! nl

where &; stands for the variables (7, y) ranging over the ith factor of the cartesian product
(11, 11)™ X -+ X (g, I)™. In this expression, we used multi-index notations:

k k
=t Inl=> n;
j=1 j=1
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4. Lozenge tilings and the Dyson model

4.3 Convergence to the sine process

For a fixed ¢, we represent our paths of rhombi by continuous functions as follows. We
first embed the honeycomb lattice H in the plane such that every white vertex with
coordinates (c,y) is mapped to the point (%c, £(2y — ¢)). This diffusive scaling seems
natural since the paths of rhombi behave like random walks at small scales.

A path of rhombi is then encoded by the piecewise linear path joining all the white
vertices covered by this path. We get a bi-infinite family of paths (X&(¢))nez, indexed
by time ¢t € R. By convention, the path correponding to the index 0 is the one passing
the closest to y = 0 at time 0.

Such a family of paths is in bijection with a random tiling with rhombi. The Gibbs
measure on tilings (or equivalently on dimer configurations of H) can therefore be viewed
as a probability measure on C(R*), the set of continuous functions on R with values in
R = {i? = (zj)jez Vj €Z z; € IR}. The space R*> is a complete separable metric
space with the metric

_l’_
dm@—pzifl;i&;%L
Y b —oo Q‘kl 1+ ‘(L‘k —yk\

The topology induced by this distance is the topology of coordinatewise convergence,
and the sets

Bk,E(j) = {?j ; V] € {_kw-'ak} ‘yj _wj‘ < 6}
form a basis for this topology.

The aim of this section is to prove the following theorem

Theorem 4.1. The probability measures (P:), as measures on bi-infinite families of
continuous paths on R, converge weakly in C(R>) to the sine process.

The proof of the convergence of the ensemble of paths to the sine model is based on
precise asymptotics of the inverse Kasteleyn operator when € goes to zero, that are proven
in lemma 4.1. These asymptotics allow us to prove the finite dimensional distributions
of P, to those for the sine process in proposition 4.1. Then we prove that (PP.) is tight
in proposition [4.2. A key point of the proof of this proposition is a simple comparision
between probability for paths of rhombi and for simple random walks given by lemma
4.2.

Since the proofs of proposition 4.1/ and |4.2 are rather long and technical, they are exposed
separetely in section 4.4/ and 4.5| respectively.

Let us begin with the asymptotics of the kernel in the scaling regime described above,
when € goes to zero.

Lemma 4.1. For every e > 0, let (¢c,y.) € Z? such that

1 1
lim —e?c. =T €R, lim-e(2y. —¢.) =Y € R. (4.7)
e—0 8 e—0 2
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4.3. Convergence to the sine process

o IfT #0, then
(_1 ce+1
lim faKgl(cs, y.) = el S(T,Y). (4.8)

o Ifc. =0 and y: # 0 for € small enough,

: ;a -1 _ Sin(Y) _ 0
3:13% € Ks (ans) - 7Y =e S(O,Y) (49)

e Ifc. =0 and y. = 0 for € small enough,

1 - aK:! 1
lim L= K00 1 0gg. ). (4.10)
e—0 5 ™

—1 —1
Moreover, the quantities w (or M if (cc,ye) = (0,0)) are uniformly
bounded in €.

This lemma shows that the discrete kernel for the dimer model on the honeycomb lattice
converges, up to a factor e’ and except for the third case, to the extended sine kernel.

Proof:
Suppose first that T' < 0. In this case, for € small enough, ¢. < 0 and

K (eoe) = (—1)e+ /5 (2 cos 9/2)>CE ez’(—ys+c£/2)9%

—

a . a 2T
_ (1) /5 cos(6/2) o7 (1o(1) e—i9§(1+0(1))i6
a . \ cos(g/2) 2
8% (14o(1))

:a(—l)“s+1 /1 cos () efinz)(lJro(l))%
a _1 cos(%) ™

8T (140
(=1 /1 (1 B Cat VI 0(52)> ) oy 49

a _1 27

When € goes to zero, the integrand converges to eTe=9"Te=1Yo A simple application of
Lebesgue dominated convergence theorem shows then that

(D _ o [ e ivedd
;%faKg (cc,ye) =€ 716 e o
1
d
:eT/ e_¢2Tcos(Y¢)—¢:S(T,Y). (4.11)
0 ™

63



4. Lozenge tilings and the Dyson model

When T > 0, ¢. > 0 for € small enough, we have

Kot (cey ye) = = / <2COS(9/2)>C€ ei-vere/ L] (4.12)
[_ﬂ—vﬂ—]\[_e»e}

a 2T

_ (== /: <2COS(9/2)> cos((—y + c/z)@)%. (4.13)

a a

(4.14)

If we change the variable in the integral, defining ¢ = €6, we get

) 8% (140(1)) do

cos(Y¢ + 0(1))7

55 (1+o(1))
e (eos(F)\ ¢ dg
= /1 ( ey cos(Y¢ + o(1)) -

5 (1+0(1))
e(=1) [T/ [cos(F) ) 7 d¢
+ / (COS(;) cos(Y¢ +o(1)) -

A

for a given large number A. The second integral can be bounded by

8(—1)c /e COS(@) Eg(l+0(1)) do
/ 2 cos(Y ¢ + o(1))—| < Ce~T(A-NFo(1) (4.15)
s

a A

uniformly in ¢ for € small enough. A domination argument shows that the first integral
converges to

4, do
T —$2T
e /1 e cos(Y o) - (4.16)

As a consequence, letting A go to oo, we get

—1)¢ +oo d
lim (=1) aKZ ' (y,c) = eT/ e T COS(Y¢)—¢. (4.17)
e—0 g 1 T
When ¢, =0, K™*(¢., ye) given by
1 (" do
KZ'(0,y:) = a/a cos(ygﬁ)?. (4.18)
If y. # 0, then
(—Da,,_, asin(mye) — sin(y.e)  sin(Y)
K10, 4) = — 2 - 1). 4.19
D00, ) = - 20T~ M o). a9)
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4.3. Convergence to the sine process

However, if y. = 0 for ¢ small enough, KZ'(0,0) = 7= and thus

. -1
1= ak:'(0,0)

1
= —. 4.2
e—0 g ™ ( 0)

The uniform bounds are obtained directly form the expression of KZ' given by (4.1).

When T < 0,

K- = 1 j 2cos(6/2) \ © i0(—y+c/2) d0 <l (22 *‘6/2<

’6Ks (cer ye)| = 5/—5< . ) e Co _ﬂ(l (£) ) <C.  (4.21)
When T > 0,

a
‘gKgl(caaya) =

1 / (2 CoséG/Q) ) € if(—y+c/2) %
€ [771—77"]\[75»5]

<1 (1- (;)2)_c€/2/5 A < O (4.22)
1

T
When ¢, = 0, the bound is obtained by a direct evalution of (4.1). 0
As in the case of the sine process, for given times 7q,...,7; and unions of intervals
Ii,..., I, we can compute for every e the probability that for every j, the number

N 187- (1) of paths in I; at time 7;. equals nj. The following proposition states that these
probabilities converges to the corresponding probabilities for the sine process.

Proposition 4.1. The finite dimensional distributions of X¢ converge to that of the
extended sine process.

ForallTy,...,Tm € R, and I1,..., I, C R finite unions of intervals,
lim P (N7, (t1) =n1,...,Nf, (ty) =ng] =P [Np (t1) =n1, ..., Np () =ng]  (4.23)
We prove also tightness of the family of probability measures (IP.) in C(IR*). Since R>

is a nice complete separable metric space, tightness is characterized by the following two
properties [3] we have to check:

Proposition 4.2.

i) The sequence of distributions of (X¢(0)) is tight: for each n > 0, there ezists a
sequence of closed intervals ([—ay, ax))kez such that

Ve, P.[3keZ, Xr(0)¢[—ar ar]] <n (4.24)

i1) For each L >0, for each positive 6 and n, there exists an o € (0, L) such that

Ve, P. sup dist (X (s), X(¢)) > 0| <n (4.25)
—L/2<st<L/2
[s—t|<a

65



4. Lozenge tilings and the Dyson model

Tightness and convergence of finite dimensional distributions of the family (IP.) imply
the weak convergence of this family to a probability measure on C(R*) whose finite
distributions coincide with that of the sine process. The family of discrete random paths
therefore converges weakly to the family of random continuous paths described by the
sine process.

4.4 Proof of proposition 4.1

This section is devoted to the proof of the convergence of finite dimensional distributions
of the family (IP.). It makes use of standard objects in the theory of random point fields,
described in the previous chapter.

We denote by 7¢ the quantity | g% | and ()¢ the set of integers {y € Z |e(y — ire) eI},
The set of white vertices with coordinates (¢,y) € {7°} x (I)Z are the white vertices the
closest to {7} x I.

The function Q° of the variable z = (21,...,2;) € C* defined by

k Ne |

k n
H 12" = ST E (] ™ fn 5 (_TZ) (4.26)

neNk Jj=1

where 2" = Hf 1 zj , is a generating function for the probabilities we are interested in.

Indeed, an inclusion-exlusion argument shows that

k NE‘
P, [NS (1) = n,..., NE (t) = ng] = 4.27
[ Il(tl) ni [k(tk) nk] pglgk n! pl 1;[ Né‘ n]-f-pj))l ( )
(_1)n 15
=G, (4.28)

We will show that Q° converges to the corresponding generating function for the sine
e

process. For this, we first compute the quantities E. H;?:l (NEIJ),] and their limit

when € goes to 0. Up to smaller terms, these quantities are given by the sum over all
distinct nj-tuples of white vertices in {75} x (I;)7, for j € {1,...,k} of the probability
that these white vertices are covered by a path of rhombi, or equivalently, that the
horizontal edges with weight a incident with these vertices are not present in the random
dimer configuration. We have

EoONE
j _
el = 2 F Brt i By B €]
j=1 I; 2] j=1,....k
y(j,1),-~~:y(j,nj)€(1j)-€rj
distinct

(4.29)
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4.4. Proof of proposition 4.1

where a., is the horizontal edge with weight a incident with the white vertex with
coordinates (c,y).

Using the multilinearity of the determinant, one can write each of these probabilities

]PE [afle’y(l,l), cee ,afls’y(l,m), cee ,afi’y(k,nk) §é G] (4.30)

as a determinant by formula (1.6])

det(éw — aK;l(T@ — Tfj>,yi — yj)) =

l—aKZ (-5 a1y —van) —aKa_l(Tﬁ—Tf,y(k,nk)—y(m))

ety ; ; (431)

__aKgl(Tf_Tjivy(l,nl)_y(k,nk)) l_aKgl(T]i_Tzzy(k,nk)_y(k,nk))_

where ¢ and j belong to the following list of indices

(1,1),...,(L,n),....(k, 1), ..., (k) (4.32)
and the angular brackets of a couple ((7, j)) represent its first factor i.

The determinant is unchanged if we multiply each column i by e " (—1)T<Ei> and each
line by €™ (—1)" "G It follows from lemma [4.1 that this determinant is asymptotic to

el det (S(riy—jy, YE — YF)) (4.33)

where Y = e(y; — Tfj>) € I;. The sum (4.29) becomes a Riemann sum converging as €
goes to zero to the following integral

/ / det (S(& — &))de. (4.34)
(71,11) ™1 X o X (Th , I )R

Therefore, the coefficients of Q°(z) converge to those of Q(z), the generating function
for the sine process. By lemma 4.1, the entries of the matrix in (4.31) are uniformly
bounded, say by M. By applying Hadamard’s lemma , we bound the sum (4.29) by

k Ns k
S N | 24[nl/2
e H 5 —npt || = H\IJ} " | ([n]M7) (4.35)
j=1 IJ J j=1
uniformly in €. Thus, by Lebesgue’s dominated convergence theorem, all the derivatives

of the series Q¢(z) converge uniformly on compact sets of C* to the corresponding
derivatives of the generating function (Q(z) for the sine process. In particular,

lim P [Nf, (t1) = n1,..., N (t) = ng] =P [Np (t1) = n1, ..., Np () = ng] .
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4. Lozenge tilings and the Dyson model

4.5 Proof of proposition 4.2

This section is devoted to the proof of the tightness of the family of probability measures
(Ps)s>0-

First, we check the the first point ) of proposition4.2. Let n > 0. We look for a sequence
of segments such that

Ve, P.[3keZ, Xr(0)¢|[—ak,ar]] <n
is satisfied. If we take a sequence verifying that
VkeN ar=a_p and agy1 > ag (4.36)
then the condition (4.24) is equivalent to
Ve>0 P.3keN, N, <2k+1]<n (4.37)

where Ny, = N|_g, 4,](0) is the number of paths crossing the interval [—ag, ax] at time
0. We will use Chebyshev inequality to get a bound on the probability (4.37). For this,
we need first to estimate and bound the average and the variance of the random variable
Ny = N 1;(0) for any L > 0.

The average of Ny, under P, is given by

E.[Nz] = Z P, [3 a path crossing at (0,cy)] (4.38)

ye[,é’é]mz

gle

= Y (1-P.fa,c€) (4.39)

ye[féa%]mz

L

— (2 {J + 1> ; = %(1 +o(1)) (4.40)

e

Moreover, the variance of Ny, is given by

Var.(Np) =E. [N}] — E. [Ny (4.41)
—=E. [NL(Ny, —1)] — E. [Nz)* + E. [Nz] < E. [N] (4.42)
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4.5. Proof of proposition 4.2

Indeed, E. [N1(Ng —1)] — E. [N1]?, given by the following expression

2
> P.laya, ¢C - > Pelaygcl| = (4.43)
y,y’e[—%,%]ﬁZ yE[—%,%]ﬁZ
Y7y’
2

_ 1-aKZ1(0,0)  —aKZ'(0y—y)| .

= > det [_GKEI(()’y,_y) k100 ] ( > 1ak: (0,0)) (4.44)

yy'el-L, LNz ye[-£, LNz

y#y'
=— Y @K '(0,y—y)?—(1-aK'(0,0)*(2[L] +1) <0 (4.45)
vy el-L,L)nz
y#y'

is a sum of negative terms. By Chebyshev inequality, we get

L L Var.(N) _ 2w
P. |N —| <P.||Np—E¢|N, — < —< — 1 4.46
) sm - m <] <R < T as
Thus, for n < %Z,taking ap = w, we finally get that
+oo
P.[3k €N, Ny, <k <> Pc[Ng, <kl (4.47)
k=0
oo 2 2
m(k+1)
<> P. [Nak < (4.48)
k=0
400 6
< —_— = 4.4
_kzow2(k—|—1)2 1 (4.49)

Therefore, the family of distributions of (X (0)) under P, is tight.

The proof of point ii) goes as follows. First, as the topology on R is that of coordi-
natewise convergence, the condition (4.25) is equivalent to

VL>0,Vn>0 VkeN, Jac(0,L),

Ve>0,Vje{—k,...,k} P, sup | Xj(s) — X;(t)| > <n (4.50)

57t€(7%7%)
[s—t|<a

It is therefore sufficient to check this condition for each path separately. It is well-kown

that this property is true for simple random walks: for any é > 0, there exists an o > 0

such that the number of properly rescaled walks (Y¢) with N = |L/e| steps such that
sup  |Y(s) =Y (t)| >0 (4.51)

S’te(féaé)

|s—t|<a
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4. Lozenge tilings and the Dyson model

is less than 72"V uniformly in e. Therefore, by the following, rather technical lemma 4.2,
since the probability of a sequence of steps of X, is bounded by a constant times the
same probability for a simple random walk, we get by decomposing the event realisation
by realisation of the path X; from 0 to L,

P, sup | Xj(s) — X;(t)] > | <Cst-n (4.52)
ste(— 2,;)
[s—t|<a

where the constant Cst depends only in L.

Lemma 4.2. Let L > 0. There exists a cg, > 0 such that for every € small enough and
every (wn)OSnSLL/aj sequence of upward and downward steps, the probability that the
first |[L/e] steps of a path of rhombi X5, conditionned on its starting position (zo,yo),
is bounded by

L
P, [ﬁrst \‘EJ steps of X5 coincide with (w,)| X5 starts at (xo,y0)| < 2&% (4.53)
Proof:
Define L 46
0 0
g(c,y) = 2/5(0032)Ce (myte/2) — 5 (4.54)
Since
T Ao e\ [T e o (¢
2 0/2 (=y+e/2) 2 / i§(2k—0) yi g (—2y+c) & 4
/ﬂ( cos(0/2)) €’ 5 = 2 . b2 or = y) (4.55)

K='(¢,y) can be rewritten as

)M g(cy) if ¢ <0,

K (e, y) = {(_Z)chl (g(c y) — o (;)> ite>0 (4.56)

Let N = L%J Suppose that the sequence (w,) corresponds to a path covering the
vertices

Q|

by =b¥, wi =w{) by =b(l, ... by =bN "D wy =w) (4.57)

Y1’ Y12 YN—-1 YN
: _ 14w
with yip1 —yi = =5

The probability that a path goes through these vertices is given by

PP, [3 path through bg, w1, ..., by_1, wy] = det (K" (bj_1, w;))
=det(K'((j = 1) —4,y5-1 — %)) (4.58)
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4.5. Proof of proposition 4.2

where the indices i and j refer to white and black vertices respectively and range from 1
to N. Multiplying simultaneously each row of the matrix (4.58) i by (—a) ™" and each line

j by (—a)? does not affect the determinant. This manipulation cancels the coefficients

(%1 U=D=1 4 the expression of K™'(bj;_1, w;), leading to a simpler expression for the

determinant (4.58)

P. [3 path through by, wi,...,by_1, Wx]

) . Oisi (j—1—1
_daSMJ—U—%%A—WO—$:<y1_y>](4w)
j— %

where 0j~; = 1 is j > i and 0 otherwise. The matrix, the determinant of which we want
to compute, is the sum of a matrix with entries g(c,y) = O(e), and a strictly upper
triangular matrix.

We have now to find an upper bound for the value of this determinant to get the estimate
stated in the lemma. We will use the Hadamard inequality, but a direct application of it
would give too approximative a bound. We will have to make some more manipulations
on the rows and columns of this matrix.

First, note that for every c € {—N,...,N},and ¢y =y or y + 1,

a9

5 =0 (4.0

1 [¢ -9 9
' _ 0ve il (—2y+c) [ Eil 9
glc+1,9y) —gl(c,y) = 2/_6(cosz)‘e’2( Yy ‘)(e &) cosi—l)

uniformly in ¢. Therefore, replacing for j € {2,..., N}, column C; by C; — Cj_1, we get
on the diagonal and under it entries that are O(e®) (except in the first column). Tt is
important to observe that after these operations, the module of the entries (i, 5) strictly
above the diagonal does not increase, at least at the leading order in ¢, and are bounded
from above by a constant times (j — i)~ /2, since

S0 e ) s o

Now, we use the second column to put 0 instead of the first entries of colums Cj}, j > 2 by
making the subtitution C; < C; + «;2C> for a suitable value of a2 in the determinant.
From the bound on coefficients, we see that |aj 2| = O((j — 2)_1/2) and that therefore,
the module of the entries of column Cj, j < 3 does not increase more than by

O((j —2) /%% = o(1). (4.62)

We then continue this procedure, and for 3 < k < N — 1, we use column C}, to eliminate
the entries of the k — 1th row on columns Cj,j > k.

