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danoff et Ceva, on étudie grace & des mé-
thodes d'analyse complexe discréte les li-
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Abstract : In this thesis we explore the
existence and the universality of the pla-
nar Ising model, at and near criticality. Ba-
sing upon the formalism of Kadanoff and
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Qu'aurait été6 ma vie sans les habitants de Voisins Beach. A Arthur pour nos inoubliables
(mais dangereuses) balades cariocas, notre passion pour le pire club de toute la Belgique (et son
milieu de terrain liquide), pour tes remarquables talents culinaires, et pour m’apprendre toujours
des nouvelles choses. A Paul-Antoine, pour avoir découvert Roland-Garros et les films en classe 10
ans avant tout le monde, parce qu'une bonne journée commence au cri d'un "Bolkov", pour avoir
été mon premier fan durant mes années de businessman (vive la location de blouses), et parce que
le lien entre bindémes de TP est éternel. A Philippine, parce que la vie est trop courte pour utiliser
un shampoing bas de gamme, parce qu'une longue balade commence a 1’Occitane et fini toujours



par une magnifique vue de Paris depuis le Sacré-Ceoeur, parce qu'il est vraiment possible de naitre
avant la honte, pour le parfum a la rhubarbe et pour la lettre de recommandation que j'attends
avec impatience. A Ludal, le pire lodgmatee qu’on puisse imaginer, parce qu'on peut devenir
ministre du cinéma en passant le concours de professeur d'espagnol, parce qu'on est encore en vie
(cette phrase m'étonne vraiment), pour avoir tort 49 fois sur 50, pour les potes au second degré, et
pour le troisitme étage de la fusée. Merci, & Emeline d'avoir assumé la garde partagée de 1'Animal,
je te le laisse a plein temps et attends avec impatience ta réaction en découvrant un snowboard
sous ton lit. Enfin, a Victor, parce qu'on peut tout résumer a un réservoir de mobylette, un burin,
une fourchette, du nettoyeur a fosse septique, un contrat de vente écrit sur une lettre usagée et
suffisamment d'espoir pour penser qu'on peut faire tourner un moteur cassé a la main. Je voudrais
aussi remercier Anne-Laure et Philippe de m'avoir toujours chaleureusement accueilli chez eux
depuis bientot 15 ans.

J'ai partagé ces années de thése avec les membres du Filtre. Un premier constat, nous
sommes tous rentrés en vie de l'ascension du Ventoux, ce dont j'ai fortement douté pendant 6 km
apres le chalet Reynard. Ensuite, il me faut avouer que 1'objectif initial de cette conversation est
bel est bien atteint, puisque je suis maintenant devenu présentable, consensuel, et méme corporate.
Mon mariage & Tallinn sera ma derniére folie. A Cyril, mon compeére d'attaque du FC Caiman
(malgré nos défaites contre des illettrés de 10 ans), pour tes cyrillisme qui me poussent a 'UCPA,
parce que les intégrales se calculent maintenant sur Instagram, pour notre journée au Parc Astérix,
pour ta nullité technologique et ta croyance ingénue que j'y comprends plus que toi. A David, parce
que je ne sais toujours pas si tu supportes ou non le PSG, pour nos interminables débats NBA,
pour tes 1000 et 1 questions sur l'inégalité de Markov, et pour m'avoir, bien malgré moi, rendu
bien plus écolo. A Jean, pour toutes ces sociétés qu'on avait prévu de créer et dont 1'existence n'a
dépassé 3 jours (méme si j'aime beaucoup la derniére idée de production d'olives), pour nos
marches aléatoires sur le réseau New-yorkais, pour toutes nos photos Blanc-Barthez et pour avoir
assisté avec moi au grand vent de 1'histoire (merci Vivien pour ce moment). A Marc, pour avoir eu
I'indécence de me donner une manette cassée et d'en profiter lors d'une soirée honteuse ou FIFA
buggait, pour notre passion commune pour les crédences, pour raconter si bien les aventures du
cousin albanais de Numérobis, et pour étre le meilleur fond d'écran du monde. A Seginus, pour
toutes nos discussions maraboutage qui durent des heures, parce qu'apres tout il est sain et
rationnel d'en choisir 400 parmi les plus beaux, pour tous nos plats ratés (la sauce burger
industrielle est plus simple a réaliser que la mayonnaise maison) et pour nos interminables soirées
autour du jus le moins cher du monde. A Simon, parce que les Parisiens habitant rive droite sont
clairement plus beaux que ceux de la rive gauche, pour m'avoir fait découvrir les oranges, pour nos
voyages qui ne se passent jamais comme prévu, parce que le couscous se mange a la cuillere, pour
former la pire paire possible au badminton et parce que sans toi, essentiellement, je ne saurais pas
faire les éclairs. A Thibaut, parce que les peintres et le FC Chomage font partie de ton vocabulaire,
pour ton arabe & couper au couteau, pour tes ondulations parfaites au rythme de Jul, pour nos
discussions a 1'heure ou Cyril se léve, et pour notre compétition continue consistant a trouver la
cour des miracles sur le net. A Ulysse, pour ce Game 7 dont je n'ai toujours pas compris les 5
derniéres minutes, pour tes capacités a t'asseoir dans toutes les positions, pour ton immense culture
qui m'épate a chaque fois (surtout sur les sujets sans aucun intérét), pour ta vision presque
romantique de la NBA, et pour cet inoubliable réveil New-yorkais ou le spectre de John et Jane
Doe nous a plongé dans une scéne de film. J'ai partagé avec vous cette expérience de thése comme
avec personne d'autre, et j'en garderai un souvenir magnifique. L'ére des Birkenstock-chaussettes
Adidas dépareillées ne fait que commencer. Cette these vous doit énormément.