After this succession of operations, the entries (¢, j) of the matrix with j > i+ 1 are 0.
The module of the other entries of column Cj, j < 2 inscreased at most by

53 53 53
) +0(— )+“'+0Vi;j?j5

= =
J J

) = 0(*V/7) (4.63)
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4. Lozenge tilings and the Dyson model

The probability we are interested is given by the determinant

[O() & +0(V2e?) 0 = 0 |
O(e) 0O(V2e%) 2+ 0(V3e%)
det | : 0 . (4.64)
: : 1+ O(VNe?)
0(e)  O(V2e?) e O(VNe?)

Hadamard inequality states that a determinant is bounded by the product of the £2-norm
of its rows. In this particular case, it gives

P. [3 path through bg, w1,...,by_1, W]

N-1 7 %
<1l (OW +YOWE + (5 + 0<m53>2>

=1 k=2

From the fact that we have for j € {1,...,N — 1}

(0(5)2 + Zj: O(WVke?)? + (% - O(JjTlaB)2> = % + 0(e)? (4.66)
k=2
and )
N 2
(0(5)2 +> 0(\/%53)2> = O(e), (4.67)
k=1

it follows that finally

oN
(4.68)
Since the probability that there is a path of rhombi starting from bg is of order €, we
obtain the wanted bound for the confitionnal probability

1 N—-1
P. [3 path through bo, w1, ..., by_1,wy] < <2 n 0(52)> % O(e) = 0 ( ° ) .

P, |first L%J steps of X coincide with (w,,)| X starts at (Io,yo):| < 2%[ (4.69)

for some constant ¢y, depending on L. O
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5 The bead model

In this chapter, we construct Gibbs measures on configurations of points on Z x R
respecting a simple geometric condition. These probability measures are ergodic under
the action of Z x R by translation, and it turns out that the distribution of points on
each factor R is described by the determinant random field with the sine kernel, also
known as the sine random point field.

The construction provided of these measures is based on approximation by dimer models
on the honeycomb lattice.

5.1 Presentation of the bead model

We consider the collection of configurations of beads strung on an infinite collection of
parallel threads lying on the plane. A bead configuration on these threads gives a config-
uration of points on Z x R. We impose the following constraints on the configurations:

e The configuration must be locally finite : the number of beads in each finite inter-
vall of a thread must be finite.

e Between two consecutive beads on a thread, there must be exactly one bead on
each neighboring thread.

Let © be the set of bead configurations satisfying these two conditions.

¢« o

Plelt s

Figure 5.1: A bead configuration.
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5. The bead model

If there were only a finite number of threads of finite length, and a fixed number of beads
on each thread, then the set Q would be a bounded convex set of RY, where N is the
total number of beads. Therefore the normalized Lebesgue measure on €2 would give a
uniform probability measure.

The aim of this chapter is to construct probability measures for our infinite system €2
that are uniform in a certain sense. More precisely, we look for probability measures
that satisfy the two following properties:

e they are ergodic under the action of Z x R by translation

e conditioned in an annular region, they induce the uniform measure on allowed
configurations inside this region.

Such a probability measure is called an ergodic Gibbs measure. When endowed with an
ergodic measure, the set €2 is called a bead model.

We now define the o-algebra of events for our probability measures. To each bounded
Borel set B of Z x R and to each bead configuration w € 2 is associated an integer
Xp(w). Let F be the smallest o-algebra such that all the maps Xp : @ — N are
measurable. F is generated by the elementary events

{weQ| Xp(w)=n}.

If P is a Gibbs measure on (£2,F), it defines through the application X : B — Xp a
random process with value in the set of boundedly finite, integer-valued measures, i.e. in
other words, a random point field.

We will see that the Gibbs measures we construct on (€2, F) define a particular type
of random point fields on Z x R, named determinant random point fields, for which
correlations functions are given by determinants of a kernel J.

We prove the following theorem

Theorem 5.1. For a fized average density of beads, there exists a 1-parameter family
of ergodic Gibbs measures (P) on (2, F). When endowed with one of these measures,
(Q,F) is a determinantal random point field on Z x R whose marginal on each thread is
the sine random point field.

The sine random point field process is a determinantal random point field on R whose
kernel is the sine kernel

sin(z —y)

m(x —y)

and describes the statistics of eigenvalues in the bulk of the spectrum of large hermitian
random matrices. The parameter is chosen to be the average distance between a bead
and its right neighbour just below it and describes the amplitude of a magnetic field
that tends to push the beads in some directions.

S(:‘Uay) =
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5.2. Discrete bead model and dimers

. N

M L

(a) y<0 () v>0

Figure 5.2: Two typical bead configurations for different values of 7. The parameter + is negative in
panel (a), and positive in panel (b).

A way to construct these Gibbs measures is first to consider a discretized version of the
bead model. The set of possible configurations €2y C €2, is constituted by the configu-
rations for which the beads are located at sites of a lattice with mesh t. We show that
in this discrete setting, there exist probability measures supported by €, for which the
distribution of the beads is a determinantal random point field, by exhibiting a bijection
between the discretized bead model and the dimer model on the honeycomb lattice —
or equivalently random tilings of the plane by rhombi. The measures on random tilings
have the Gibbs property. Then we prove that the sequence of discrete determinantal
processes indexed by t converges to a determinantal random point field on Z x R when
t goes to zero.

5.2 Discrete bead model and dimers

We assume for the moment that the threads are not continuous lines, but one-dimensional
lattice with mesh size t. The possible positions of the beads are labelled by coordinates

(c,ty) € Z x t7Z, (5.1)

¢ representing the thread on which the bead lies, and y being the coordinate running
along the thread.

There is a correspondence between discrete bead configurations and dimer configurations
on the honeycomb lattice H: there is a bead at (c,ty) if the horizontal edge incident
with the white vertex (c¢,y) is in the dimer configuration. A way to see geometrically
this correspondence is the following: fix an isoradial embedding of the honeycomb lattice
such that the middle of horizontal edges coincide with the possible bead positions. A
bead configuration is obtained by putting a bead at a site each time there is an horizontal
dimer at this position. Reciprocally, from a bead configuration one can reconstruct a
dimer configuration by placing horizontal dimers on edges crossing an occupied site, and
completing the configuration. This is always possible, because of the intertwining of
bead positions. Moreover, the completion is unique once there is at least one bead on
each wire.
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5. The bead model

. —
| \ , < 7\
| PR
! /N , ¢ 7
I I \ N\
I \ N\,

Figure 5.3: A piece of discrete bead configuration and the corresponding piece of dimer configuration
on H.

Isoradial embeddings of H are parameterized, up to a global scaling factor, by two
quantities a/b, ¢/b fixing the ratios between the length of dual edges of each type. We
take a =t,b=1,c=e".

The parameter v € (—1, 1) parameterizes the family of isoradial embeddings compatible
with the geometric constraints discussed above.

For a fixed t, each value of « corresponds to a liquid Gibbs probability measure on
dimer configurations, that can be transported to bead configurations. The local statis-
tics of the beads coincide with that of horizontal dimers. The probability measure on
bead configurations benefits from the conditional uniform property of the dimer Gibbs
measure.

This procedure defines for a given t a family parameterized by ~ of probability mea-
sures on discrete bead configurations that have the conditioned uniform property. The
correlations between beads are given by determinants: the probability of having a bead

at the sites (¢1,ty1),. .., (¢k, tyx) in the random bead configuration w is
__ 4k ¢ ¢
Py~ [(c1,ty1), .-, (ks typ) Ew] =1 1<(3ejt<k K ﬁ(byi,wy]j) (5.2)

where K is defined by

w* d d
K: L (b, w / / R (5.3)
T2 t —|— (1 4+ ue®t) 2imu 2iTw

We will determine the asymptotics of this kernel for a fixed v and a small ¢, and then
prove the convergence of the corresponding determinantal process when t goes to zero.
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5.3. Explicit expression of the Gibbs measures

5.3 Explicit expression of the Gibbs measures

Before proving theorem 5.1, it is necessary to investigate the behavior of the kernel
deﬁning the discrete bead model. In other words, one has to compute the asymptotics
of K3} t(by, W) when t becomes small and y large. Such asymptotics are given by the
followmg lemma.

Lemma 5.1. In the vertical scaling limit
t—0, ty—¢ (5.4)
the coefficients (—1)VKJ (bé,c),w) converge to

1 )
— e 8P (y +ig) de if ¢ >0,

Jy(c,€) = 2_7T1 VIV (5.5)
— e %Py +ip)dp ifc <O.
27 JR\[-V/1=7,v/1=77]

In particular, when ¢ =0,

_ ico ., _ sin(v1—7%)
7,0.€) /[ e (5.6)

Proof:

As we said before, the entries of the inverse Kasteleyn operator are given by

b(c // dz dw // u Y du dw
T2 @+ b/w +cz 2imz 2imw ) Jp2 t + i (1 + ue®) 2imu 2iTw

To evaluate this integral, we first perform the integration over w by the method of
residues. If ¢ > 0, the rational fraction

wt

tw + u (1 4 uer®)

fu(w) =

_ 14uet

has one pole at w = wy(u) = t

By Cauchy’s theorem, the integral

1
% i fu(w)dw

is zero unless the pole wy(u) is in the unit disc, i.e.

1+ —¢?

S = -1+ (1 -2+ 0(t?) (5.7)

Re(u) < —
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5. The bead model

Define 6y = Arccos <M> = ty/1 — 72+ O(t?). The constraint (5.7) on the pole

2e7t

to be inside the unit disk can be rewritten as

arg(u) € (m — 6y, ™+ 6p)

Posing u = —e'? = —¢™*? in the integral, we get
1 T\ d
Kil(bzscxw) = / uw Y <_ + ue ) u. (5.8)
Re(u)<— =2 t 2wtiu
0o (ertel? —1\° df
= (-1) /9 e Wl ( . ) ot (5.9)
—vo
_1y oo/t t(+ig) 1\ "
_ ey / emtve [ T2 ) dg (5.10)
2 _go/t t
In the vertical scaling limit t — 0,ty — &, we have
0 . . t(y+ig) _ 1
lim ?0 =/1—-92, lime ™ =% lim ef =7+ 1.

Thus, the integral above, multiplied by (—1)¥, converges to

lim(—1)YK~ (b9, w) =

—i&¢p -\ C
e +i¢)" do.
Yy o1 /[_ /i (7 )

When ¢ < 0, f,(w) has two poles: there is a pole at w = 0 in addition to that located

at w = wy(u) = —H“;&. Since w f,(w) goes to zero when u goes to infinity, the sum

of the residues is zero. Therefore the integral of f,,(w) on the unit circle is not zero only
if ug(w) is outside of the unit disc. It equals in that case the opposite of the residue at
wo(u). Again with the change of variable u = —e® = —¢™?, we have

c
Kil(b(c) w) = —/ u Y 1 +ue™ du (5.11)
v Re(w)>— 1<t =¢2 t 2mtiu
90 Tte 0 _ ¢
1)t (/ / ) —iyf (e . ) 2d0 (5.12)
- 0o Tt
—0p/t ) vt it 1 ¢
1)v+1 / / o ity (“) d¢ (5.13)
7/t 6o/t t 2m

Thus in the scaling limit, by Lebesgue dominated convergence theorem,

—1

—ifqﬁ 4+ cd
5 /R\[ e (v +i¢)“do

lim(—1)YK~' (b, w) =
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5.3. Explicit expression of the Gibbs measures

what terminates the proof of the lemma. ]

From the exact expressions (5.10) and (5.13) of K‘l(bz(f),w)7 one can easily check that
the entries are uniformly bounded in y and t for a given value of ¢, leading to the
following lemma:

Lemma 5.2. VYceZ 3IM>0 Vi<t VyeR ’K-l(by),w) < M,

These two lemmas will now be used to prove theorem 5.1, stating that this family
converges weakly to the determinantal random point field on Z x R with kernel J,.

Theorem 5.2. For each value of v € (—1,1), the discrete bead model converges weakly
when t goes to 0 to a determinantal random point field on 7. x R, the marginal of which
on each factor R is the sine random field of the eigenvalues of large random Hermitian
matrices. The kernel J., of this limiting determinant random point field is given by

i do ,
By +ig) o= fz>0
Jy(c,€) = /[—ﬁ_wamg]e 00 o v (5.14)

= Jno i € ig)se e <o.

Proof:

Since tightness is automatic for random point fields [9], it is sufficient to prove the
convergence of finite dimensional distributions in order to prove the weak convergence
of the family of random point fields (2, F, P, +),.

Let Iy,...,I; be segments on wire ¢q,...,c; respectively. It will be convenient to use
multi-index notations

k k
n! = Hnj!, In| = an, I"=I" x - x IR, 2 =2t *
J=1 J=1
We will prove the convergence of the moment generating function Gﬂ (21,...,2x) of the

joint law of (Xy,,...,Xy,)

Gil(2) =Bys ﬁ(l —) =Y By, f[ (Xi)_(fzi'), (_nZ‘)n. (5.15)
J=1 neENk j=1 J 3l :
The factorial moments
k X
A'(yl,t (nh . ,nk) = ]E%t 1_11: (AXIanz)'] (5.16)
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5. The bead model

are quite easy to compute. They are given by the formula:

Ag{,)c(nl, cey M) = Z P [there are beads at (c1,tyi),. .., (ck,tyﬁk) (5.17)
y%...y}ll eh/t
vtk €0

where the sum is performed over all the distinct njtuples of I;, j = 1,...,k. By equation

(5.2)), this can be rewritten in terms of determinants of matrices with blocks of size
ny,...,Ng

K (b?chzl’ yjl) K (b?jlzl’ yﬂ)
AfNmy= 3> el det :
Yi--yn, €0/t K (bcl ) s K (bcl ) 1<iq. 1<
y’f...yﬁielk/t Yi1? ?J]k Yi1? y 1 15;}1:;;52}6
(5.18)
which converges when t goes to zero to
Ty(a—a g =¢0) | | (-l —e)
AlD(n) = /  det : : 3 (5.19)
T €0 =€) | - | T(a—ag ) =)
where the integration variable & :( ;1) e ,(111), e ,g}{fj). Since the coefficients of K;lt
are bounded uniformly in t and y, say by M, then using Hadamard inequality, we get a
uniform bound on the coefficients A(I?ﬁ(nl, cee L ng)

| < H L1 (/] M) (5.20)

Q/—\
(-f\/

Therefore, by an argument of dominated convergence, the entire series le,)c(z), z e Ck
converges uniformly on compact sets towards

(=2)"
= > AD(@) - (5.21)
neNk
which is the moment generating function for the limit distribution of (Xy,,..., X7, ).

The probability of having for all j € {1,...,k} exactly n; beads in I; is given by the
following formula

(— )Ha

Py (X =n, ., Xpy =i = ——1— Q0 (2) | _y - (5.22)

In particular, the probability of having no bead in a Borel set B is given by the Fredholm
determinant

/dt[ Ve - &) dne
(5.23)

P, [Xp = 0] = Det(Id — x5K'x5) Z —
n=0 ’
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5.4. Comments and possible developments

The restriction of the process to one line is a determinantal random point field on R
with kernel

sin(y/T—72(6 ~ €) 521
m(§—¢) ' '

It is thus, up to a scaling factor, the sine random point field. O

‘]’Y(Oag - fl) =

5.4 Comments and possible developments

5.4.1 The bead model as an asymmetric exclusion process

A bead configuration can be interpreted as the history of a collection of particles located
on a one dimensional lattice Z and jumping from left to right. Time is continuous and
is flowing vertically along the threads, and there is a lattice site between two successive
threads. Joining every bead to the bead just above it on the neighbouring right thread,
one gets an infinite collection of monotonous paths representing the trajectories of the
particles: a bead on a thread corresponds to a jump of a particle from the site at the
left of the thread to the site on its right. Because of the geometric constraint on beads,
these paths cannot touch each other. Consequently, the particles are submitted to an
exclusion rule: a particle cannot jump to a site if this one is already occupied by another
particle.

I " I
I
I I
I
I I
I I | |
1
- I I
I ! I
| /!

e e

Figure 5.4: The trajectories corresponding to the bead configuration of figure 5.1 and positions of
particles (black squares) at different times t1 and ts.

The Gibbs measures IP., on bead configurations, viewed as families of monotous paths
constructed as above, are probability measures on all possible evolutions of particles.
The Gibbs property and ergodicity imply that the marginal of these measures for a
fixed time ( i.e. along an horizontal line) give stationnary measures for some Markovian
dynamics.
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5. The bead model

The discrete bead model gives a discrete version of this particle system: in this picture
a particle is represented by a c-thombus, and a hole by a b-rhombus. Under IP,, the
average particle density p is equal to the limit of the probability of a c-rhombus, and
therefore related to v by the following expression

p—%ir%IPt,,[.} — 1 AEOST (5.25)

™

so that the density is an increasing function of ~.

ASEP! is also an example of particle systems with the same constraint of exclusion.
Its evolution is Markovian, and the transition rates from an allowed configuration to
another is constant. The translation invariant stationnary measures for this model are
Bernouilli probability measure, whose parameter is the density.

If the particles are not located on the vertices of the finite lattice Z but on a finite
annulus Z/NZ, then the number of particles is a conserved quantity. For a fixed number
of particles, the stationnary measure is uniform for ASEP. This is not the case for the
bead model with a finite number of beads® the probability of a configuration of particles
depends not only on the number of particles, but also on their positions.

The properties of the particle system coming from the bead model differ from that of
ASEP. It would be interesting to study more in details these properties using the dimer
microscopic structure, and to compare them with that of ASEP, that are also related to
random matrix theory [49].

5.4.2 The bead model and spanning trees

In [59], Temperley gives a bijection between dimer model on Z? and the uniform spanning
tree model on Z?2. This correspondance has been considerably extended [35, [36]: for
any bipartite planar graph G with weighted edges, there exist a T-graph GT and a
weight-preserving bijection between spanning trees of a G and the (marked) dimer
configurations of G. A piece of the T-graph corresponding to the dimer model on the
honeycomb lattice with weights a =t = 0.1,b = 1,¢ = 1, shown on figure [5.5, looks like
fish scales. When t goes to zero, the enveloppes of these fish scales approach a collection
of superimposed cycloids. Using Wilson’s algorithm [63], one can sample a spanning
tree on that T-graph, and thus a bead configuration using loop-erased random walks.
It would be interesting to understand more in details how a random walk can sample a
sine random field.

LASEP: Asymmetric Simple Exclusion Process.

2A bead model for a finite number of threads can be constructed following the same procedure as in
the beginning of this chapter. We impose the number of threads N to be even to ensure that the
geometric constraint on beads makes sense. We get leading to a 1-parameter family of determinantal
random fields, whose kernel is obtained by replacing the integral in (5.5) by a discrete sum.
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5.4. Comments and possible developments

Figure 5.5: A piece of the graph on which the spanning tree model is in bijection with the dimer model

1. The faces of this graph are

triangles similar to the isoceles triangle with side lengths a, b and c.

02,b=1,c=

t

on the honecomb lattice with weights a
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6 The bead model — Generalization

Although the bead model was presented in the last section as the limit of the dimer
model on the honeycomb lattice, it turns out to be much more general. Indeed, we will
see in this chapter that the bead model appears as the limit of any dimer model on a
planar Z?-periodic bipartite graph.

Let G be a planar Z2-periodic graph, and K the Kasteleyn operator corresponding to
some periodic weight function on the edges of G. There is a two-parameter family of
Gibbs measures on dimer configurations of G for these weights, parameterized by two
order parameters (B, By). The characteristic polynomial P(z,w) is the determinant of
the Fourier transform of the periodic operator K, and the phase diagram describing the
behaviour of the measures in function of B, and B, is given by the amaba of the spectral
curve P(z,w) =0, i.e. the image of P(z,w) = 0 by the mapping

Log : (C*)? — R?
(z,w) — (log |z, log |w]).

The structure of this ameeba is related to the geometry of N(P), the Newton polygon
of P, which is the convex hull of the exponents of monomials of P, representing all the
possible slopes of a Gibbs measure.

Before explaining how to find the bead model in this setting, we need some more in-
formation about the local geometry of the amceba, in particular about its unbounded
outgrowths of of the amaeba, the tentacles.

6.1 Tentacles of the amoeba

Consider a particular side of the Newton polygon N(P). Changing the basis of the
72 lattice acting on G by translation induces a linear transformation' of N(P). After
possibly such an operation, we can assume that this side is horizontal, and that the
polygon lies above it. Recall that the Newton polygon represent the possible slopes for
a Gibbs measure on the dimer model on G. When the slope of a Gibbs measure is a
lattice point of the boundary of N(P), the system is a solid phase.

We want to investigate the geometry of the phase diagram for values of the magnetic field
inducing measures with slope close to the particular side of N (P) we chose. In particular,

YA change of basis of Z? is encoded by an element M of SLa(%Z). The linear transformation acting on
N(P)is (M~ HT.
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6.1. Tentacles of the amoeba

we seek for the shape of the curve in the neighborhood of the frontier between the liquid
phase and the different solid phases, corresponding to the points of the particular side
of the polygon.

To get a measure with a slope close to that side of N(P), we apply to the system a
magnetic field oriented essentially downward (B, By) = (¢, —R). To remain close to the

notations used in the previous chapter, we introduce the small parameter t = e %,

When t is small, the leading terms in the characteristic polynomial P(e‘z, tw) are those
with the smallest power in w, say dg.

P(ez,tw) = (tw) (D ays,(e°2)7 + O(t)) (6.1)

By a suitable choice of the origin of the Newton polygon, one can assume that g = 0
and that all the roots of Py(X) = >, ay0X7 are positive.

If €€ is not a root of Py(X) = ZV a,0X", then for t small enough, P(e°z, e w) has no
roots on the unit torus. In this case, the magnetic field (B, By) = (¢, —R) belongs to a
unbounded component of the amceba. The corresponding measure p(B;, By) is frozen.
On the contrary, if e® is a root of this polynomial, then for every R large enough, the
polynomial has two complex conjugated roots on the unit torus: we are in the liquid
phase. The amcba defining the liquid phase has therefore tentacles going to infinity
with asymptotes the straight lines x = ¢. For generic weights, the asymptotes are all
distinct, and there is one asymptote for each segment between to lattice points on the
side of N(P). Moreover, one can give an asymptotic expansion for the equation of the
boundary of the amaeba: since the boundary of the amceeba is the image of the real locus
of the curve, it is given by the equation

P(ePr, +eBv) =0 (6.2)

In the neighborhood of (B, By) = (¢,—00), B, admits an asymptotic expansion in
t =e Bv: B, = c+ et + O(12). Since P(e,0) = 0, we have

P(ePr, £ePr) = P(ectert O ) — (1690 P(e%,0) + 9. P(e°,0))t + O(t2)  (6.3)

Therefore the coefficient ¢; in the expansion is defined by

. 82P(€C, 0)

= 6.4
“ ec01 P(e¢,0) (64)
and the two curves B, = c+ 6*0%639 define asymptotic branches of the boundary
of the amoeba in the neighborhood of (¢, —o0). Define (3 as
_ 82P(ec 0)
= e et V0 6.5
= p(e.0) (6.5)
For any v € (—1,1), the curve
B, = c+ 3Py (6.6)

lies inside the amoeba for B, negative enough.
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6. The bead model — Generalization

Figure 6.1: A tentacle (in thick lines) and curves described above, for different values of 7.

6.2 Deep inside a tentacle

6.2.1 Analytic results about the roots of P

Let us fix ¢ to be equal to the logarithm of one of the roots of Fy. For a fixed z, the
polynomial P(et7#*z, W) has d roots Wy(2), ..., Wq_1(z). Since e is a root of Py, one
of these Wj(z), say it is Wy, equals 0 when z = 1. If all the roots of P are distinct,
Woy(2) is the only zero having this property. The 2-to-1 property shows that Wy(z) does
not equal zero for z # 1

Therefore, by compactness of $! there exists an € > 0 such that

Vie{l,...,d—1}, Vze3$" [W;(2)| >e (6.7)

Continuity of the roots with respect to the coefficients and symmetry by complex con-
jugation imply that there exists 8(t) = 6ot + O(t?), with 6y > 0 such that

Wo(2)| <t & ze[e) (0] (6.8)

In fact, an expansion of P similar to (6.3) shows that when arg(z) = O(t)

Wo(2) = 7t + mg("”) +O(t?), (6.9)

and therefore, 0(t) = t3+/1 — 72 + O(t?).
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6.2. Deep inside a tentacle

6.2.2 Asymptotics of the inverse Kasteleyn operator for beads

Recall that the Newton polygon N(P) is an intersection of half-planes, where all the
inequalities (2.34) are satisfied by the average slope of the Gibbs measure. The side of
the Newton polygon we are looking at is a segment of one of the sraight lines delimiting
one of these half-planes. When the average slope of the Gibbs measure lies on this line,
there exists two translates of a face between which the difference of height equals the
capacity of a dual path I' joining them. All the translated of this path form a collection
of infinite parallel paths perpendicular to the side of N(P), that are frozen when the
slope of the Gibbs measure lies on that boundary of N(P): with probability 1, no dimer
will cross these frozen paths. These possibly frozen paths will be the threads of our bead
model. When the slope is not exactly on that boundary of N(P), some dimers may cross
these paths. We will see that these defects will play the role of beads strung along these
threads.

Let e = (w,b) be an edge of G crossing one of these threads. When the slope of the
Gibbs measure is on the side of the Newton polygon, this edge appears in the random
dimer configuration with probability 0. In particular, there is no dimer configuration on
the torus G corresponding to a lattice point of the side of N(P) containing this edge.
As the cofactor Qe(z,w) = Qpw(z,w) is up to a sign the determinant of the Kasteleyn
operator on G1 \ {w, b}, it contains only monomials of degree at least 1 in w.

We determine now the asymptotic expression for the coupling function K + (by, W) cor-
responding to our magnetic field (B, By) = (c + Bvt,logt), between w and the black
end b, of a translate e, of e by z = (z,y) € Z?

2V Qe(e“TA 2 tw) dz  dw
bﬂ) B N . 1
w) // P(ectPrtz tw) 24wz 2iTw (6.10)
Proposition 6.1. Denote by J,(x,&) the kernel of the bead model.
- d
/ e 0y + z’¢)x2i’ ifzx>0
Ty(x,€) = { Tyt | " a6 (6.11)
- e 8Py +ip)®— ifx <0
R\[-V1=72,vT=77] 2m
In the scaling limit
t—0, , tfy—¢, (6.12)
the coefficients K +(by, W) have the following asymptotics
K;,lt(bﬂa W) ~ tpeda(z,§) (6.13)

The quantity pe is given by

ecﬁalQe(eca 0) + 82Qe(eca 0) )

fe = 5(e" 0] (6.14)

Once multiplied by Ko, it represents the proportion of this type of edges among the defects
along a thread.
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6. The bead model — Generalization

Proof:
We denote by f(z,w) the rational fraction inside the integral (6.10)

2V Qe (e“TP 2, tw)
P(ectPrtz tw) ’

fz,w) = (6.15)

The integral defining K;lt is evaluated by performing first the integral over w. Suppose
first that > 0. There is no singularity at w = 0, since deg,,(Q > 1. The only pole in
the unit disc is Wo(2)/t when z € [e7?(®) ¢®(*)] = [,. In this case,

. [ uT(Wo(2)/8)" Qe(e T2, Wo(2)) de
Kyie(bw w) = /It Do P(z,Wo(2))t 2im2

B /\/1_72+O(t) B_iﬂty¢(7+i¢+ O(t))m—lQe(€c+tﬁv+itﬁ¢7 (,}/ +i(]§)t + O(tZ)) Bdg
- Joirow) Oa P (ecTEPTHER0 (4 +ig)t + O(t2)) 2

For a small t and a fixed ¢, we have

Qe(eTHIFI (3 1 ig)t + O(¢%)) = t(y + i) (B Qe + 82Qe) + O(t%),  (6.16)
Do P(eSTHAIHIEIS (L id)t + O(12)) = P + O(t). (6.17)

where the derivatives of polynomials P and Qe are evaluated at (e, 0). Therefore,

tp (ecﬁalQe + aQQe)

K- (by, W) = /
0P ( VI

o

e %P (y + icb)x% + O(t))

When x < 0, the rational fraction in the integral has a multiple pole at w = 0 which is
hard to evaluate directly. However the rational fraction is a o(X) when |w| — oo, and
hence the sum of all residues in the plane is 0.

Let us bound the residues at the simple roots of P: Wi(z),...,Ws_1(z) . We know
already from (6.7) that there exists € such that for every j € {1,...,d -1}, |W;(z)| > €
for every z € $!. By the same argument of compactness, there exists a constant M > 0
such that for t small enough,

Vie{l,...,d—1} Vze %!

et Bt 1 Qe (et 2, Wi(2))
}(%P(e +6y Z,Wj(z))l > i and ' W,(2) <M (6.18)
and therefore,
(W;(2)/£)" Qe (77, W;(2)) Tar2 ez
j(Z)aQP(ec—"'thZ, W](Z)) < (E/t) ]\12 — O(t ) (619)
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6.2. Deep inside a tentacle

Thus the contribution of these residues is negligible as soon as x < —2. In that case, we
have:

d dz

_ z
K’y}t(bﬂ7 W) = - Resw:O f(Z, 'U))ﬂ + /It Resw:WO(z)/t f(Z, w)ﬂ

d—1
dz dz
= - Zl /531 Resw:Wj(Z)/t f(zv w)i - /Sf,l\[t Resw:W()(Z)/t f(zv w)% (620)

Using the estimates (6.16) and (6.17), we find that

dz 2~y (Wolz) xilQe et8 Wo(2)) dz
/ Res,—w; (o) f(2,w) 2/ (=) ( olz)
Sl\lt $1\1t

2 tOy P(ectPtz, Wo(2)) 2imz
B e%yﬂtd)(,y + Zgb 4 O(t))xlee(et%tﬁ'yHtﬁq&’ W()(eitﬁ(b)) t,3d¢ 691
= £33 (ot IFT0, V1o (7599 or - (02D
[ VT o | o [V o), & ]
By Lebesgue’s dominated convergence theorem, the integral in the scaling limit
t—0, tfy—¢
is asymptotic to the following expression
t3(ef60 +0 , d
ﬂ( /8 1Qe QQe) / €_Z¢E(’y + Z(l))xﬁ (6.22)
aQP R\[-V1=72,v/1-12] 2T
and thus,
t0G(e€60 + 0 A d
ilbew) = SEPAD B (] T i e+ ol1) )
7 02 P R\[-V1-72,V/1-77] 2

(6.23)

When z = —1, the residues at the poles Wi (z), ..., Wy_1(2) are not negligible any more.
However, in this case, the pole at w = 0 is simple. A direct evalutation of the integral
shows:

3 dz dz
K3 s (by, w) = . Res,—o f(z,w)% + . Res,—wy 2t f(z,w)ﬂ
_/ 27Y102Qe (e 2,0) dz / Z_y(WOT(z))_QQe(GC‘W“z,Wo(z)) dz (6.24)
e P(ectBrtz,0) 2irz  Jp tOy P(ectPrtz, Wo(2)) 2irz

Posing z = €%%%_ one has
e —iBety ctBye+iBét ) d

e

’ _ﬁ P(ec‘h@"/ +if¢ ,O) 2

V1-~2+0(1) —ifpty c+Byt+ifot 0 d
-I—tZﬁ € Qe(e ) ) o (625)

o) Wo(eiBot)20, P(ecHBr+iBot () o
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6. The bead model — Generalization

Using the following estimates from Taylor’s formula

Qe (ec+ﬂvt+iﬂ¢t7 Wo(z)) — Qe(ec-ﬁ-ﬁvt-ﬁ-iﬂdm’ 0)
Wo(2)

B2 Q(eSTPYETIBIE () = +0(t)

= (e°01Qe + 02Qe + O(t) (6.26)

P(ec+ﬁvt+iﬁ¢t’ 0) = p(ec+ﬁvt+z‘ﬁ¢t’ Wo(z)) — Wo(z)azp(ewﬁvtﬂﬁm’ Wo(z)) + O(t2)
= —(y+1ip)td2P + O(t?) (6.27)
together with (6.16) and (6.17), and applying Lebesgue dominated convergence theorem
after an integration by parts, one can prove that in the scaling limit, the coefficient of
the inverse Kasteleyn operator K;lt (by, w) is asymptotic to
€go 9) , d
—tﬁe ﬁ IQ + 2@ Gizd)g(’y—l—i(ﬁ)ilﬁ
0P R\[-/1772 /177 2m

O

Remark. The ratio (e°801Qe + 02Qe)/02P controls the density of the limiting bead
model. If pluging ¢ = y/1 —~2 into (6.16) and (6.17), one can see that it is up, to terms
of higher order in t, equal to

iQe (et 2y, twy)
i&gP(eCWVtzO, two)two

(6.28)

where (29, wp) are zeros of the characteristic polynomial P(et#7t. t.) on the unit torus.
When multiplied by Ke, the numerator is the length of the dual edge e* in the natural
application from the dual graph G* to R? described in section 2.6 while the denominator
is that of the vertical side of the fondamental domain.

Proposition 6.1/ shows that the kernel giving the correlations has the same form as the
original bead model. However, in order to recover the bead model, one can not just look
at one type of edges on threads but at all of them.

Since the frozen paths have been chosen to cross no dimer when the slope is on the
side of the particular Newton polygon we are looking at, they are bordered by white
vertices on their left, and black vertices on their right. For a reason of parity between
white and black vertices, there is no dimer configuration of the graph GGy deprived of the
projection of these two vertives having a height change? on the side of N(P). Therefore
the arguments of the proof of proposition 6.1 can be applied to obtain similar asymptotics
as those given in that proposition for the coefficients of K;lt between these vertices.

2The term height change here is an abuse of notations, since the difference between the reference unit
flow and the one corresponding to any dimer configuration of GGi deprived of the two vertices has
a non-zero divergence. What we mean here by this expression is in fact the powers in z and w in
the weight of the configuration computed using the magnetically altered Kasteleyn operator K (z,w)
divided by that of the reference dimer configuration.
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6.2. Deep inside a tentacle

Proposition 6.2. Let b, , and w be respectively a black and a white vertex each bor-
dering one of these paths, and in fundamental domains separated by a lattice translation
(x,y). In the scaling limit

t—0, thy—¢, (6.29)
the coefficient K;7{c(bx7y,w) has the following asymptotics
K’;,lt (bzy, W) ~ tppw (7, §), (6.30)
where

— ecﬂalwa(eca 0) + 82wa(€c’ 0)
N 02 P(ec,0) ‘

Pbw (6.31)

These coefficients ppw are in fact the product of two terms, one depending only on b
and the other on w. This property is stated in the following lemma

Lemma 6.1. The rank of the matrix e€1Q (e, 0)+ 2Q(ef,0), restricted to projections
of vertices bordering a thread, is equal to 1. In particular, for any b and any w bordering
a thread, there exist Uy, and Vi such that

Pbw = Up Vi (6.32)

Proof:
The matrix e401Q(e,0) + 02Q (e, 0) is the limit when t goes to zero of

1
t—wOQ(eC*ﬁ”% two) (6.33)

where (2, wp) are zeros on the unit torus of P(e“t#7*z, tw). These zeros depend on t and
~ and their the first term in their expansion in t is obtained by plugging ¢ = £+/1 — 12
into equations (6.16)) and (6.17):

20=14+0(t), wo=vxivV/1—724+0(). (6.34)

Since (e“#7% 2y, twy) is not real, it is a simple zero of P = det K. Q is the comatrix
of K, its rank is 1 at a simple zero of P. Therefore, as the limit of sequence of rank 1
matrices, the matrix e°30;Q(e¢, 0) + 02Q(e%, 0) has a rank a most 1. As there is at most
an non-zero entry in this matrix, the rank is equal to 1.

The coefficient ppyw is a multiple the entry(b, w) of this matrix. Its decomposition into
a product comes from the representation of a rank-1 matrix as a tensor product of a
vector and a linear form. O
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6. The bead model — Generalization

6.3 Convergence to the bead model

We already said that the threads of our bead model would be the infinite collection of
vertical paths, translated one from another, that are frozen, i.e they do not cross any
dimer when the slope of the measure lies on the boundary of the Newton polygon. The
beads are represented by the dimers crossing these paths when the magnetic field lies in
one of the vertical tentacles of the amoeba.

Like in chapter /5, as the magnetic field goes deeper into the tentacle of the amceba, the
picture of the graph in the plane is rescaled in such a way that although the probability of
seeing a dimer crossing these “almost-frozen” paths goes to zero, the average number of
such edges by centimeter of thread stays almost constant. The scaling limit we perform
is

t — 0, tfBy — £ € R. (6.35)
To find the limiting distribution of this beads, we first evaluate the quantities

k

v [(Xh —n)!(Xg, — ) (6.36)

X! X! }

where X, is the number of dimers crossing the (rescaled) thread interval. We look in
details at the case k = 1 when only one thread interval is at stake. The other cases are
similar. For a given n, and a fixed value of v and of the scaling parameter t , we have

X!
E%t [M] = E IP’y,t [el, o.,€en € G] (637)
I ' e1,....encl
distinct

where the sum is over all possible n-tuples of edges crossing the thread interval I. The
edges crossing I are labelled by their type (i.e. their projection on G = G/Z?) and
the coordinates of the fundamental domain they belong to. The edge el represents
the edge of type j in the fundamental domain with coordinates x = (x,y). The type
label j ranges from 1 to d. Since the probability of having two such edges in the same
fundamental domain is negligible, we can rewrite this sum of probabilities, as a sum over
the fundamental domains and the types of edges crossing the thread interval.