Et
merci
d'avoir
appris

Je veux aussi remercier ce que j’appellerai simplement la composante connexe du Filtre, que
j'ai eu le plaisir de fréquenter trés souvent ces derniéres années. A Arielle, pour ta culture
incroyable, nos discussions sur les mondanités, et tes conseils toujours tres précieux (parfois via un
téléphone fixe, et oui cela existe encore). A Claire, pour ton enthousiasme débordant, pour avoir
transmis ton accent breton a Cyril, pour tes prises de notes, et tes capacités d'entremetteuse qui
dépassent les meilleurs sites de rencontres. A Juliette, pour ton accueil toujours chaleureux et
bienveillant. I wish to thank Fenella for acknowledging my algerian-russian accent. A Souraya, pour
avoir initié Thibaut aux gossips a la méditerranéenne, et car comme dirait 1'autre o> Gl

Merci a Hacene, pour tes talents de chirurgiens dont je me rappelle tous les jours, a Saliha
pour ta patience face aux théories hasardeuses des deux jumeaux, a Samira pour m’avoir fait
visiter toute 1'Ile-de-France avant mes 6 ans, & Elliott pour m’avoir appris les échecs, et méme laissé
gagner une fois, et a Sofiane, parce que tu détestes Numérobis autant que moi.

J'en viens maintenant a ma famille. Il faut rire dans la vie. Et rien de mieux pour cela que
de débarquer dans ce monde avec mon arbre généalogique. Je tiens a remercier Djoudi (PDG) et
Nadia pour avoir fait de moi un meuble chez eux. Votre maison est pour moi l'endroit le plus
paisible au monde. A Racha, pour 'agence d'espions, les coups de téte sur les murs créponnés, pour
le bonbon, et pour Betetra Pimpimpula. A Asma, ma soeur de lait, parce qu’on a découvert le
cinema ensemble, pour toujours faire attention a moi, et parce qu'on est encore des enfants a 27
ans. A Chérif, pour les 100$ de Babana, pour Georges V, pour la vue sur mur, pour le chapati, et
pour la clim & 16 degrés en décembre. On n’en dira pas plus ici. A Mounir, pour le remake de Peter
Pan et les recherches du professeur Jamelski. A Marwa, >, parce que manifestement, ils ont un
plan pour nous, et qu’il va donc falloir trouver une solution pour la chambre & coucher. A Djamila,
pour m'avoir appris & amadouer la sécurité civile, et pour ta cuisine inégalable. A Toufik, pour ta
classe vestimentaire, pour les tee-shirts Lexmark et pour me pousser & toujours faire mieux. A
Fawzi, car dans la vie, ce sont souvent 30 métiers et 30 miséres. A Zineb, pour m’avoir éduqué. Ton
influence reste présente tous les jours. A Nadjette, pour nos parties de tennis, nos sorties a vélo, et
parce qu'Ocean 11 est le meilleur des films. A Hacéne Babana 100$, pour m'avoir donné le gofit des
sciences, pour étre le seul propriétaire en Amérique d’un téléphone Condor, pour ton humilité, pour
les mille-feuilles, et pour m'avoir offert mon premier télescope professionnel (avec lequel je regardais
chez les voisins). A Farouk, pour m'avoir arnaqué comme personne, pour nos allers-retours a