X! i . .
Eye [(X—n)‘} = Z Z P, [ell,...,el" € C] +O(t) (6.38)
Y ’ 21,20 €1 J1,.,Jn=1
distinct
The different probabilities P ¢ [e%, e ,eﬁ’; € G] are given by the determinant of a nxn

matrix that is equal to

" (H sz) x det [pj 5 (k= 2, tB(yk — w))] + O(t™) (6.39)
=1 -
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6.4. Interaction between bead models

Since pjj is the product of two terms U;Vj, by carrying out of the determinant by
n-linearity these coefficients, equation (6.39) becomes

t" (H sz) X 1<C}€elt< (U5, Vi Jy (@ — 21,6680y — m)] + O(£™F)
I=1 ==

& (H Klelejl> x det [Jy(ex — o, 680 — )] +O(E"H)
=1 =hr=n

£ (H szpjz> X det [J’Y(xk - l’l,t,@(yk - yl))] + O(tn+1) (6'40)
=1

1<k,I<n

Summing now over the different types of edges, one gets

d
g Py [ell,....el" €€ =
jl""’jn:l
n

d
" | D K det [Jy(z — 20, t8(yx — w))] + O™ ) (6.41)
j=1

1<k,I<n

K,p; is the proportion of edges of type j along the thread. These coefficients sum up to
1, and we have finally that expression (6.38) is a Riemann sum of

//n det [ny(l“k—xlafk—fl)]dnf (642)

1<k,i<n

and the same argument of domination as in the proof of theorem 5.2/ implies that the
distribution of X; converges to the distribution of beads in the interval I in the bead
model of parameter . The generalization to any finite dimensional distribution is nota-
tionally cumbersome, but straightforward. These considerations give thus the proof of
the following theorem

Theorem 6.1. Let v € (—1,1). In the scaling limit t — 0, tfy — &, the point process
describing the position of rare edges on the threads, identified with the almost frozen
paths converges to the bead model of index ~v, i.e. the determinantal point process on
Z x R with kernel J,.

Recall that v describes the different possible ways to go deep into a tentacle. This
theorem states that the bead model, with its 1-parameter family of Gibbs measures, is
the universal limiting behaviour of any dimer model on a bipartite periodic planar graph
when the order parameters (B,, B,) go to infinity in staying in the liquid phase.

6.4 Interaction between bead models

It often happens that a side of the Newton polygon is not the result of a unique frozen
path, but that different paths give the same constraint on the slope (2.34). In that case,
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10

-10 -5 5

(b)

Figure 6.2: (a) A 3 x 3 fundamental domain of the honeycomb lattice. Weights of edges around white
vertex w;; are a;j, b;; and ¢;;. The Fourier multipliers have been distributed over the edges
by gauge transformation. (b) The amoeba for generic weights on the graph represented on
the left panel. This amoeba presents a gaseous phase, and three tentacles in three directions,
each corresponding to a collection of frozen paths drawn on figure 16.3.

we do not have just one family of frozen paths, but several parallel families of thread,
carrying all in the scaling limit a bead model. In this section, we describe the interaction
between these different bead models in the case of the generic case of the honeycomb
lattice H with a n x m fundamental domain.

The fundamental domain of this periodic planar graph is represented on figure |6.2.
The vertices of the quotient H; by the action of Z? by translation are labelled by two
integers, ¢ and j ranging respectively from 1 to n, and from 1 to m. The weights of the
edges around the white vertex labelled by (7,j) are denoted by a;;, b;; and ¢;;. By an
appropriate gauge transformation, one can spread the factors z and w in the magnetically
altered Kasteleyn matrix K (z,w) so that the coefficients of this operator be a;;, bijwfl/"
and cl-jzl/ ™. The reference dimer configuration we will use is the configuration containing
a-edges.

One distinguishes three special classes of dual cycles in G1, say A, B and C that cross
only edges of a given type (repsectively a, b and ¢). The lifts of these classes to H are
represented on figure 6.3. The B class is constituted by n vertical straight paths with
homology class (0, 1), whereas the C class contains the m horizontal straight paths with
homology class (1,0). The A class contains d = ged(n, m) paths with homology (%, 7).
The three classes of cycles lift to H, forming three classes of parallel families of straight
lines.
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i

By By [Bg
(a) A-paths (b) B-paths (c) C-paths

Figure 6.3: the three classes of possible frozen paths: A, B and C.

The Newton polygon of the weighted dimer graph G is a right triangle. Each side of
the triangle corresponds to Gibbs measures for which all the paths of one of the three
classes are frozen. The horizontal side contains n + 1 lattice points. The amceba of
the associated spectral curve exhibits n vertical tentacles separating n + 1 unbounded
complementary components — solid phases in the phase diagram — each corresponding
to a lattice point of the horizontal side.

As explained in chapter 2, the frozen configurations are obtained as follows: when the
Gibbs measure’s slope lies, say, on the horizontal side of the Newton polygon, there is
almost surely no edge crossing the B class of paths. These paths delimit thin strips
where one sees either an infinite succession of a-edges or an infinite collection of c-edges.
On G and in presence of a magnetic field (B,, By), the associated patterns have weights
[T~ aij and eBe [T~ cij. The patterns with the highest weight correspond to the type
of columns appearing in the configuration with probability 1. When the horizontal
component of the magnetic field is very negative, the weight of the ’a’ patterns are
greater than the ’¢’ ones, but as B, increases, the weight of the second pattern becomes
more important, and at some point, it becomes bigger that the first one. In the graph
G the a-edges that were filling the space between the two B paths switch to c-edges.
Generically the values of B, corresponding to such a switch are all differents. They
correspond to the abscissee of the vertical tentacles of the amoceba.

In a fixed window and when B, is very large, one sees colums of edges of the same type
(a, or ¢) with a probability close to 1. When the magnetic field lies in a tentacle of the
phase diagram, the system hesitates between two states for a given type of columns.
With a probability p bounded away from 0 and 1, the column is filled with a-edges, and
with probability 1 — p, it is filled with c-edges. If one rescales vertically the graph in the
same time as B, goes to +oo, then one will be able to see the transition between these
two possibilities: between the two types of fillings, a b-edge is inserted. The edge creates
a defect in the neighbouring column that is supposed to be frozen. This discussion is
quantified in the following proposition:
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Proposition 6.3. If

B, < Z log 210 (6.43)

CZJo

then with probability going to 1 when B, goes to infinity, the colums of type jo will be
filled with a-edges.

If the inequality is strict in the other direction, then they will be filled with c-edges with
probability going to 1 when By goes to infinity.

Proof:

When the vertical component of the magnetic field is very negative, the main contribu-
tion to the characteristic polynomial is given by the configurations on G; that contain
no b-edges. One can choose to fill each strip of G; between two consecutive frozen cycles
either by a-edges or by c-edges. Choosing a filling with ¢ edges induces a height change
of m in the vertical direction. Therefore

PP(zw) =] (H aij — (—1)meBZzHcij> +0(t) (6.44)
Jj=1 \i=1 i=1

B

where ¢ = e”v is small.

Let b and w two vertices in the same strip jo in 1. Denote by b, and wyq lifts of b
and w in the same column of G, separated by y fundamental domains. The entry of
the inverse Kasteleyn operator between these two vertices is easily evaluated: recall that
Qbw is the characteristic polynomial of the graph G where all the translated of b and w
have been removed. Repeating the argument given above, we find the main contribution
to it,

Qbw = Miw 2’ H (Haw )" BzZH‘%) +0(¢) (6.45)

=1
J#Jo

where Mpwz? is the weight of the dimer configuration of the strip jo of G1 deprived of
b and w. The coefficient of the inverse Kasteleyn operator corresponding to these two
vertices whose fundamental domains are separated by the lattice vector (z,y) is given
by

2 Yw0QE (z,w) dz dw
K5 (b by 4
(by, wo) //Tz PB(z,w) 2imz 2iTw (6.46)
2V, dz d
/ / bw___ = S L 0r) (647)
T2 (IT7%, aijo — (—1)meB=2 T2, cijy) 2imz 2imw
27V Mpw dz

+O(t) (6.48)

/Sl (ITi%, aijo — (=1)meBez2 T2 cijy) 2imz

96



6.4. Interaction between bead models

Suppose that B, < Y, log
at

leo , the other case is similar. In that case, the pole located
30

[[i2, aij

2= (—1)" om0 6.49

> [TiZ cijo (649
is outside of the unit disk. If y — & < 0, then there is no pole at all in the unit disk, and

therefore the integral over z is zero. However, if y — § > 0, then the integral equals the
opposite of the residue at zy, and

B M, 1", ai; —y-1
K. (b = w =1 1o O(t 6.50
5 Py W) = TR BT o ((—nme& I, > +ok) (650

When b, and wg are the ends of an edge with weight a;yj,, Mbw = []; Zio Qijo and y and
0 equal 0. It follows that

Mpw 1
BY_ 1 0(t) =

m
[TiZ aijo Qipjo

K5 (by, wo) = +O(t) (6.51)
Thus, the probability of this a-edge, given by a;j,K5' (by, Wo) goes to 1 when t goes to
ZETO.

On the other hand, in the case when b and w are the ends of a ’c’-type edge, then either
y = —1or ¢ =1. In both cases, K5'(by, wo) is O(t). Thus the probability of this edge
goes to zero when t goes to zero. Such an edge is called non typical. O

A sequence of non-typical edges in a frozen column is initiated by the presence of a bead
(a 'b’-edge) crossing a neighbouring wire. The analysis we made of the inverse Kasteleyn
operator allows us to determine the distribution of the sequence of non typical edges in
a frozen column.

Proposition 6.4. The length of a succession of non typical edges in a frozen column
has a geometric distribution. The parameter of the geometric distribution has an explicit
expression in terms of lengths of dual edges.

Proof:
We suppose that in the frozen column jy, we only see a-edges with probability close to
1. The following inequality
m
B log 20 52
m<;og% (6.52)

is satisfied. Since we work only in one column, we will drop the index jg for the sake
of simplicity. Given that the edge e = (w,b) with weight b;, is present in the dimer
configuration, we compute the probability of seeing IV successive c-edges after this bead.
Denote by ef = (wi,b1),...,e4(wWn,by) the N c-edges. The weights of the edges
around vertex w; are ajj, by, ¢, where [i] = (io + ¢ mod m) + 1. The conditional
probability we want to compute is give by the following formula
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IP[eeGandVizl,...,NefEG‘ee(ﬁ‘}:

PlecCandVi=1,...,Nefc€C ﬁc. det An41
Ple € C] [l

where Apny1 is the following square matrix whose entries are inverse Kasteleyn operator
coefficients:

K=(b,w) ‘ K~'(b;,w)

A= (6.54)

K_l(b,Wi) K_l(bj,Wi)

Since w and the white vertices w; stand on different sides of a frozen path, the associated
coefficients K~!(b, w;) are O(t). More precisely, from (6.30)), one has

K= (b, w;) = tppw, + O(t?). (6.55)

Besides, if i < j, the power of z in the numerator of (6.46) is positive, and it follows
from computations made above that K=*(b;, w;) is also O(t).

For i € {1,...,N} and with the convention that wy = w, w;_; and b; are the ends
of an a-edge with weight aj; ;). Therefore, the same computations as above show that

K= (b;,w;—1) = a[il] . As a consequence, the asymptotic expansion of the determinant

of Any1 is given by the product of these elements just above the diagonal times the last
element of the first column.

N
1
det Any1 = tppwy | | +0(t?) (6.56)

=1 1]

As the probability of the bead is b;, ppwt + O(t2), the conditional probability we want
is given by

N
Pbw hi)

IP [N succesive c-edges |bead] =
Pbwy ;-7 A[i-1]

+O(t) (6.57)

Using proposition 6.1, one can rewrite pupw, /pbw as the following telescopic product

N

Pbw Ub VWN Ubi Vwi
= = 2 T 6.58

Pbw Ub Vi g Ub, Viv, 4 ( )

Plugging this into (6.57), one gets
N N
. clijUb, Vaw, aeny)
P [N succesive c-edges |bead] = | | —————+0(t) = +0(t) (6.59)

ilj[l afi—1)Ub; Vawi E Ua;—1))
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6.4. Interaction between bead models

where £(a;;_y)) and £(c;)) are respectively the length of the dual edges with weight
aji—1] and cp;) given by the mapping described in lemma 2.1 In particular, in the limit
t — 0, the probability that the length L of this succession of non typical edges exceeds
p fundamental domains equals
P
) : (6.60)

P[L>p| = (H ﬁ(ti

Thus, in the limit, L has a geometric distribution. ]

Figure 6.4: Tllustration of proposition 6.4. Here is represented a frozen column of (horizontal) a-rhombi,
perturbed by the presence of a defect (the b-rhombus corresponding to the edge (w, b)),
followed by a finite sequence of c-rhombi.

A corrolary of the above computations of the lenghts of the non typical sequences of
edges in frozen columns is the following:

Corollary. The limiting bead models on the different families of threads B; are perfectly
correlated: the distance between beads on each side of a frozen column converges in
probability to zero.

Proof:

If one proceeds as in lemma 4.2, then one can easily see that, for every t, the probability
that a sequence of non typical edges in a frozen colums exceeds, say, %c is of order ¢/ \/'E,
and thus decays very fast when t goes to zero. Thus, in the vertically rescaled graph, the
distance between two beads at the extremity of a sequence of non typical edges is close to
1. In the scaling limit, the distance between these beads converges in probability to 0. [J

As a consequence, the picture of a typical dimer configuration for a Gibbs measure
corresponding to a point in a tentacle of the phase diagram looks like the figure 6.5.
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6. The bead model — Generalization

(|
t.

o
!
o
b

> | =T

Figure 6.5: A typical tiling for a Gibbs measure corresponding to a point in a tentacle. The black
beads mark the transition between the two dominant type of edges. Next to them, bead
also appear on the other threads to compensate the defect created in frozen colums.
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7 Pattern densities in fluid dimer models

7.1 Introduction

The aim of statistical mechanics is to describe systems made of a large number of simple
components. The notion of Gibbs measure for the dimer model on an infinite graph
gives a mathematical description of such an infinite system, at a microscopic scale: these
probability measures describe the local statistics of the system, when the boundary of
the system is sent to infinity.

If one wants to capture long range properties of the system, one has to adopt a macro-
scopic point of view, where the size of the simple components goes to zero, whereas the
number of components goes to infinity, the global size of the system being fixed. This
double limit procedure is referred to as scaling limit. Several quantities of interest can
be studied from this point of view. Two examples of such observables are the height
function, and the pattern densities.

This chapter is devoted to the proof of the convergence of pattern density fields in the
scaling limit, in both liquid and gaseous phases of the dimer model on a bipartite Z2-
periodic graph, to a continuous random object, which can be described as the sum of a
derivative of the Gaussian Free Field in the plane and an independent white noise.

7.1.1 Scaling limits of pattern densities

A dimer configuration on a bipartite planar graph can be interpreted through the height
function as a discrete surface. From this point of view, scaling limits of dimer models on
planar bipartite graphs have already been the object of several studies. A law of large
number has been established [8, 33] showing that this discrete surface approaches a limit
shape when the mesh size goes to zero. The fluctuations of the height function around
the limit shape have also been studied in the case of a graph embedded in a bounded
region, as well as in the case of an isoradial infinite graph with critical weights [10]. The
continuous limiting object for these fluctuations is the Gaussian Free Field [54, [18].

In this chapter, we are interested in the scaling limit of dimer models on Z?-periodic
planar graphs but from a different standpoint. Instead of looking at the height function,
we consider other observables, called pattern density fields.

Let G be a Z?-periodic planar bipartite graph. A geometric realization of G is an
application from G to R? preserving the Z2-periodicity of G: vertices of G are mapped
to points of R?, edges to segments, and Z? acts on the image of G by translation.
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7. Pattern densities in fluid dimer models

Let U a geometric realization of G such that the quotient of R? by the action of Z? has
area 1. For each scaling factor € > 0, we define the scaled geometric realization W& = W
and G° = ¥¢(G) the image of G by the application W¢.

A pattern P is a finite set of edges {ei,...,ex}, together with a marked vertex. The
position of the pattern in G* is given by the coordinates of the image by ¢ of this marked
vertex. The probability of seeing such a pattern in a random dimer configuration is given
by a determinant involving the Kasteleyn operator and its inverse: if e; goes from white
vertex w; to black vertex b;, then

k
P[P] = ]131 K(w;,b;) | | det [K™" (b w;)]
In order to get some information about spatial distribution of patterns, and the way they
interact with each other, we define for every pattern P a family of (discrete) random
fields N3, called pattern density fields. For a given €, N5 is a random distribution,
associating to every domain D the number of copies of P seen in D in a random dimer
configuration of G¢. More precisely, if u® is the image of the marked vertex related to P
the action of N5 on a smooth test function ¢ is given by

Ni(p) = > pug)lp, = > o(us)Py
VA %EZ2
where P, and u;, are the translated by x of P an u®. For the sake of simplicity, P, will
also represent the indicator function 1p, of the pattern P,, equal to 1 or 0 whether P,
is in the random dimer configuration € or not.

e?E [N5(¢)] is a Riemann sum of P[Py, and thus converges to P[P] [ ¢(u)|du| when e
goes to 0.

The aim of the following chapters is to prove the convergence of the fluctuations of this
field around its mean value

Nj =& (N5 — E[N3)]) (7.1)

towards a continuous Gaussian field. Such central limit theorems exist for a broad class
of determinantal random fields [57] but only for Hermitian kernels, contrary to the cases
presented here.

Before stating the main results, we recall some basics facts about the fluid phases of the
dimer model and about Gaussian fields.

7.1.2 The fluid phases of the dimer model

We recall here some basic facts about liquid and gaseous phases of the dimer model on a
planar bipartite periodic graph G, presented in details in chapter [2. The phase diagram
of the dimer model is given by the amoeaba of the spectral curve P(z,w) = 0, where the
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7.1. Introduction

characterisitc polynomial P is the determinant of the Fourier transform of the Kasteleyn
operator on G.

Liquid phase of dimer models

The liquid phase corresponds to the interior of the amceba. In this phase, the character-

istic polynomial P(z,w) has two conjugate zeros (maybe merged) on the unit torus T2.
Generically, these two zeros are distinct. Let (zg, wg) be the zero satisfying Im (ﬁ wo) > 0.

azp

P has the following expansion near (zq, wp)
P(z,w) = a(z — 20) + f(w — wo) + o([[(z, w) — (20, wo)])- (7.2)

Recall from section [2.6.1 that generically, when the two zeros on the torus are distinct,
there is a natural geometric realisation of G*, with a fundamental domain spanned by
vectors proportionnal to X = iazg and § = ifwg, from which a geometric realisation
of G can be deduced. The asymptotics of the inverse Kasteleyn operator are given in
lemma 2.2, In particular, if b and w are adjacent,

—Y,,x
K(W,b) K—l(bx’y’w) = —Re ZO wOK(W’Ab)Ql)AW(ZvaO) + O ( - 1 2>
(% + yy) |z[2 + [y]

—Y, X% 2
— o Re [ 0 W87 +0<52>, (7.3
7rum7y um’y

where u; , = ¥¢(b;,) — ¥*(w) and e* is the complex number representing the dual of
e = (w,b) in W. The correlations between edges decay polynomially with the distance.

Gaseous phase

This phase corresponds to bounded components of the complementary of the amoeba.
The characteristic polynomial P has no zero on the unit torus. If b and w are a black and
a white vertex of G, the fraction Qpw/P is analytic on the unit torus and its Fourier
coefficients K='(b,, w) decay exponentially with ». Hence the correlations also decay
exponentially.

7.1.3 Gaussian Fields

These definitions are borrowed from [20)].

Definition 7.1 (Random field). A random distribution or random field F' is a continuous
linear functional on the set C3°(IR?) of smooth functions on R? with compact support.
F associates to every test function ¢ € C°(IR?) a random variable F(¢). The continuity
here means that if the sequence () converges to ¢ in C(IR?), then F(p}) converges
to F(p) in distribution.
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7. Pattern densities in fluid dimer models

]\753 is an example of random field. A particular class of random fields is given by the
Gaussian fields:

Definition 7.2 (Gaussian field). A Gaussian random field F is a random field such that
for p € C(R?), F(y) is a Gaussian random variable.