Fleurial, et pour m’avoir donné le gotit de la science. A Claire, pour étre LA seule personne
normale de cette famille. Merci pour les Kickers, pour tes combats syndicalistes perdus d'avance, et
pour faire semblant de ne plus étre surprise par nos coutumes. Ton avis comptera toujours a mes
yeux. A Seddik, pour le chat piou-piou, pour avoir été mon premier client des calendriers, de la



Rémy Banque, et du carwash. A Lilia, pour aimer autant que moi la mafia familiale. A Yacout,
pour représenter la droiture et le sérieux dans ce monde de fous, mais aussi ta vision tres actuelle
du Prince de Machiavel. A Amine, Lord Ait War, pour me faire rire tous les jours, avec la CNEP,
les inventions de 1'Artiste, et pour tes fractures quotidiennes du cerveau face a la société algérienne.
A Dalia, qui s'en sort toujours bien mieux que je ne veux bien 1'avouer, méme si tout n'est pas
facile & porter. A Nana, pour étre sur toutes les photos, de tous les voyages, de toutes les aventures
depuis bientot 28 ans, sans jamais se plaindre ni méme me contredire. J'espere que la soutenance te
plaira. Je voudrais remercier mes parents. Leur parcours de vie force le respect. Quitter une vie
confortable pour en reconstruire une ailleurs, a partir de rien, n’est pas donné a tout le monde.
Comme beaucoup de parents, ils ne se plaignent jamais, ne sont jamais fatigués, ne sont jamais
malades et répondent présent tous les jours (parfois un peu trop, surtout quand il faut choisir
MON carrelage). Mais ils ne ratent jamais un seul jour dans le role de parents. Et cela force
I'admiration. Je tiens donc & les en remercier. A mon pére, pour ses connaissances en médecine
(sans rire), pour son efficacité légendaire au travail, pour son altruisme, pour la chaine de 7.2km
devant la meilleure crémerie du monde, pour ses connaissances sur la cadastre bonoises, pour le
parking H23, et pour m'avoir fait découvrir les mathématiques & 1'age de 3 ans. A ma mére,
docteure en informatique, pour m'avoir appris a étre économe (le terme approprié est plutot
z=ae), parce qu'on juge la qualité d’un plat au nombre de casseroles utilisées, et pour me
demander mon avis sur tous les sujets ou je suis un incompétent notoire. Merci de continuer a te
préoccuper de mes tracas comme si j'avais 3 ans, sinon je n'en réglerais probablement aucun. Je
tiens enfin a remercier mes grands-parents, mes modeéles dans la vie. Leurs vies ont été remplies de
joies et de peines, de guerres et de paix, de réussites et d'échecs, mais ils ont toujours traité chaque
personne, quelle que soit sa condition, dans le respect, la dignité et avec une bienveillance sans
faille. J'espere, étre digne de cet héritage.

Une journée dans cette famille ressemble souvent a une version Bollywood de Tenet.
Quasiment tous sont des personnages de sitcom, chacun méritant un spin-off d’au moins 5 saisons.

Mais, pour rien au monde, je n'en changerai un seul.