A Gaussian field is somehow a infinite dimensional generalization of the notion of Gaus-
sian vector. As in the classical situation with a Gaussian vector, all the moments can
be expressed in terms of the second moment, by Wick’s formula:

Theorem 7.1 (Wick’s formula). Let W be a Gaussian field. All the moments of W are
determined by the covariance: Let p1,...,p, be smooth test functions. Then

0 if n is odd
n/2

Z H E [W (i, W(pj,)] if n is even

T pairing k=1

E[W(p1) - W(pn)] = (7.4)

In particular, if all the test functions are taken to be equal and & [W((p)z] = 02, then
we recover the usual formula for the moments of a Gaussian random variable:

0 if n is odd

7.5
(n—11 o™ ifn is even (7:5)

E[W(p)"] = {

where (n — 1)l = (n—1)---3-1 is the number of pairings of n elements.

7.1.4 Statement of the result and structure of the proof

We prove the following Central Limit Theorem when the measure on dimer configurations
is fluid (i.e liquid or gaseous).

Theorem 7.2. Consider the dimer model on a planar bipartite Z2-periodic graph G with
a generic liquid or gaseous Gibbs measure . Let P be a pattern of G and ]\75; be the
random field of density fluctuations of pattern P. Then when € goes to 0, N§ converges
weakly in distribution to a Gaussian random field Ne.

e If the measure is liquid, then N is a linear combination of a directional derivative
of the masslessfree field and an independent white noise and its covariance structure
has the form

E [Np(p1)Np(p2)] = a/ ]R2(2£% (u)0p2(v)G (u, v)dudv + B/Rggl(u)gpg(u)du (7.6)

where G(u,v) = —5= log |u — v| is the Green function on the plane.
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7.1. Introduction

o [If i is gaseous, then st, s a white noise and
E Dalon)No(e2)] = 8 | 1(upalu)d (7)

In other terms, for any choice of 1, ..., @, € CX(RR?), the distribution of the random
vector (NEp1,...,NEgy) converges to that of the Gaussian vector (New1, ..., Ne@n)
whose covariance structure is mentioned in the theorem. As the distribution of a Gaus-
sian vector is characterized by its moments, it is sufficient to prove the convergence of the
moments of (NEg1, ..., NEp,) to those of (N1, ..., Newn), given by Wick’s formula
(7.4).

The proof goes in two steps: first we prove the convergence of the second moment of the
fluctuation field Nf@ to the covariance of Ny, and then we prove that Wick’s formula is
satisfied asymptotically.

As the arguments are differents for a liquid and a gaseous measure, the proof of theorem
7.2 is decomposed into three cases. In section 7.2, we give the proof for a pattern made
of a single edge in the generic liquid case and discuss briefly what happens in the non
generic case. In section [7.3, the proof is extended to any admissible pattern ( i.e. a
pattern appearing with positive probability) in the generic liquid case. The case of a
gaseous measure is discussed in section [7.4.

7.1.5 Density fields and partition function

In this paragraph, the calculations are purely formal and try to give some heuristics on
the information one can get from these pattern density fields.

Consider a dimer model for wich we assign to a configuration C the weight w(C). Let
Zy be the partition function of this model

Zo =Y w(€) (7.8)
C
We now perturb the partition function by modifying locally the configuration weights.
Let ¢ be a smooth test function. Fix a pattern P and a € > 0. We multiply every weight
w(C) by a factor ete?(4) whenever there is a copy of a given pattern P located at x. Up
to a multiplicative constant exp(telP [P]) " ¢(ug)), the new partition function for the
model with these new weights is

Zi=3 w(e)e ¥ p(ug) (19, —P[P]) _ Zw(e)eﬁv%(@
(¢ (¢

This can be gereralized to a perturbation involving several patterns. Formally, the
successive derivatives of Z;/Zy at t = 0 are the moments of the random variable N§(¢)
with respect to the unperturbed probability measure.

dk z,
dtk Z,

_=To[(% )]
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7. Pattern densities in fluid dimer models

Thus, an information on the moments of ]\753 gives an infinitesimal information on the
perturbed partition function that could be hopefully integrated to construct probabilility
measures corresponding to the modified weights.

7.2 The liquid case: edge densities

This section is devoted to the proof of one particular case of theorem [7.2. We suppose
that the probability measure on dimer configurations of G is liquid, and consider the
fluctuations of the density random field Ng for a pattern constiting in a single edge
e = (w,b). The precise statement we prove in this section is the following:

Theorem 7.3. The random field Né converges weakly in distribution, as € goes to 0, to
a Gaussian random field Ng with covariance

B Ne(ot)Nolp2)] = 7 [ [ Gerirn()G(0,0)00 pa(w)dudv + 4 [ or(w)patudu (79)
for a certain A > 0.

As we discussed in the prevous section, we first prove the convergence of the second
moment, and then that of higher moments. In this section, as we will be interested
in copies of an edge e = (w,b), the only vertices we will deal with are most of the
time translates of w and b. To simplify notations, we will write K='(x — %’) instead of
K= (by, Wy ) and Ke will stand for K(w, b).

7.2.1 Convergence of the second moment

The second moment (@1, p2) — E [Ng(gpl)]vg(goz) of N¢ is a continuous bilinear positive

form on €°(R?). In this section, we prove that this bilinear form converges to a non
degenerate bilinear form, that will define the covariance structure for the limit Gaussian

field Ne.
Proposition 7.1. There exists a non-negative constant A such that
Vi1, 02 € €°(R?)

_ . . 1
lim B (Mo Neen)] = 2 ([ Gepr(u)Glun, u2)0e pafu) s du
e—0 ™ R2xR2

w4 [ el (710)

where G(u,v) = —5=log |u — v| is the Green function on the plane.
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7.2. The liquid case: edge densities

The right hand side can be physically interpreted as the energy of interaction between
two electric dipoles with moment density p1e* and poe*, plus a term of interaction at
very short range.

Proof:

Using the invariance by translation of the Kasteleyn operator and hence of the correla-
tions, we rewrite the second moment as a convolution of two distributions applied to a
test function.

E [N (e)N(p2)] = 3 o1(u)oa(un)E [(ex — 8)(ex — 8] (7.11)
%% €72

=2 3 i) [(e — 8) (e — ) (7.12)
%% €72

= (Pl * F*, 02) (7.13)

where € = P [e] and the two distributions ¢ and F*¢ are defined by

i =& Z ©1(tg) 0w, Z E[(e —€)(ex — €)] Iy,

Ty

The distribution ¢j converges weakly to ¢1 when € goes to zero. We will now prove
the convergence of F** to some distribution F', what will ensure that ¢j * F° converges
weakly to ¢f * F©, since the support of ¢ is contained in the fixed compact supp(e1),
and hence, that (¢ * F©, p2) converges.

Let ¢ be a smooth test function with compact support. Let us prove the convergence of
(F, ) = ZE e—¢)(e, —€)]yY(uy) = ZCov(e,eﬂ)w(ui). (7.14)

At first sight, (F¢, 1) looks like a Riemann sum of a particular function. The problem
is that due to the asymptotics of K=!, the function would behave as 1/u?, which is not
integrable in the vicinity of 0. Therefore, we decompose the sum on x in the definition
of F¢ depending on whether the norm of x is larger than M = |1/¢] or not, that is if u
is in B = {—i(azos — Bzot) ; (s,t) € [-1,1]*}.

(F, ) = Z P (uy)Cov(e, ey) Z P(ug)Cov(e, ey)

|=|>M [z|<M

Z P(uy)Cov(e, e,) + Z (Y(ug) — (0)) Cov(e,e,) + (0 Z Cov(e, e,)

x| >M | <M e[ <M
(7.15)
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7. Pattern densities in fluid dimer models

The fact we subtracted and added (0) in the second sum removed the non integrable
singularity at 0. The following two lemmas state the convergence of the three sums.

Lemma 7.1.

1 e\ ?
lim Y(uy)Cov(e,e,) = —5 ¢(2)Re<> |dul (7.16)
- Iﬂ§/EJ 2 /W\”B !
1 “\?
tiy 57 (0(0) ~ 6(0) Covlesen) = 51 [ (6) ~ vio)Re (£ ) Jaul (747
|ﬂ|<L1/€J ?

Moreover the sum of the two previous limit can be rewritten as

|
! /R Do th(u)0er G, 0)|du] + A115(0).

for some constant A;.
Proof:
If x # (0,0), the covariance between edges e = €(0,0) and e, is given by

Cov(e,e,) = P le and e,] — P [e]® = K2 det [KK;(_OZ) :2_123%] — (KeK™1(0))?

= K K (K ()

Using asymptotics of K=' for large %, we get the following asymptotic expression for the
covariance between two distinct edges

2 Y, L% T 3
Cov(e,e,) — —Sohe <ZowoZG> Re <W> o (6)
s ug —ug ug
2 |2 3
€
~0()

2 2
€ e* € 20w e
=53 5 Re <8> t53 SRe(z5"wy 2) | —
T ug T ug

Since the second term is oscillating, it will not contribute to the limit. The sum in
the LHS of (7.16)), modulo the oscillating terms, can be interpreted as the integral of a
piecewise constant function approximating

e*2

As the approximating functions are bounded uniformly in € by an integrable function,
and converge almost everywhere, then by Lebesgue theorem, the first sum converges to

1 e*2
_/1R2\93 27T2Re(u2>1/1(z)\du| (7.18)

) Ir2\5(u)
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7.2. The liquid case: edge densities

In the same way, the sum in the LHS of (7.17) is the integral of a piecewise constant
function approximating

1
2m2

i - w0 (%) 13(0)

and for the same reasons, it converges to

- [ ke <e> (6(2) — ¥(0))ldu] (7.19)

u2

We rewrite the sum of the limit using Green’s formula inside and outside of B, noticing

*\2 ., . . .
that %Re (%) is the second derivative of the Green function G(-,0) along the vector
e*.

/ L o2, G, 0y () |du| =
R

2\3 T

L )00 Glu, 0) (i, € do — / Db (1) G, 0[] (7.20)
T JoB T JR2\B

/ L02.G(u, 0) (1 () — (0))|dul =
p ]{ (¥(u) — w(O))ae*G(u,0)<ﬁ0ut,e*>da—% / Do+ (1) 0o G (u, 0)|du| (7.21)
0B B

where 71;, and 7y, are the unit normal vector fields on OB pointing respectively inwards
and outwards. The two integrals on B and R? \ B combine to give an integral over R2.
The two integrals on 9B cancel out partially. It remains only

0) 7{ D Ci(11, 0) (g, €Y = Ay (0)
0B

This establishes the convergence of the two first sums , which completes the proof of the
lemma. ]

We now prove the convergence of the third sum.

Lemma 7.2. 3, -, Cov(e,e,) converges when M goes to infinity to a limit As.

Proof:
The sum of the covariances is given in terms of K and K=! by

> Cov(e,e,) =Ple](1-Ple])+ > Cov(ee)
x| <M 0<|z|<M

=KK™ (0) = KZ ) KK (—x) (7.22)
| <M
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7. Pattern densities in fluid dimer models

K~'(x) is by definition the xth Fourier coefficient of the function f = @Q/P defined on
the unit torus T2. As P has simple zeros, f is in L!(T?). The convolution

du dv
2imu 2imv

(= £)w) = [[ rwoseuw) (7.2
is also in L'(T?) and its xth Fourier coefficient is exactly K~!(x)K~'(—x). Establishing
the convergence of the sum is now a problem of pointwise convergence of a Fourier series.
If f was continuous at (z,w) = (1, 1), then the Fourier series would have converged to
f(1,1). The problem is that the function f(u,v)f(u,v) is not integrable and thus, the
function f* f is not defined when 2z and w are both equal to 1. However, f* f is smooth
in a punctured neighborhood of (1,1), has directional limits when (z,w) converges to
(1,1), varying continuously with the direction. We can then prove an analogue in two
dimensions of Dini’s theorem? for f * f. If t = arg(w)/ arg(z) and £(t) the limit of f x f
when (z,w) goes to (1,1) with ¢ fixed, then

. N _ 1 1+t
i D KT KT (0 = w2 ‘1 —tt (7.26)
2| <M
And thus 3, ), Cov(e — €)(ex — €) converges to a limit that we denote by As. O

We now come back to the proof of the convergence of the distribution F¢. The three
sums in [7.15 defining (F*©, 1)) converge and the sum of the limits is

(F, ) = / Db (1) G(u1, 0) || + At5(0) (7.27)

where A = Aj + As. Thus, when € goes to 0, F© converges to a distribution F' defined by
the formula above, and hence ¢ * F to ;1 * F. Denoting by 9™ and 9 respectively
the operator of partial differentiation with respect to the variable u and v, and noticing
that, since G(u,v) = G(u — v), we have

0 G(u,v) = —0"G(u,v),

!This theorem states that if a function f is piecewise continuous on $', the partial Fourier series

—k k dw
Z /Sl 2imw (7.24)

k=—n

converges pointwise and

lim S, (f)(e%) =

n—-+oo

N

<1im f(e) + hm G )) (7.25)
0—0, 9—»9
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7.2. The liquid case: edge densities

we get the following expression for the limit covariance structure

M (Vo)) (Veg2)| = {01+ Fra) (7.28)
! / /}R ., Do pr ()2 Glu, ) ea(o)] o] + 4 /R pi(wea(u)ldu]  (7.29)
_ _i//Rmz Be 01 ()0 G (u, v) g2 (v)| duldo| +A/]R2 o1 (w)p2(w)|du  (7.30)
_ i//RR Der 91 (u)G(u,v)De 02 (v) [du| | +A/}Rz o1 (Wn(w)|dul  (7.31)

Thus the covariance of ]\766 converges to the expression given in proposition [7.1. O

7.2.2 Convergence of higher moments

In this section, we prove the convergence of the moments of order > 3 of ]\73 to those of
Ne.

Proposition 7.2. For every n > 3, The nth moment of Ng converges to that of Ne
when € goes to zero. In other words, for every p1,--- , o, € C°(R?),

g%E [Ngcpl - -Néson} = E [New1 - - - Newn]

Since N, is Gaussian, it is sufficient to show that in the limit, the moments of Ng satisfy
Wick’s formula. Moreover, as (g1, - ,¢n) — E {Nggol : Ng%} is a symmetric n-

linear form, we just have to prove proposition 7.2 when all the ¢; are equal to some test
function 1, the general case being obtained by polarization. The previous proposition
reduces then to showing that

Proposition 7.3.

0 if n is odd

lim B | (NG4)"] = B [(Nev)"] = { (n— DU E [New)?]™? if n is cven

e—0

In this section, we are thus interested in the limit of

E|[(Ney)"] =" > (i) (Bl —8) - (ex, —®)]  (7.32)

K1yt y&n
A first step in the proof is to study the convergence of a related quantity = (¢), defined

by a sum of the same general term as for E [(Ngz/))"} , but with a set of indices restricted

to distinct points:

En() =" > w(ug,) -l JE (e, — &)+ (e, —@)]. (7.33)

]+ Rn
distinct
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7. Pattern densities in fluid dimer models

Convergence of = (1)

To prove the convergence of = (1), we have to understand the asymptotic behavior
of the correlation between distinct edges, when they are far from each other. A sim-
ple expression is given by Kenyon in [28] to compute this correlation using a unique
determinant.

Lemma 7.3 ([28]). Let 1 = (w1,by1), -+ ,e, = (wy,by,) be distinct edges. Their
correlation is given by

n 0 Kil(bi,Wj)
Elfer ~ &)+ (en — &) = | [[K(w;.by) || det g
=i K" (by, ws) 0
Proof:
This lemma is proven by induction, using the fact that
a1l a12 -+ Qaip aiz 0 --- 0 0 a2 - an
a1 Qg -+ A2p 0 az - a az; Qg -+ A2p
det | . . | =det | . ) .| +det .
Anl Ap2 *°° Gnpn 0 an2 -+ ann anl Ap2 *** Qpnp
O

This formula allows us to give an explicit expression for =5 (¢) in terms of the operators
K and K~!'. Since the matrix in lemma 7.3/ has zeros on the diagonal, only permutations
with no fixed point will contribute to the determinant expressed as a sum over the
symmetric group. Let S, be the set of such permutations. Every permutation o € S,
is decomposed as a product of disjoint cycles v; - - -7,. The supports of these cycles form
a partition (I';)]_; of {1,...,n}, whose parts I'; have cardinal at least 2. The terms
coming from permutations leading to the same partition are put together and we get

e 3 B[] ) e -0 =K 30 S sen(o) [ v, K™ (o) — 25)
j=1

diktinet - distines 7€6n =1
P vl
= 55 1 B S PHTCELID SR | EIUARUN SIS RRtct) NCE%
{F}lp71 I=1 ~ cycle Ejpom K|y k=1
- supp(y)=I} distinct

The error term o(1) comes from the fact that in the second line, we allow two x; whose
indices are in different components of (I') to be equal.
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7.2. The liquid case: edge densities

We now examine the convergence of a term in brackets, associated to a cycle ~

o7

sgu(y)(eKe) ™ Y T wlug, KT (= 50) — %)
le [ 7Xj‘,y| k=1
distinct

According to subsection [7.2.1, we know that when -y is a transposition the corresponding
term converges. When the length of v is at least 3, we have the following lemma.

Lemma 7.4. For any cycle v of length m > 3, and any ¢ € C°(R?), we have

lime™ " T o(ug, ) KeK™ (%) — 1) =

e—0
A1, Fm k=1
distinct
1 )™ (uy) -+ bty
S N
2nimm Jeym o\ (Uy1) = u1) (U ) — tim)

Proof:
From the behavior of K=* at long range, we get an asymptotic expression for the product

m m =y —¥i), H @) =) .«
. N €2 wy e small
H KK (005) = %) = H Re ( T(Uy . — UE ) ) terms (7.36)
j:l j:l ¥(3) Rj
em 1e*)™ oscillatin
= 2m—17TmRe ((ua — us ; . )(u€ —us )) * terms ;
%y(1) #1 Zy(m) %m
(7.37)
The oscillating part of this asymptotic expansion once summed on %1, ..., %, will not
contribute to the limit. The sum of the leading term multiplied by e™(ug,) - - - ¥(u; )

can be interpreted as the integral of a piecewise constant function, converging almost
surely to

m

1 ie*
ﬁ¢(“ )Y (um)Re — (7.38)
2=t T JHl Us () — Uy

As all the functions are dominated by a constant times the integrable function

|9 (u1) - - - Y (um)|

[(uyy = 1) -+ - (Uy(rmy — Um)]

the convergence follows from Lebesgue theorem. O
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7. Pattern densities in fluid dimer models

Once proven the convergence of all these terms, we can combine their limit to get the
limit of =5 (¢). When summing over all cycles with a given support I' = {j1,...,jm} of
cardinality m > 3, we get the following limit :

ili% Z g™ Z H @Z)(Uijk)KeK_l(ﬂ”/(jk) — %j,) +o(1)

~ cycle Lj157 R jm k=1
supp(y)=I distinct
= g [, L0t |5 TT e il
]EF vy cycle jer' 'Y(j
suppy=I"

which equals zero according to the following lemma :

Lemma 7.5. Let m > 3, and uq, ..., uy, be distinct complex numbers. Then
> H — =0 (7.39)
vYES,, 1= 1
m—cycles
Proof:

Denote by f the function of uy, . .., u,, defined by the left hand side of (7.39). When m is
odd, the result is obvious, since v and 7! give opposite contributions. For a general m,
since m-cycles form a conjugation class in the group of permutations &,,, the function
f is a rational fraction invariant under permutation of the variables ui,...,u;,. The
denominator of this fraction is the Vandermonde V' =[], ]( — u;), and the numerator
is of lower degree than V. Since V' is antisymmetric under permutation, the denominator
has to be as well. But the only antisymmetric polynomial of lower degree than V' is 0. [

In the limit of equation (7.34) will contribute only partitions whose all components have
cardinality 2. If n is odd, {1,...,n} cannot be partionned into parts of two elements,
and the limit =,,(¢)) of =5 (1) is zero. When n is even, there are (n — 1)!! such partitions,
corresponding each to a pairing. The limit =, (¢) of =5 (1) is then

n/2
En(y) = > [T [lme D7 v, e, )Cov(es,  ex,)
pairings k=1 Rip F%j

{ilajl}v"'7{in/25jn/2}
= (n— 1) (Ea(y)™”

For the moment, we discussed the limit of a restricted sum on distinct edges, which is
not exactly the expression for the nth moment. We will now deal with the case when
edges can coincide.
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7.2. The liquid case: edge densities

Proof of proposition 7.3
In the expression of the nth moment

e Y w(ui)P(up)E [(ex —©) - (ex, — )]

17.“ ?

the correlations are not given by lemma (7.3 as soon as at least two edges coincide. To
understand the behavior of this expression, we must be able to express in terms of K
and K~ correlations of the form

E |(e, — &) - (e, — &) (7.40)

when eq,...,e, are distinct. Using the fact that the indicator function of an edge e
satisfies €/ = e for j > 1, Newton formula yields

k k
(e-e)f =3 < '>ej<—e>'f] =e ( ) (—8)"7 + (—8)" = af(e —®) + 5
— \J — \J
Jj= Jj=
where af and 37 are deterministic, depending only on € and k. In the case we consider,

all the edges have the same probability, and we will simply denote these coefficients by
ap and k. Note the particular values of ay and [ that will be useful later

ap =1 61=0 ,8226(1—6)
Therefore correlation [7.40/ can be rewritten as

E [(eq — ) - (er, — )] = B [(an, (61— ©) + ) -+ (an, (e — ) + Bi,)] (741)

= > aBE | ] -9 (7.42)

Jc{lf"vp} JEJ

where aj = H Qg andﬁj = H Br; -

jeJ jgJ

In equation (7.32), E [(Ngw)”} is expressed as a sum over all edges. We want now to

rewrite this sum as a sum over distinct edges, using partitions of {1,...,n}. Such a
partition {I';}_, is associated naturally to every n-tuple of lattice points (21, ...,%y,):
each component I'; of this partition is an equivalence class for the relation

iNj@ﬂi:)Xj.
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7. Pattern densities in fluid dimer models

Denoting by n; the cardinal of T';, we rewrite equation (7.32) as

B[(Nowy]=c" > Y E [T o5, (e, — o)™

O, %% =1

dlstlnct

~ /
YooY @By Y B[ evwg) e —o) | > [[v(uy) (743)
{0y, Jc{L,.p} Ei’fjgjeJt jeJ (g 1¢J

where ¥’ means the sum over (x;) distinct, but also distinct from values of any z;,j € J.
Denote by ¢ the number of T reduced to a single element. As 3, = 0, 3 7 is zero unless
J contains the indices of these I';. Thus, the cardinal of a subset J giving a non-zero
contribution must be at least q. For such a J, the last sum over (%;);¢; in (7.43) is a
Riemann sum, and therefore is O(e=2=1/D),

Furthermore, the sum over (zy)jes can be expressed by polarization in terms of Ef )
and is therefore a O(e~171). Since |J| > ¢ and

n=>Y m>q+2p—q)=2p—yq,
=1

the contribution of J to (7.43) is at most O(¢"~2P*17l) which will be negligible in the
limit except when |J| = ¢ and n; = 2 for all [ ¢ J. For such J and (I';), we have

a;j=1 By=(e(1—e)" 9" (7.44)

Thus the only partitions that will contribute to the limit are “partial pairings”, matching
by pairs 2m = (n — q) elements of {1,...,n}. For a fixed m, there are

n n!
— 1\l =
<2m) (2m — 1! 2mml(n — 2m)!

such partitions, all giving the same contribution. Summing over m we get

[n/2] n m
B[e0r] = 3 (o) @m0 ) (e2é<1 —é>2w2<u;k>) +0(e)

m=0

If n is odd, so is n — 2m. In this case, lim =, (1) = 0, and therefore

n—2m
lim I} [(Ngw)"} ~0 (7.45)
If n is even,
lim =55, (¢) = Enam(¥) = (n— 2m = DI Sp(y)"/2 " (7.46)
(n=2m)! o pynszm, (7.47)

T on/2-m(p/2 — m)!
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7.3. The liquid case: general pattern densities

Therefore, the limit of & [(NS@ZJ)"] is given by

n/2 = n/2—m m
i | (V)| = mz::O Qmm!(: - 2m)! (nzz/zﬁlw)b!(gfz@ n/j)' (é(l ) / w?(u)\dm)
=(n— S n/2\ = n/2=m (g(1 —@ 2(w)|du "
=3 () =z (s [ tjau)

n/2
(1) (Em ei-e) [ w2<u>|du|)
= (n— 1)1 (B [No(v)?])"?

what is exactly what we wanted to prove. This therefore ends the proof of theorem [7.2
for a pattern made of one edge and a generic liquid Gibbs measure.

7.2.3 A word about the non generic case

When the two roots of the characteristic polynomial P(z,w) on the unit torus coincide,
the measure is still liquid, and the correlations between edges at distance r still decay
like 7—2. However, since zy and wy are real, the leading term is the asymptotics of K—*
is not oscillating anymore, what will induce a resonance phenomenon in the system.

The two first sums in equation (7.15) defining the distribution F€ appearing in the study
of the convergence of the second moment still have a finite limit when & goes to zero.
On the contrary, due to the resonance, the third sum

Z Cov(e, ey)

lz|<[1/¢]
in this case diverges. More precisely, this sum is O(log(1/¢)). Therefore the second

moment diverges. However, one can prove that (log(1/¢))"*NS converges weakly in
distribution to a white noise. We will not show it here.

7.3 The liquid case: general pattern densities

This section is devoted to the proof of an analogue of theorem 7.3 for multi-edged
patterns. Let N5 the density fluctuation field of a pattern P for a generic liquid Gibbs
measure.

Theorem 7.4. When € goes to zero, Ngi converges weakly in distribution to the Gaussian
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7. Pattern densities in fluid dimer models

field Nop whose covariant structure is given by

B Nalo)No(ea)] = = [ 01 )Gl )0 o)
+A [ el

where the vector P* and the positive constant A depend only on the pattern P and the
Gibbs measure.

The scheme of the proof is very similar to that of theorem [7.3| for edge density fluctu-
ations. The problem is that there is no simple analogue of lemma [7.3 for correlations
between non overlapping patterns, that is why the proof needs a little more combinatorial
work in this case.

After having introduced the different notations required to deal easily with these pat-
terns, we prove the theorem, following the structure of the proof given in the last chapter,
and explaining in details only parts that are specific to patterns formed by more than
one edge.

7.3.1 Notations

Let P be a pattern containing k distinct edges e! = (w',b!),...,e* = (w¥,b*). The
probability of such a pattern to appear in a random dimer configuration is
K-'(b!, wl) K-1(b!, w")

P (7.48)

=P [P] = Kg - Ko det

K-1(b*, wh) K-1(b*, w")
More generally, the probability to see n non-overlapping copies Pq, ..., P, of P obtained
respectively by translation of a lattice vector xq,...,x%, is given up to a constant by a

determinant of matrix nk x nk defined by blocks

Aln
: (7.49)

Anl

ATL?’L

where the entries of the block Aj; are coefficients of K=! between black vertices of P;

and white vertices of P
K-!(b}

e

K-!(b¥

zr)

118

wh)
(7.50)

W)



7.3. The liquid case: general pattern densities

When I = J the matrix A;; does not depend on I. We denote by E this matrix, whose
determinant is used to compute P [P]. Defining B;; as the product E~'A;; and B as

the whole block matrix (Byy), we can rewrite the joint probability of Py,..., P, as
Iy | Bi2| -+ | Bin

Bpi| - Bn,n—l Ty

Instead of using a single integer i to denote the line (resp. the column) of an entry in
such a matrix defined by blocks, it will be more convenient to use a couple of integers
(I,«), where I is the index of the block line (resp. of the block column) and « is the
relative position in the I'th block line (resp. block column). The relation between the
two sets of indices is simply

i=Ik—1)+ .

If the coordinates x; are all distinct but some patterns overlap, define ij =P \Uf;ll P;
for all j € {1,...,n}. We have then

]P[fpy"fpn]zlp[j’r“j)n]

Up to a relabelling of the patterns, we can assume that none of the ij is empty. Thus the
joint probability of these patterns is also given by the determinant of a matrix defined
by blocks of size |P1| + -+ |Py].

7.3.2 Asymptotics of correlations

The following lemma gives asymptotic correlations between distant patterns.

Lemma 7.6. Let (%) = x1,...,%, ben distinct lattice points. The correlations between
the patterns Py, ..., Py, can be rewritten as

B[Py =) P, =)= > | II Hi(x) ] (1 +0(1)

Se&,, \eycleofS

where the functions H, are have the following asymptotic behaviour

el Re (H tr((E-1Q)hh )+ oscillating

2lvI=1 11 — u;j terms

Hv((ﬂj)) = sgnvy z
JEsuppy uﬂw(j)

and satisfy
C

|u

H,((%;) < ghl
‘ ’Y( J)’ JEsuppy ’Y(j)_uj|
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7. Pattern densities in fluid dimer models

for everyuy, ... uy, in ae-neighborhood of ug, , ..., u; . The error term o(1) is uniformly
bounded in x1,...,%, and goes to zero when the distance between the patterns goes to
nfinity.

Proof:

We first derive the asymptotic expression for the correlations when the patterns are far
from each other. When |z; — x;| are large enough for every i # j, the patterns are
disjoint and expression (7.51) for correlations can be used. Expanding the products in
the expectation, we get

E[@n -P) (e -P)] = 3 (-P)"PE [rple ...rijp]

jl,---:jp
1, 012B12 | -+ | 01n.B1n
021 Ba1 1,
=P > (—1)" det i N (7.52)
cc{l,...n} . .
5nan1 ]ln

where the non diagonal bloc (I, J) is either By or 0 depending on whether (I, J) belongs
to C' x C or not.

Expressing each determinant as a sum over the symmetric group G, and gathering
the terms coming from the same permutation, one can notice that the contributions
of permutations fixing a whole block are vanishing, due to the alternating sign in the
sum over C. The permutations contributing to the correlations are those whose support
intersects each block. Therefore, we have

E[(Pey =) (P, =P =P[P" > sen(o) [[ Buayw(ra)
I,

c€G, 1
fixing no block

To each such o can be associated (in a non canonical way) a fixed-point free permutation
S € G,: as o does not fix the first block, there exists an index (1, a;) that is not sent to
an index of the first block by o. Define S(1) as the label of the block to which belongs
o((1,a1)). The index o((1,c1)) is not a fixed point either. Thus its image under S
belongs to a block labelled by S?(1) # S(1). Define in the same way the iterated images
of 1 under S until that S¥(1) = 1 for some k > 1. If all the blocks have been visited once,
then the definition of S is complete and S is a n-cycle. If some block J has not been
visited, then, as o does not fix block J, one can find a non-fixed index (J, «y) and follow
the orbit of this index under ¢ until the first return to block J to define the orbit of J
under S. This construction is reiterated until each block has been visited. It provides
a partition of the set of permutations fixing no blocks indexed by elements of S,. The
class of permutations o leading to a given S € S, is denoted [S].

In each class there are “special” permutations, the support of which intersects each
block exactly once. For each class [S], there are k™ such elements, corresponding to the
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7.3. The liquid case: general pattern densities

different possible choices of non fixed points (1, 1), .., (n,a;,). These permutations will
give the main contribution, whereas the contributions of the permutations with more
than one non fixed point by block will be negligible in the limit, since non diagonal terms
are small when the patterns are far from each other. Thus,

E [Py =P | =P[P" D> Y sen(0) [[ Buaywra) (7.53)
j=1 I«

Se6, o€lS]

n k
P Y Y sens) (H 5 <BI,S<I)>WW) 1+ o1)

se&,, o€l5] I=1ar;=1
(7.54)

where o(1) corresponds to the contributions of the non “special” permutations. As K™*
is a bounded operator, and goes to zero at infinity, this error term is bounded by a
constant uniformly in the positions of the patterns, and goes to zero when the distance
between patterns goes to infinity.

The main term in equation (7.54) has an expression in terms of traces of products of
block matrices By

n k
H Z (BLS(I))a]ocS(I) = H tr (Bfl,lz "'Blp,ll) (755)
I=1ar=1 y=(I1,...,Ip)

cycle of S

Let us have a look to a particular trace tr (311,12 e BIp,h)- Recall that By is the prod-

uct of E~! whose entries will be denoted by e, and Ay whose entries are K= (bg , w) )
the coefficient of K=! taken between black vertex ‘a’ of pattern I and white vertex ‘3’
of pattern J, whose asymptotics when patterns are far away from each other are given

by lemma 2.2

—YJgtyr, +rj—xs
€ 2 w Qap(20, wo) small
A =—— 0 0 2 . .
(A1)as = —Re ( p— boml (@)
To simplify notations, we introduce
—Yj+yr, +xj—xr
z w
Gy =2 ; (7.57)
ug, — Uy,

The trace tr (B[1712 e BI;mIl) can therefore be rewritten as
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7. Pattern densities in fluid dimer models

tr (Bh,IQ o 'Blle) = Z (E_lAhlg)alaz T (E_lAfph)aqu

Q1,0
P
—€ small
N Ozl;ak <7r> i CayBRe (@praslnry) -~ Re (Qﬁpal Cfpfl) + terms
By Pk

As in the case of edge densities, there will be only two non oscillating terms in the
expansion of this product of real parts: those for which the phases contained in the (;;
compensate exactly.

tr (BILIQ s pr,h) = (7.58)
—\" £ - small
- Z <27r> He%ﬂj (@051 Chsty1 + @y nCrytyn) + terms (7.59)
S RPTINe ) 7j=1
By 5Bk
(=) [ u —_— oscillating
- Z 2pgrp H €a;B;QBj0541C1 10 T H €a;8;Qpj0,41 (5 | T terms
AT j=1 j=1
By 58k
(7.60)
The product of the ¢y, 1, ,, is equal to
P P 1
=11+ (7.61)
j=1 j=1 Lt I;
and we can rewrite the trace of By, 1, --- By, 1, as
()P tr((E~1Q)P) oscillating
tr(Brg - Brn) = gy pRe (w5, —us ). (us, —us) T terms (7.62)
2 1 1 p

giving the asymptotics for H.,.

When the patterns are not disjoint anymore, then a similar analysis can be done, in
defining new patterns as the connected components of P; U ---UP,. The bound can be
extended to this case. O
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7.3. The liquid case: general pattern densities

7.3.3 Convergence of the second moment

Proposition 7.4.
YV 1,92 € C(R?)

. - - 1
lim B NT(‘PI)N?(SD?)} = 7T// Oprp1(u1) G (u1, uz) Opxp2(uz)|dur||dus|
- R2xR2

w4 [ el (76)

The proof of the convergence of the second moment goes exactly as that of section [7.2.
The second moment of N§ can be expressed as a convolution of two distributions applied
to a test function

E |(N5e1)(Voe2)| = (¢ * ¥, ¢2) (7.64)

with the same definitions as before for ¢f and F*.

0f =) or(up)d(-—ug)  FT=> Cov(P, Pu)d(- — uf) (7.65)

] converges weakly to 1. The convergence of F* to a distribution F' is proven in exactly
in the same way as in section|7.2. The only difficulty that could appear is the analogue of
lemma 7.2 proving the convergence of > Cov (P, P,). Cov(P, Py) is a linear combination
of products of diverse values of K™'. If we interpret these products as Fourier coefficients
of a convolution of functions, then the convergence becomes more obvious: we saw in
section 7.2 that the function whose Fourier coefficients are the product of two K™' is not
defined at (1, 1), but has directional limits when (z,w) converges to (1, 1), and the sum
of the Fourier coefficient was an average of these directional limits. When more than
K~! are involved, the function is even continuous thanks to the multiple convolutions,
and the Fourier series converges at (z,w) = 1.

The complex number representing the vector P* along which are taken the derivatives
is a square root of tr(E~!QE~1Q).
7.3.4 Convergence of higher moments

Proposition 7.5. Let n >3, and ¢1,...,p, € C(R2).

0 if n is odd
: e Se _ n/2
21_{% E |Np(on)-- NT(('On)] N Z H E No(@s, ) Np(pj,)]  if n is even (7.66)

pairings =1
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Proof:

As usually, it is sufficient to study the case where all the ¢; are equal to some fixed
smooth test function . The nth moment is the given by

E [(N5)"] = &" P Hw uf) (P — P) | (7.67)
We know from lemma (7.6 the asymptotlcs of the general term of the sum
n —
"B | [ [ v (uf)(Pr, — 9’)]
I=1
2627 1 ¥(uj)
-10\hl _ PN
Z H sgn 7 ||Re tr((E Q) ) H S
Se,, veycleof S lesuppy %) %l
oscillating small
terms terms
p T4
T2 (52) e fueory & 1
()} I=1 ~yeycle jeIy Z"Y(J) z(J'
suppy=T}
small oscillating
terms terms
where the (I';) are partitions of {1,...,n} whose components have size at least 2. The
expression we obtained is very close to that of equation (7.36). From this point, the
same arguments as for edges yield the proof of the proposition. O

7.4 The gaseous case

In a gaseous phase, K™' decays exponentially. There exist two constants C7 and Cs such
that

VxeZ? |K (b wo)l <Cp-e 2k

The precise statement of theorem [7.2/in this particular context for a pattern constisting
in a single edge e is the following:

Theorem 7.5. The random field Ng converges weakly in distribution to a white noise

of amplitude ,/ 82%5&‘
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7.4. The gaseous case

The proof is exposed in the first two subsections, and the case of a more complex pattern
is briefly discussed in subsection [7.4.3

7.4.1 Convergence of the second moment

Proposition 7.6.

o . - o O’F
V1,92 € C; (32) il_r)%E [Ne((Pl)NeS(SOQ)} = 810gK(23/R2 1(2)p2(z)|dz|.

Proof:

As in section [7.2), the covariance E [Ng (¢1)NES (apg)] is a convolution of distributions
] * F'* applied to the test function ¢, where

o = &2 ngl(uﬂ)é(- —uy) and F°= ZCOV(G, e,)0(- —ul).

] converges weakly to ¢1. We have now to prove that the distribution F* converges

toward the distribution F' = 82? (5 The limit of the second moment will be then
?*F ?*F
F, * 0 —_— dul. 7.68
(o1 e P = gialorn b = s [ gl (7.3

If x # (0,0), the covariance between edges e and e, is given by

Cov(e,e,) = El(ego —€)(e, — €)] = —KZK' ()K" (—x) (7.69)

Let ¥ be a smooth test function with compact support, and N a large integer. We
decompose the sum over x in the expression of (F©, 1) depending on whether the norm
of x is larger than N or not.