It's now time to thank, wholeheartedly, the architect of many things I am today, including
the mathematician who wrote this thesis.

I wouldn't be a doctor if not for Professor Dmitry Sergeevich Chelkak. As insane as this
quote might look, it is he most accurate statement of the entire manuscript. I almost left academia
few years ago. Not that I particularly wanted to, but I was dumb enough dive into whatever insane
MaHonTrkyM you can imagine (nothing to do with scholarship issues). As there is some fun in every
story, it is Dmitry himself who once explained me that very Russian concept that you won't find in
a french dictionary. At the same time, without even searching for one, I was offered one of the few
jobs that I've always considered impossible to refuse. I was going to take that job, for a very wrong
reason, but cancelled it at the very last minute, simply because I wanted to be Dmitry's student.
That was the right choice.

I could have written an entire thesis on what it looks like to work with someone having such
a powerful mind, full of amazing insights, with a gargantuan culture and a remarkable ability to
see analysis in probability. It it quite depressing when Dmitry shows up clueless of what I've been
doing, and has better ideas in 10 minutes than I will ever have in months. The most impressive is
that Dmitry never hides in front of tricky questions, and always tries to level-up to tough problems,
no matter what they are. His computational abilities are simply not human. But this is not what



comes first to my mind when thinking about Dmitry.

Dmitry is kind. The local combinatorics might require a deeper branching structure time to
time. But Dmitry is really kind. On the contrary, the world around is harsh. And I'm now
convinced that it is way better to look like an idiot in front of your advisor, behind closed doors,
than in front of the world (in my case it was pretty easy to adapt as we both know I'm not the
brightest in town). Dmitry kept showing me, starting with himself, that one should behave
properly, and work on evenly proper questions. He sat very high standards, that I was never able to
achieve. But this exigence he instilled in me became my safe spot, something I can always rely on.
It even transpired in my personal life, as I learned to be ready for anything, and understood that
unfortunate events are simply a matter of life. My personal journey became way smoother, and
wild times are easier to handle following his guidelines. This will be my main memory. I had the
chance to work alongside someone I admire, who saw me laughing, crying, mocking and being
mocked, trying many stupid ideas and even looking smart on rare occasions. And that person
actually improved me, both as mathematician and as a person.

Now, as you can read in all acknowledgements, Dmitry is indeed a great advisor, he kindly
shared his ideas with me, he invested the time he had to introduce me to this rich and rather
magical field of discrete complex analysis (no need to be a probabilist to prove cool probabilistic
statements). I loved being his student. And I'm forever thankful for that. I simply view the maths
as pretty small in the global picture.

Rémy Youssef Mahfouf,
Aotit 2022



1 - Introduction

1.1 . Histoire du modéle

Le modéle d'lsing a été introduit par Wilhem Lenz en 1920 et été proposé
comme sujet de thése a son étudiant Ernst Ising a |'université d'Hambourg en
1924. On commence par rappeler briévement quelques points importants de sa
riche histoire [29, . . , 91]. Ce modéle est encore aujourd'hui I'un des
plus étudiés en physique statistique, avec une production totale de plusieurs di-
zaines milliers d'articles, aussi bien publiés dans des journaux de mathématiques
que de physique. Au début du XX®™¢ siecle, les connaissances de la physique sur les
phénoménes de magnétisation des matériaux ferromagnétiques étaient encore bal-
butiantes. Une des premiéres découvertes majeures dans ce domaine est attribuée
a Pierre Curie [53], qui a remarqué expérimentalement que les aimants perdent
leur aimantation au dessus d'une température critique T, appelée température de
Curie. Les travaux de Niels Bohr [23] ont mis en avant le caractére aléatoire du
phénoméne de magnétisme, c'est a dire que la répartition des aimants élémentaires
dont I'orientation est donnée par une loi de probabilité. Selon le postulat de Bohr,
ces aimants élémentaires pouvaient prendre a priori toute les directions de |'espace.
C'est cette assertion que Lenz a remis en cause dans son article fondateur [150],
prédisant qu'en réalité les micro-aimants ne peuvent prendre que deux directions
opposées de 180 degrés, et proposant un modéle a deux états pour expliquer la
magnétisation spontanée en-dessous de la température critique T¢>. C'est ainsi que
Lenz donna I'opportunité a Ising de construire un modéle tri-dimensionnel. La tache
d'Ising se répartissait entre les deux objectifs suivants :

1. Proposer une modélisation des interactions entre les micro-aimants élémen-
taires qui favorise les configurations alignées.

2. Prouver analytiquement |'existence d'une magnétisation non nulle en dessous
d'une certaine température.

Pour répondre a la premiére question, Ising [150] (se basant sur des travaux d'Ewing
[69]) supposa que les interactions entre aimants élémentaires "décroissent rapide-
ment avec leur distance", travaillant donc avec un modéle simplifié d'interaction au
plus proche voisin. Cette hypothése était selon lui en "contradiction grossiére" avec
I'approximation en champs moyen (dont on sait aujourd'hui qu'elle n'est valable
pour le modéle d'Ising qu’en grande dimension [152]). Pour répondre a la seconde
question, Ising choisit de restreindre son étude au modéle uni-dimensionnel, que
I'on peut voir comme une chaine de spins sur Z. Il calcula alors la magnétisation
moyenne J [90, eq (8)] d'une chaine de n >> 1 spins, qui est donnée par
J=mxnx—= S;nh(o‘) — . a= % (1.1.1)
\/Slnh () + e #T
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avec m le moment magnétique élémentaire, H le champ magnétique extérieur,
T la température, k la constante de Boltzmann et ¢ |'énergie interne du systéme.
Lorsque H = 0, c'est a dire sans champ extérieur, il n'y a pas de transition de phase
a température finie. Dans ce méme article [90] (dans la section "le modéle spatial")
Ising propose une description du phénoméne en dimension supérieure, affirmant
qu'il est "imaginable qu'un modéle spatial, ol tous les éléments interagissent les
uns avec les autres, apporte suffisamment de stabilité évitant que la magnétisation
ne disparaisse avec H", tout en admettant ne pas &tre en mesure de fournir de
preuve. |l conclut a impossibilité d'expliquer le ferromagnétisme en utilisant sa
modélisation. Il est a noter qu'avec les connaissances d'aujourd’hui, le modéle
d'lsing avec des interactions entre particules décroissant suffisamment lentement
admet tout de méme une transition de phase [112].

La question de prouver l'existence d'une magnétisation spontanée en dimen-
sions supérieures resta ouverte pour les physiciens de I'époque. Le trés renommé
Heisenberg soutient dans une lettre & Pauli une réponse affirmative, au moins en
dimension suffisamment grande [32]. Pauli fut aussi le premier & introduire dans
[147] la notation Hamiltonienne moderne

H=-A) (0k,0k4+1), (1.1.2)
k

ol le paramétre A mesure I'intensité de I'interaction entre voisins. La formulation
de Pauli met en avant le caractére unifié d'un systéme contenant beaucoup de
particules, et dont les interactions locales produisent un effet global.

C'est en 1936 que Peierls a montré [139] que le modéle homogene sur Z2
fait apparaitre du ferromagnétisme, via un argument de comptage de circuits. Ce
résultat a poussé Kramers et Wannier a développer |'usage des matrices de transfert
[104, 105] pour calculer la fonction de partition du modéle unidimensionnel via la
plus grande valeur propre d'une matrice 2 x 2. En dimension 2, cette matrice de
transfert devient infini-dimensionnelle et un calcul similaire leur permit de prouver
I'existence d'une transition de phase a une certaine température finie 7. lls ont
aussi découvert une symétrie entre le modéle sous-critique et le modéle sur-critique
que |'on appelle aujourd'hui la dualité de Kramers Wannier (voir la section 1.2.4
pour une description détaillée). C'est en février 1942 qu'Onsager, a la fin d'un
exposé de Wannier, annonca avoir déterminé la température critique pour le modéle
homogéne, donnée par k7../J = 2/log(1 + v/2). Le calcul d'Onsager [135] pour
des constantes de couplages horizontale et verticale qui valent respectivement .J;
et Jo, montre que |'énergie libre f du modéle sans champ magnétique extérieur
est donnée par |'expression