(Fo,¢) = ) wb(ug)Cov(e,e) + > (¥(uf) — (0)) Cov(e, ey)

|| >N x| <N

In the first sum, there are at most O(¢~2) terms since the support of 1 is bounded. As
x| > N, each term in this sum is bounded by some constant times e 22", Therefore the
whole sum is a O(e~2e72¢2"). In the second sum, since |[z| < N, the distance between
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7. Pattern densities in fluid dimer models

ug and 0 is less than e N. As 1) is smooth , (¢¥(us) — ¥(0)) is O(¢N). The second sum is

X
therefore O(N?3¢). Choosing for instance N of order /4, these two sums converge to

zero, when € goes to zero.

The third sum is absolutely convergent, the limit of (F*¢, ) is

Thus F* converges weakly to ) ,»> Cov(e,e,)d and the limit of the second moment is
proportional to the L? scalar product. The coefficient of proportionality

can be rewritten in terms of the polynomials P(z,w) and Qe(z,w).

ZCov(e,eﬂ):]E[(e—e e —@)] Z E [(eo0 —€)(ex — )]

2€E72 %7#(0,0)

—Ple](1-Ple]) K2 3 K@K ()
%7#(0,0)

— Kzz K= ()K" (—x)

// eQezw  K2Qe(z,w)? dz dw
TZ

P(z,w)? 2miz 2miw
0 ko0 / [ toa(Pleun ;=
OKe J J2 T2z 2miw

0*F

~ Olog K2

where & is the free energy of the system. O

7.4.2 Higher moments

Proposition 7.7. The Wick formula is verified in the limit.

0 if n is odd,

ii_r)%E [(N‘iw)n)} - { (n—1IE [(Ng)ﬂn if n is even.

Proof:
As in the case of a generic liquid measure, the proof begins with the study of the restricted
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7.4. The gaseous case

nth moment =5 (1)) defined by equation (7.33). Lemma (7.3 yields the same asymptotic
expression as in the generic liquid case (7.34):

P
=w) =3 [I CIRICNER
{1"}?_1 =1~ cycle
- supp(y)=I}

bl
> TL0t, K gy 50 +oD) (.10

LSTEN 7ﬂj"7| k=1
distinct

The contributions of cycles of length greater than 3 vanish in the limit, thanks to the
following lemma:

Lemma 7.7.

e—0

vm >3, lime™ > []e(ug,)K (=11 —%) =0
1

21, Am =1

Proof:
Define ¥’ = %y and for j > 2 x;- = %j —%j—1 . The sum can be rewritten using these new
notations and invariance by translation of operator K=* as

om Zw(u;,) Z H w(ui,ﬂ,ﬁ._'ﬂ;)}(*l(xg) K (A — oy —x)

/ ! y —
Ry B, -]_2

As 1 is a continuous function on a compact set, it is bounded. The sum on %" has O(¢~2)
terms. K™'(b_y ...y , W) is bounded independently from the %}’s. As K~' decays ex-
ponentially, the sum on x5, ..., %, is bounded. The whole sum is thus a O(¢™~2), which
goes to zero when € goes to zero as soon as m > 3. O

Thus Z5 (1) converges to Z,(¢) = (n — 1)!! Z2(¢»). The end of the proof deals with
collisions between edges, which is identical to what has been done for proposition [7.3]

leading to the result. O

7.4.3 Patterns in gaseous phase

Combining the notations and the techniques introduced in 7.3/ to deal with correlations
between patterns, and following the steps of the proof of theorem 7.5, one can prove the
following
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7. Pattern densities in fluid dimer models

Theorem 7.6. Let P be a pattern in a dimer model endowed with a gaseous Gibbs
measure. The random field N5, of density fluctuation of pattern P converges weakly in
distribution to a white noise.

Th proof is omitted here.

7.5 Correlations between density fields

In the previous sections, only fluctuations of the density field associated to one fixed
pattern was considered. One can ask what happens for correlations between density
fields associated to different patterns. To what extent a high density of some pattern
in a given region of the plane has an influence on the density of another pattern in an
other region ?

This question is answered by the following theorem generalizing the results of the pre-
vious sections.

Theorem 7.7. Consider a dimer model with a generic liquid Gibbs measure .

o Let Py and Py be two patterns. The bilinear form E [N@l()ﬁ%()} on C*(R?)

converges when ¢ goes to zero to a bilinear form E [Ng, ()N, ()]

o If 1 is a generic liquid Gibbs measure, there exists a constant Ap, p, such that for
every test functions p1 and 2,

E Doy (p)Nz(e2)] = - [[ | Omer(w)Gluo)dyea(o)|dulas

+ g, [ el (77

o If nu is gaseous, there exists a constant Ap,p, such that for every test functions ¢y

and gz,
E Do, (0)%s,(2)] = Ay, | o1(a)ea(uldd
o Let P1,..., P, be patterns (not necessarily distinct). When e goes to zero, the
multilinear form [Ngil () Njin()} converges. The limit E [N, (-) - - N, ()] is
giwen by Wick formula: for every test functions o1, ..., on,
0 if n is odd
n/2
E [N, (¢1) - - Ny, (en)] = L
| Z H E [Nmik (i )N, (05,)|  if n is even
pairing k=1
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Let v be a vertex of the graph, and denote by e, ..., e, the edges incident with v. The

complex numbers e7, ..., ey, sum to zero since they represent the edges of the dual face

r¥m
v*. Even more, for every € > 0, the linear combination Ng +--- + Ngm is identically
zero. Indeed, for every x € 72, there is exactly one edge incident with v, in the random
dimer configuration. Therefore the sum of indicator functions (e1); + -+ + (em)x is
always equal to 1. This relation between the random fields Ngj at a microscopic level

yields relations between the different coefficients Ae,e,. Precisely,
m m
DY A, =0 (7.72)
i=1 j=1

7.6 Examples

The theorems in the previous sections state a convergence of density fluctuation in the
scaling limit to a linear combination of a derivative of the massless free field and a white
noise. However, they do not give an explicit form for the white noise amplitude. In this
section we present some cases for which a closed expression for the white noise amplitude
can be provided in terms of the weights on edges. The first case is the dimer model on
the graph Z? with periodic weights a, b, ¢, d around white vertices. The second case is
the dimer model on the square octagon graph.

7.6.1 Tilings of the plane by dominos

The graph we consider here in the graph Z? with a bipartite coloring of its vertices.
Weights are assigned to edges according to their directions: a,b,c,d counterclockwise
around white vertices and clockwise around black vertices. If none of the weights is
greater than the sum of the others, the corresponding dimer model is critical [30]: the
graph can be embbeded in the plane such that all the faces of the graph as well as those
of the dual graph are inscribed in circles of a given radius. The Gibbs measure with no
magnetic field on dimer configurations is liquid. The primal and dual faces are similar
to the cyclic quadrilateral with sides a, b, ¢ and d. The area of such a quadrilateral is

1
Area:Z\/(—a—i—b—kc—}—d)(a—b—|—c—|—d)(a—{—b—c—|—d)(a—i—b+c—d)

and the radius R of its circumscribed circle is defined by the relation

(ab + cd)(ac + bd)(ad + cb)

R2: .
(—a+b+c+d)(a—b+c+d)(a+b—c+d)(a+b+c—d)

The fact we chose the fundamental domain to have area 1 leads to the following expres-
sion for the complex numbers representing the dual edges in the embedding of Z?:
ia N

b
= —— b = C = — = Y
V2 Area wov 2 Area woV 2 Area V2 Area

. —iczg " 1dzg

*
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7. Pattern densities in fluid dimer models

where (zp,wp) is the root of the the characteristic polynomial

b
P(z,w):a—l-f—%—i-dz
woow

on the unit torus, with the additional constraint that Im(zg) > 0.

The following theorem is a particular case of theorem [7.7.

Theorem 7.8. Let GFF a Gaussian free field in the plane and W an independent white
noise. The vector-valued random field

converges weakly in distribution to the vector-valued Gaussian Field

N, D +1
Ny 1 | Op [ abed -1
= — GFF — w
N VT | Ocr * 8w R? Area | +1
Ny Og+ -1

where R is the radius of the circumscribed circle of a face, given by

(ab+ cd)(ac + bd)(ad + cb)
(—a+b+c+d)(a—b+tc+d)(atb—c+d)(a+b+c—d)

R? =

Proof:

The only point we have to explain is the computation of the white noise amplitude.
This coefficient can be identified from the limit of the second moment of N. The
proof of the convergence of the second moment, as before, goes through the proof
of the convergence of the distribution F*© defined by (7.14). The sum over x in the
definition of F* is decomposed into two parts depending on whether u; belongs to
some neighborhood of 0 or not. In the general case, we considered the neighborhood
B = {i(azos + Bzot) ; (s,t) € [-1,1]*}. However, here we will take an infinite strip

8 = {i(azps + Bzot) ; (s,t) € R x [—-1,1]}.

The condition on x = (x,y) corresponding to ui € 8§ is * € Z and |y| < M where
= |1/e]. We have

(FE,0) = Y p(us)Cov(e,er)+ Y ((u) —1(0)) Cov(e,e)+1(0) > Cov(e,ey).

TEZ AV HASY/A
ly|>M ly|l<M ly|l<M
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7.6. Examples

The inverse Kasteleyn operator in this case is given by

Y dz dw
K~ (2,y) = K~ (b, wo) = -
(z,y) (bx, Wo) /11“2 a+b/w—cz/w+ dz 2irz 2iTw

The fact we have an infinite strip allows us to make use of one dimensional Fourier
series in the z-direction to compute the third sum. Indeed, K™'(z,y) is the xzth Fourier
coefficient of the function f,(w) defined by

fy(UJ) _ / 2z Y dz

a+b/w—cz/w+dz2inz’

Hence, for a fixed v,

dw

2irw’

> K K () = [ )y

[ASY/

For y # 0, the functions f, and f_, have disjoint support, therefore the sum above is
zero. When y = 0, the sum is equal to

B B B ) dw B dw
Z K™ (2, 0)K™(=2,0) = /fo (w)2i7rw B /a+bw|>1 2im(a + b/w)*w

TEZ ‘ cw—d

The third sum equals

$(0) Y Cov(e,e,) =(0) [ aK(0) —a® > Y K (z,y)K ' (—z, —y)

m%w ly|<M z€Z
— 5 (0) / adz B / a’dz — $(0) —abIm(wq)
B jaxbu sy (@ +b/w)2iTw J|atbu)y, (a+b/w)22itw | mla + b/wo|?

The other term coming from the application of Green formula can also be computed and

turns out to be equal to
| bIm(wo) \
—ablm (wq
—¢(O) b :
2Area w la + uTO‘

Hence the variance of the white noise appearing in the limit of Ng is given, after some
calculations, by

1 —ablm(wp) ablm(wo)\  abed
7 |la+ b/wo|? 2Area ) 8mR2? Area

A similar computation for E [Nj(@l)Nbg(@g)} leads to the same expression, with a neg-

ative sign. As the expression of the coefficient is invariant under cyclic permutation of
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7. Pattern densities in fluid dimer models

Figure 7.1: A portion of the square-octagon graph. Edges are oriented from white end to black end,
except those whose orientation is represented on the figure.

a, b, c,d, the amplitudes for the other pairs are easily deduced. O

When ¢ = 0, the dimer model on Z? is equivalent to that on the honeycomb lattice with
periodic weights a,b,d. One can notice that in this case, the amplitude of the white
noise vanishes. The interaction between dimers on the honeycomb lattice is purely
electrostatic. We conjecture that it is true only for that particular model.

7.6.2 Dimer densities on the square-octagon graph

The square-octagon graph is a Z2-periodic graph whose fundamental domain is presented
in figure 7.1. It contains four white and four black vertices. When every edge is assigned
a weight equal to 1, the characteristic polynomial is given by

1 1

. 1 1
1 1.1 0

P(z,w) = det 0 - 1 w —5—2—;—10—;
-1 0 1 1

The spectral curve has genus 1 and its amoeba is represented on figure [7.2. When the
magnetic field is weak, the dimer model is in a gaseous field. The fluctuations of the
density field of an edge can be therefore computed by taking derivatives of the free energy
of the system with resect to the weights, as explained in section 7.4l
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N\~

/

/@k

Figure 7.2: The amceba of the dimer model on the square-octagon graph.

72N

To compute for instance the amplitude of the white noise in the limit density of the
edges (w1, b1), we assign to these edges a weight e® and to the others a weight equal to
1, and compute the second derivative of the free energy F associated to this model with
respect to a. For these new weights, the spectral curve is now

_1

¥ 1
0 =4+e*—e%— - —ew— —.
w z w
1

o n —gl=
_ = = O

If a is small enough, the dimer model is in a gaseous phase in absence of magnetic field.
In every point of this phase, the free energy is constant and given by

dz dw
9: == 1 Pa 5 B B
//Tz 0g(Fa(z,w) 2z 20w

1 ' . ' N\ df do
=1 4 a 1 1— a+i0 —1i6 a+i¢p —i¢ hndhad
og( +6)+//[072ﬂ2 og< 4—|—ea(6 te e te ) 27 27

Perfoming the change of variables a = @, = % and moving the contour of integra-

tion over « from [0, 27| to [—ia/2, —ia/2 + 27| using analiticity and periodicity in «, we
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7. Pattern densities in fluid dimer models

finally get an expression of F in terms of an absolutely convergent series:

a/2
F, =log(4+e”) + //[0 - log <1 — fj_ " cos(a) cos(ﬂ)) %% (7.73)

1 4e0/2 k 2m . do 2m . dg

=log(4 +e%) — Z 7 G </0 cos (a)2W> </0 cos <’6)27r> (7.74)
k=1
< 1 [ ez \* (2k)1 2

=log(4+e) =) o e ((k!)2> (7.75)
k=1

F, can be expressed as the value of a certain generalized hypergeometric function. The
Taylor expansion up to order 2, involving the elliptic integrals K and E?

?a_?_i_(l_BK(égs))a_‘_ <K(%g)_E($g)>a2+0(a3)

2 51 2 2

gives information on the statistics of the copies of edge (w1, b1). The constant coefficient
is the free energy of the initial model, the coefficient of a is the probability of (w1, by)
1 3K (%)
P b)) == - —=%7
[(w1,b1)] 9 B
and the coefficient of a?/2 gives the amplitude of the white noise describing the scaling
limit of the fluctuations of the number of edges (wi,by)

e—0 2

16y _ 16
i [V )?] = L BB [ oy

Similarly, one can compute the probability of seeing an edge of a square, for example
(wg,b1), and the amplitude of the white noise:

1 3K (3
P [(wa.by)] = 1+ (),
- 2K (32)
: € 2| _ 25 2
ilf%E (N(wl,bl)@ ] = EWT/RQ p(u)du.

The fact we see elliptic functions showing up is not very surprising since the spectral
curve in this case is a torus.

2We recall that the complete elliptic integral of first and second class are given by

K(m) = /0% \/#m and E(m)= /o% \/1 —msin?(¢)dé. (7.76)
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8 Curl-free walks and the lamplighter’s
problem

This work is a preliminary step to solve the following combinatorial problem proposed
by Richard Kenyon. On the lattice %2, what is (asymptotically) the number of closed
paths such that the winding number around each face is equal to zero 7 These special
paths are called curl-free paths and an example of length 14 is presented on figure [8.1.

Figure 8.1: An curl-free walk of length 14.

We will solve the following simpler question in the same spirit. Let G be the ladder graph:
the vertices of G are indexed by Z x {0, 1}, and there is an edge between v = (k, z) and
v/ = (K, 2') if either |k — k| =1 and z = 2/, or k = k' and z # 2/. Edges of the second
type are called the rungs of the ladder. A piece of the ladder graph is represented on
figure 8.2 To simplify, we will use the following notations to label vertices:

k=(k,1), k= (k0).

The position of the bar recalls on which side of the ladder the vertex is located.
. P

Figure 8.2: A piece of the ladder graph G.

Q9 Ol
1

Let P,, be the set of closed paths on G of length n, starting from (0,0) and passing an
even number of times through every rung of the ladder, and P = (J,,~, . The problem
is to determine an asymptotic expression for the cardinal of P,,.
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8. Curl-free walks and the lamplighter’s problem

8.1 The lamplighter’s problem

It turns out that this combinatorial problem is equivalent to determining the on-diagonal
asymptotics of the heat kernel on the lamplighter’s graph.

The lamplighter’s graph represents an infinite street with an infinite number of lamps
labelled by Z. A vertex of this graph is the collection of the states of all the lamps, in
addition to the position of the lamplighter. Two vertices of the graph are linked by an
edge if the lamplighter can pass from one state to the other by one of these elementary
operations:

e make one step on the left,
e make one step on the right,

e switch the lamp located at his position.

eeeeeeeeeeeee I

Figure 8.3: The lampligher switching on and off lamps on a infinite street.

Initially, all the lamps are switched off and the lamplighter stands in front of the lamp
labelled by 0. The diagonal entries of the heat kernel represent the probability that the
lamplighter will come back to his starting point after a given number of steps, and when
he comes back, all the lamp will be switched off.

The correspondence between paths on G and paths on the lamplighter is the following:
let v be a path on G. The projection of v on the first factor Z describes the trajectory
of the lamplighter, and a crossing of rung k corresponds to a state change of lamp k.

The paths of P are thus in bijection with loops on the lamplighter’s graph, since for the
lamplighter to come back to the initial state, he must operate an even number of times
all the switchs, so that all lamps are switched off when he comes back to 0.

The lamplighter’s graph turns out to be the Cayley graph of a group, that can be
generated by an automaton [19]. The spectrum of this group is completely known for
some random walks [2], and can be used to compute return probabilities. However, we
use here an alternative method. See also [53] for another approach.
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8.2. Strategy

8.2 Strategy

The method proposed to solve this problem is based on the following combinatorial fact:
let M be the adjacency matrix of G. Then (M ”) 0.0 18 exactly the number of loops of

length n starting from 0. If we now add weights w(e) to the edges e of the graph, and
consider the weighted adjacency matrix M,,, then (M[})O o 1s the sum of the weights of
these loops of length n, where the weight of a path v, as usual, is the product of the

weights of the edges it contains

w() = [[wle). (8.1)

ecy

Let (ex)rez a sequence of independent identically distributed random variables, such

that 1
Pley =41 =P lep = —1] =5

If we assign weights to the edges of G as follows:

w(e) = {1 if e = (k,k+1) or (k,k+1)

Ek ife= (E,E)

then the average of (M), . is equal to the cardinal of P,

0,0

Pa] =E[(MD)ge) = X Bl (33)
length(y)=n
7(0)=y(n)=0

Indeed, if a path ~ crosses a rung, say rung k, an odd number of times, the power of ¢,
in w(y) is odd, and therefore I [w(y)] = 0. On the contrary, if v € P,,, E [w(y)] = 1.

Since a path of length n does not see vertices of G at a distance greater than n of the
origin, one can in fact replace the infinite graph G by a smaller one coinciding with G
on a large enough neighbourhood of 0. Since G is periodic, it is convenient in order to
keep some symmetry to replace G by a quotient of it by a large lattice Gy = G/NZ, for
N > n. The actual value of N has no importance. One can take for example N = 2n.

We will use bra and ket notations from quantum mechanics to denote functions on
vertices and their transpose. For k € Z/NZ, }k> (resp. <E‘) stands for the function
equal to 1 on vertex k (resp. k) ans 0 elsewhere.