2w 27
—6f =In(2) + 81772/0 db, ; dfs In[cosh(24.J1) cosh(25J2)
—sinh(28.J1) cos(01) — sinh(28.J2) cos(62)]



Ce résultat majeur lui permit aussi d'établir que la transition de phase est du
second ordre (c'est donc la dérivée seconde de I'énergie libre qui diverge). La va-
leur de la magnétisation sous-critique fut déterminée tout d'abord par Onsager et
Kaufman en 1949. Cependant, cette preuve ne fut pas publiée et c'est Yang qui
en 1952 [167] publia une premiére preuve rigoureuse du fait que la magnétisation
se comporte voisinage de T, est de la forme (T — Tc)é uniquement d’'un seul cété
de la criticalité, lorsque T' < T.. Ce résultat de Yang justifie la notion de transition
de phase du modéle. Dans son article, Yang mentionne explicitement avoir eu ac-
cés aux notes d'Onsager et Kauffman mais propose une dérivation alternative du
résultat (voir [11, Section 5] pour plus de détails). Les travaux d'Onsager et Kauf-
man [95] permettent aussi de déduire que la corrélation du modéle critique entre
deux points a distance r décroit comme r~1. Ces relations font déja apparaitre la
notion d’exposants critiques, que les travaux de Essam, Fisher et Widom (voir [70]
pour une formulation en des termes modernes) tentent de relier entre eux. A cette
époque Kadanoff prédit de son cété un phénomeéne dit d’universalité, qui suppose
que les exposants critiques ne dépendent pas de la géométrie locale des graphes,
mais plutét de la dimension du modéle ainsi que de I'intensité des interactions a
longue portée. Dés lors, une école trés productive a travaillé sous |'impulsion de
McCoy, Wu [122] ou bien encore de Perk (e.g. [142]) et a permis de réaliser des
calculs exacts de corrélations en volume infini (voir e.g. [122, | pour une ex-
position compléte) utilisant des représentations déterminantales de Toeplitz ainsi
que des méthodes d'isomonodromies, qui consistent a déplacer infinitésimalement
I'un des spins pour obtenir une équation sur la limite d'échelle des corrélations
(comme par exemple dans [166], dont il existe une traduction dans un langage
actuel dans [137, Section 4]). Une des raisons expliquant I'existence de formules
exactes (en concomitance avec |'utilisation de techniques de calcul trés élégantes)
est le caractére exactement soluble du modéle sans champ magnétique extérieur,
dont la fonction de partition est le pfaffien d'une certaine matrice d'adjacence [37,
Theoréeme 1.1]. Cette méme matrice d'adjacence fait aussi apparaitre la notion
d’observable fermionique (qui est cruciale dans I'étude que I'on fait du modéle
d'lsing dans ce manuscrit) et fait du modéle d'lsing un modéle de fermion libre

(e-g. [155]).

D'un autre coté, la théorie du groupe de renormalisation introduite en premier
lieu par Wilson [165] postule qu'il existe des transformations du modéle qui ne
modifient pas son Hamiltonien. Cette méthode de renormalisation affirme qu'il est
possible d'agréger les spins d'un méme bloc et les remplacer par un seul spin,
et permet de jouer sur les différents facteurs d'échelle pour tenter de déterminer
les exposants critiques d'un modéle. Une des conséquences des articles fondateurs
Belavin Polyakov et Zamolodchikov [16, 17] qui ont par ailleurs mené a |'expansion
rapide de I'étude de la Théorie Conforme des Champs (CFT) est I'affirmation
que la limite d'échelle du modéle critique est invariante conforme (les applications
conformes étant localement la composition d'une rotation et d'une homothétie, qui



apparaissent comme des propriété naturelle de la limite d'échelle si cette derniére est
bien un point fixe du groupe de renormalisation). Cette invariance conforme a été
ensuite explorée numériquement [108, . |, par exemple pour les probabilité
de croisement du modéle critique sur les rectangles topologiques.