The graph G is invariant under the exchange of the two copies of Z/NZ. The weighted
matrix M,

M|k = [k =1) +eplk) + k),  My|k) = [k —1) +ex|k) + |E) (8.4)
commutes with operator T’

T|k) = |k),  T[k) = [k). (8.5)
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8. Curl-free walks and the lamplighter’s problem

The functions }ki> = M are eigenfunctions of T'

V2
|kE) = +[k*) (8.6)
and the matrix of M, in the eigenbasis (}k‘+>, ’k:_>) is block diagonal (]\/é‘j MO, ) where
+eg 1 0 s 1
1 4 1 :
My=|o 1 . - 0 (8.7)
. . :|:€N,2 1
1 s 0 1 :|:€N_1
It follows then from the iid property of the sequence (gx) that
1 1 al
B |(M2)go] = 5B [r(ME)] = B [tr(MF)] = + Zlna (@) (88)
j=

where Aj(w) > -+ > Ay (w) are the eigenvalues of M.

The matrix M can be interpreted as the weighted adjacency matrix of the graph
represented on figure [8.2.

Figure 8.4: The weighted graph represented by M

Since the graph Gy is bipartite!, the walk needs an even number of steps to come back
to the origin. Therefore the quantity (8.8) is zero if n is odd. We from now assume that
n is even.

When n is large, the main contribution to this sum is given by the edge of the spectrum,
A1 and Ay. As Gy is bipartite, we have

M((er) = =An((—ex)) (8.9)

'In fact, it is really bipartite only if N is even. We will suppose that it is indeed the case. However, if
N is odd, one can still color the vertices such that the bipartite property is verified in a large enough
neighbourhood of the origin to contain every n-step walk.

138



8.3. Approximation of the first eigenvalue

and once again, by the iid property of the sequence () , the contribution of these two
eigenvalues are equal, and thus

Pl o~ %TE [A1(w)"] (8.10)

To obtain an asymptotic expression for the cardinal of P,,, we will give for any realisation
of w an approximation of Aj(w) to get an estimate of the main term of (8.8). Then we
evaluate the spectral gap in order to control the contribution of the other eigenvalues.

8.3 Approximation of the first eigenvalue

We will work only the block M with a fixed realization of (z—:k) To simplify notations,
we will drop from notations the dependance on w and superscript +.

The diagonal entries of M can be viewed as the period of an infinite succession of +1
and —1. We will see in this section that the greatest eigenvalue is related to the longest
sequence of +1 in this succession. More precisely, we claim that

Proposition 8.1. Let ¢ be the longest sequence of +1 in eg,...,eN—1,€1,.... Then
7T2
M = e i +0(%). (8.11)

We prove the proposition in two steps, by fist giving a lower bound on A;, and then an
upper bound. The error term O (%3) is uniform in 4.

8.3.1 Lower bound

The greatest eigenvalue of symmetric matrix M is the maximal value of the associated
quadratic form on the unit sphere

M(w) = sup (p|M|p). (8.12)
(plp)=1

To get a lower bound for Ay, it is therefore sufficient to evaluate <90‘M }g0> for a suitably
chosen function ‘<p>

If £ < N, the restriction of M to the largest interval of +1 is equal to 3Idy + Ay, where
Ay is the discrete Dirichlet Laplacian on a segment of £ points.

Let ‘<p> be the normalized eigenfunction of A, associated to its greatest eigenvalue

2COS(Z+L1) — 2. Then

A1 > <gp’M‘gp> = <go‘31dg+Ag‘go> =1 +2cos<€j_ 1)

2 9n2 1 _ a2 1
:3—7r2+7r+0<>:36 = 0() . (s.13)
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8. Curl-free walks and the lamplighter’s problem

8.3.2 Upper bound

A direct rough upper bound for A; is

Al gsqu‘<i\M\j>‘ <3. (8.14)

Unfortunately, this is not precise enough to conclude.

Let W> be the eigenfunction of M associated to A\;. The upper bound on A; will be
given by the greatest eigenvalue p; of a symmetric matrix P such that

A = (WM |y) < (Y|Plw) < sup (p|Ple) =m (8.15)
(plp)=1

To get a first bound on the quadratic form represented by M, one can first replace some
— on the diagonal by +, without increasing ¢ and so that — come at most by pairs on
the diagonal. Then in all pairs of —, replace one of them by a +. We are left with a
matrix M with the same form as M and a ¢ at most increased by 1, whose diagonal
consists in a succession of sequences of + separated by one —. Let @ (resp. ©) be the

o]
set of indices corresponding to + (resp. —) diagonal entries. Let &C @ the subset of
indices whose neighbours are also in &. We have

(WM ) = 07+ (i1 +ian) + Y —7 + 205 (51 + ¥j11).  (8.16)
JjED jeé JjE€S
Since ) is the eigenfunction of M associated to A1, we have for j € © that

MY =Yj_1 —Yj + i (8.17)
and therefore ,
M+ 1)%0F = (-1 +¥j1)” < 2(0; + ¢34) (8.18)

from what we get

—pF + 200 (i1 + i) = 2005 (vhj—1 — ¥ + Yj41) +
= 2092 + 47
47/\1(1?2'—1 + i) + U
()\1 + 1)2 ! s ’
4x3

N (2 + 2COS(£+L1))

where in the last line we used the rough upper bound and the lower bound on A; obtained
before. Denote by « the coefficient in front of (%2—1 + %2' 1)

IN

3 (V1 +¥5) +9]

4x3 3

(2+2c0s(;77))* (1 +cos(y))”
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8.3. Approximation of the first eigenvalue

We obtain finally the following majoration

(Y| Me) < (W|M|yp) <Y w2+ (o1 + i) + Y aled +93y) + 45

JED jeé Jj€S

(v Plv)
(8.20)

The matrix P representing the quadratic form on the right hand side is block diagonal

11 0
11 1
01 14a

P= 010 (8.21)

0 |14+a 1
1 11
0 11

The greatest eigenvalue of P is the greatest eigenvalue of the largest block P, that has
size = ¢ or £+ 1. An eigenfunction ¢ of P; must satistfy the second order induction
relation

Vie{l,...,0} puj=uj_1+uj+uj (8.22)

with the following boundary conditions
up = Quy,  Up g = Qg . (8.23)
As soon as £ > 4, « is smaller than 1, and thus

) <X\ Suﬁsgpz‘@{%}j}‘ <3. (8.24)

s

+1

1 —I—2COS<

In this case, we pose u =1+ 2cos(f), with 0 € [0, é-i—il]
To satisfy (8.22), the eigenfunction u associated to p must have the following form
uj = Acos(j0) + Bsin(j6). (8.25)

In order to have a non trivial solution for A and B such that the boundary conditions
(8.23) are also satisfied, the following relation, obtained by plugging (8.25) into (8.23)
must hold

; 1—acos(d) _ —asin(f)
cos(€ +1)8) — acos(£) sin(€+ 1)6) — asin(¢6)
= sin(£0) (1 + a?) cos(#) — 2a) + cos(£0)(1 — a?)sin(f) = 0
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8. Curl-free walks and the lamplighter’s problem

This equation in # can be rewritten as

~ (1 - a?)sin(9)

tan(00) = — . 8.26
an(¢6) (1+ a?)cos(f) — 2 (8:26)
This equation has a unique solution in (0, %) given by the following expansion
T T 1
¢ 2 <€3> ( )
The asymptotic expression for p is thus
72 1472 1 = o(4

giving the uper bound we were looking for.

8.4 Main contribution to |P,,|

In order to determine the main term in the asymptotics of ”Pn‘, one has to first estimate
probability that the longest succession of +1 in (ak) has size £.

Pl =] = 21{)\12 (1 +0 <2]X)>) (8.29)

Lemma 8.1.

Proof:
For i € Z/NZ and | € N, define C’i(l) to be the following event

Ci(l) = {there is a sequence of + 1 of length at least I starting at position i} (8.30)
={g1=-landVke{i...,i+l—1}, gy =+1} (8.31)

The probability we want to estimate can be rewritten in terms of these events as

Plt=1) =P | o\ oot (8.32)
The probability that Cl-(l) occurs is P {C’Z.(l)} =270+ and it is easy to see that
P [Ci(l) A C]('l)} _ P [Cfl)} P [Cj(-l)] if their supports are disjonts, (8.33)
0 if their supports intersect.
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8.4. Main contribution to |P,|

More generally,

T

! ! . . ..
P [C»(l) - C-(l)} _ P [C’( )} - P [C(ﬂ = m if their supports are disjonts,
11 v .
0 otherwise.

(8.34)

The number of ways of positioning m sequences of symbols of length [ + 1 so that their
support do not intersect on a ring with N sites is equal to = (N mmll 1) By an inclusion-
exclusion argument, the probability that a sequence of +1 of length at least [ occurs is

thus

P | Jc

= Z]P [C}”} N S S - {C}f’ m---mq.(ﬂ

01 yeensim
distinct

= i (—1)m+! <2,1+1)m % <N ;,L”flf 1) (8.35)

m=1

N (_1)N+1]P

nel

This alternate sum is well approximated by its first term, and since %(N ;ﬁlfl) < %

the rest of the sum is bounded by
N i 1 \"N/(N- ml—l Y/ 1\ N
20" g ) <> \gm) oo
m=2 m=2
2 N N \?
<e _1_21+1:O<<21+1>>' (8.36)

Consequently, as |J, C’i(lo) c U, C’Z-(ZOH), we get finally that

N N
U cb) U clot| = 573 (1 +0 < )) : (8.37)

This approximation is valid only for [ > log, N. However, this proof furnishes a uniform
upper bound P [£ =[] < 210%, what will be convenient to control the estimates below.
O

9

Pl =

Using proposition 8.1 and lemma 8.1, we can now write the main contribution to !’Pn‘
as a sum over the length of the longest sequence of +1.

2 2 & 2 L N "
A= BN = 5 3P = 000 = 1305 (140 () e )
N n N .
:3”221%6 w2 O(3)+o(k) _ %Ze—m o(%)+o(%) (8.38)
=0 1=0
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8. Curl-free walks and the lamplighter’s problem

where f is the convex function defined by f(I) = llog2+ % By Laplace’s method, the
main contribution to the sum comes from the terms locates near the critical point of f,
which is

5 2m2

3log?2

ol

lo = na. (8.39)

More precisely, A is rewritten as

e % IR AR 0/10) 0 (3)vo(%) 3" i 31082 1o g(1/10) O (3)+0 ()
-tol<tg T
(8.40)

where g(z) = % (x + %) In the first sum, [ is close to lp and one has

g <> —g() + 2 (lolo)g”(l) +0 (llglo) sup [g"'(1+ )|

2
=1+ <l ;Ol‘)) +O(n 3. (8.41)

In this range of [, the error terms are small, and thus the first sum, interpreted as a

/2

Riemann sum with a step Az = [ ! , can be compared to a Gaussian integral

Z o3 log2 1o g(l/lo) — \/%/Jrooe_wzﬁ(lwx?)dx(l + O( 1 ))

lo
li—lo|<Vlo

5

win

o=

o1 3 _(SﬂlogQ)%n% 1
= 2 1+0(n"%s)). (8.42
(35) )b e (1+0m ). (s.42)
The contribution of the other sum is smaller. The fact that g is convex implies that
this sum can be bounded by a the sum of a geometric series decaying faster than the
contribution of the first sum. More precisely,

i o~ 3102 10 9(1/10) O (57)+0(%) _ (g%low lo) (8.43)
l

=0 2/3
li—lo|>12/

what is the order of the error term in (8.42). The error term O (l%) has to be treated
with more care. As this error term is uniform in [, we could have bound from above and
from below the function f by functions of the form
2

£.(1) = 1log 2 + % + CZ—? (8.44)
for different values of ¢. Anyway, the critical point of f. is still close enough to Iy not to
modify the global asymptotics (exponential decay exponent and polynomial prefactor),
except unfortunately the constant in front of (8.42). What we get finally is
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8.5. Spectral gap

Theorem 8.1.
3 log 2) %n%

P | = 3"ns ei( 2 (8.45)

where the symbol =< means that the ratio between the left hand side and the right hand
side is bounded away from 0 and oco. To finish the proof, we need to estimate the
contribution of the other eigenvalues.

8.5 Spectral gap

With some more work, we prove that the second eigenvalue of M is comparable either
to the second eigenvalue of the largest block corresponding to successions of +1, either
to the first eigenvalue of the second largest block. More precisely,

Lemma 8.2. If ¢ (resp. V') is the longest (resp. the second longest) succession of +1 in
the sequence (5k), the second eigenvalue is given by

A2 <max<3e 37 +O(¢’3) ,3e 35/2+O<%>) (8.46)

We omit the proof of this lemma here.

The contribution of the second eigenvalue is thus given by

Z]P [ =11 max(?)e %”7{22+O<%3>,36 31’2+O<%>>n
l/2 1

Z]P —lle( 3722”(%))”
?VEN: zl: P =1 < ﬂ*o(%))n

I=1/2

Mz J'DMZ

=1

The first sum can be rewritten, and bounded by

3n N 4r +O(1) n /21
SNTPe=1 (3¢ 22O\ P[0 =1)]
S e (o) (5

1

< Cst 3y 2l i () _o <n1/63" —(3mlog2)sn 3) (8.47)
=0
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8. Curl-free walks and the lamplighter’s problem

which is negligible comparing to A. We invert the order of summation in the second
term

gn N l / ) 2 % n
NZ ZIP[é:HZ]( 37 +0(; )>
=0 I'=1/2
n N L 20'—1
:?vz(e 3u2+0 i3 ) <Z]p z_m’_z]> (8.48)

=

Using the same kind of arguments as in the proof of lemma 8.1, one de(iuces that the
probability that £ = [ and ¢ = I’ is bounded by some constant times QZZVT Therefore,

the sum over [ is O ( 22[,) and hence second sum is bounded by

ane 1 =+0(%))" 21/6gn,—(3mlog2)5ns
Cst N 3 Zﬁ e tm) ) Z o 3"e g (8.49)

I'=0
which is also negligible.

As the contribution of all the other eigenvalues are dominated by that of A2, on can con-
clude that the leading term in ‘an’ is really given by A, and that therefore, theorem 8.1
is proven.

8.6 Generalization

One can extend these results to a little broader context. We suppose that the lamps
have not 2 states (on or off ), but p states of different intensity, and that the lamplighter
can either increase or decrease the intensity of the lamp (increasing the intensity when
the lamp is already in the most intensive state means switching it off).

This can be translated in terms of walks on the graph G. The loops on the lamplighter’s
graph with p-state lamps are in bijection with closed walks on GG passing through every
rung an algebraic number of times multiple of p. By algebraic number of times, we mean
the number of times from bottom to top, minus the number of times from top to bottom.
Let P,,(p) the set of paths on G of length n having this property.

Our method can be extended to this case: instead of weights =1 we assign random,
uniformly distributed, complex pth roots of the unity (i to the oriented edge from |k:>
to |E>, and ¢}, to the backward oriented edge from ‘@ to ‘E> (see figure 8.5)).

Let M, the random weighted adjacency matrix of G for these weights. We claim that
the cardinal of }an (p)} is given by

|Pn(p)| = E[(0]M2|0)] =E HV tr(M”)} (8.50)
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8.6. Generalization

D
@

¢
©

Figure 8.5: weights on edges of G for the problem with lamps with p states.

One can show that for these weights, proposition [8.1/still holds for this weights, and thus
A1 = 3exp (—;%) where £ is the longest succession of identical symbols in the cyclic

sequence (Ck-) This is done by applying the previous arguments not on M, but on M?2.
As Gy is bipartite, M? preserves the subspaces of functions supported on vertices of only
one color (white or black). The restriction to M? to white vertices can be interpreted as
the weighted matrix of the graph represented on figure 8.6. The amplitude of weights
of the diagonal edges is maximal when two succesive coefficients & and &1 are equal.
The approximation of the first eigenvalue of M? (that is the approximation for \?) is
obtained by comparing M? with the square of the discrete Laplacian on the longest
succesion of identic symbols &, with suitable boundary conditions.

3 3
o __ ' 0
Ek_fzk &t &y
&t & &t &
O 1 O
3 3

Figure 8.6: The weighted graph described by the white block of M?, the square of the adjacency matrix
of Gn. The module of weights on diagonal edges are maximal when &, = &ry1.

The probability that the longest succession of identical symbols is [ is

P lee()

We apply the same arguments as in the previous sections to compute the asymptotics
of |Pn(p)|, and we get finally:

Theorem 8.2.
(8.52)
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8. Curl-free walks and the lamplighter’s problem

These asymptotics have already been obtained by Revelle [53] for the random walk on
the lamplighter group in a more precise form, but for other generators.

8.7 Paths counting and random Schrodinger operators

This kind of problem is related to the spectral study of discrete Schrodinger opera-
tors with random potential, and more precisely, to a phenomenon called Lifshitz’s tail
describing the behavior of the spectral density at the edge of the spectrum of these
operators. The spectral theory of such operators can be found in [48), 16].

Lifshitz gave heuristic arguments to justify that the integrated spectral density N of a
random Schrodinger operator in dimension d near the bottom edge Ey of the spectrum
would have the following behaviour

Cc

logN(Ep + h) ~ RSVICESIE

(8.53)
to be compared to the behaviour of another class of random matrices (operators), the
GUE ensemble, described by the Wigner semi-circle law (3.16). The same behaviour is
expected for every edge of the spectrum.

The proof of this phenomenon has been established rigorously in many examples with
different degrees of precision in the asymptotics. The most common type of result is the
determination of the Lifschitz exponent

- 10g‘10g N(Ey + h)’ 1
h—0 log |h)| Cd+1

(8.54)

The operator M on G discussed in the first sections is in fact a discrete Schrodinger
operator with a iid random scalar potential

M =A+V, (8.55)

The spectrum of this operator is included in [—3,3], and the quantities counting the
paths we are interested are the large moments of the spectral measure:

P =E U A"dN(A)] (8.56)

Precise asymptotics for the Lifshitz’s tail and Laplace’s method would lead to an ap-
proximation of ‘an| for large n.

The method proposed to solve the initial question raised by Richard Kenyon about
the number of curl-free walks on Z? of a given length is analogous to that used in the
previous sections: assign to each edge e a weight (e for one direction and (e for the
other direction, where ((e) is a sequence of independent random variables uniformly
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8.7. Paths counting and random Schrédinger operators

distributed on U(1). The weighted adjacency operator for these weights is a discrete
Schrédinger operator with random magnetic field in 2 dimensions

(M £)(0) = o f(w). (8.57)

wn~v

the phase of ( playing the role of magnetic potential. The cardinal of the set 9, of
curl-free paths of length n is

19,| = E [ / )\"dN(A)] . (8.58)

The techniques we used in the 1-dimensional case seems quite difficult to apply to this
situation. However, there exist already some results for the Lifshitz’s tail of this opera-
tor [43] stating that the Lifshitz exponent is given by the formula predicted by Lifshitz

log|N(4 — h)| 1

== 8.59
hoo  log |h| 3’ (8:59)

implying that 9 X
log |log ‘4]; =7 (8.60)

i.e. that roughly, @, must be of order gne—ent/t up to polynomial prefactors. More

precise statements on the behaviour of the spectrum of such operators would lead to full
asymptotics for |Qy|.
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