En 2000, I'introduction par Schramm [154] des processus SLE (Stochastic Loe-
wener Evolution) pour décrire la limite d'échelle des marches a boucles effacées et
des arbres couvrant uniformes a revivifié |'activité scientifique visant a prouver |'in-
variance conforme des modéles de physique statistique planaires. Comme |'explique
Schramm dans l'introduction de cet article révolutionnaire, I'objectif originel de sa
construction est de fournir un processus continu étant un candidat solide pour
décrire la limite d'échelle des interfaces associées au modéle de percolation. Son
approche s'est avérée trés rapidement &tre fructueuse, avec une premiére preuve
de la convergence des interfaces de percolation critique sur le réseau triangulaire
par Smirnov [161] (voir aussi [163]). Cette construction de limite d'échelle pour
les interfaces est complétée par I'introduction des processus CLE (Conformal Loop
Ensembles) par Sheffield [156] qui ont largement été développés depuis (voir par
exemple [157] ou une caractérisation trés utile du CLE est donnée par Sheffield et
Werner), afin de décrire non seulement les interfaces mais aussi les ensembles de
boucles issus de modéles discrets (un des premiers exemples effectifs est la perco-
lation critique dans le travail de Camia et Newman [30]). En paralléle, les travaux
de Kenyon sur les modeéles de diméres et du Laplacien discret [101, 98, | ainsi
que les travaux de Smirnov [161] sur la percolation prouvant la formule de Cardy
[31], ont montré l'intérét de considérer des fonctions holomorphes discrétes afin
prouver la convergence de modéles planaires. Pour le modéle d'lsing, I'utilisation
de I'holomorphie discréte des observables fermioniques pour prouver I'existence
d'une limite d'échelle apparait pour la premiére fois dans les travaux fondateurs de
Smirnov [160]. Les questions autour de |'existence d'une forme d'holomorphie dis-
créte pour le modéle d'lsing font naturellement suite aux travaux de Kenyon, étant
donnés les nombreux liens combinatoires entre le modeéle de diméres et le modéle
d'lsing. Il est a noter qu'une formulation alternative de |I'holomorphie discréte est
apparue dans les travaux de Mercat [129] (mais sans leur complexification ni tech-
nique permettant de déduire leur convergence), et était, selon Barry McCoy [129,
Remerciements], une notion déja connue de maniére plus ou moins formelle. Le
travail pionnier de Smirnov [160] lui a permis de prouver la convergence de I'inter-
face FK vers le processus SLE(16/3) et crée par la suite une école trés productive
dédiée a l'invariance conforme sur les domaines bornés du plan (ces résultats sont
detaillés dans la section 1.8). Cela a permis de prouver la convergence des in-
terfaces, ensembles de boucles et corrélations du modéle critique sur les graphes
isoradiaux, ainsi qu'une généralisation aux modéles massifs mais aussi en dehors du
cadre isoradial (voir par exemple [34] pour un récapitulatif complet des résultats
connus).
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Ficure 1.1.1 — Simulation du modele d’Ising sur le réseau
carré  avec conditions de bord libres, avec une température
(de gauche a droite) sous-critique, critique, et sur-critique.
La simulation provient de la page internet https ://phy-
sics.weber.edu/schroeder/software/demos /isingmodel. html.

1.2 . Notations de graphe et définitions combinatoire

1.2.1 . Notations

Dans ce manuscrit, on travaille avec un graphe planaire G (plongé dans le plan
ou dans la sphére et considéré a homéomorphisme prés préservant |'orientation).
On autorise la présence d'arétes doubles entre sommets mais interdit la présence
de boucles autour d'un méme sommet. On définit alors les ensembles suivants :

— G* le graphe primal, constitué de I'ensemble des sommets de G, ainsi que
E(G) I'ensemble des arétes de G, reliant deux a deux des sommets voisins
de G. Typiquement, les sommets de GG sont notés v°.

— G° le graphe dual, constitué de I'ensemble des faces de GG, vu comme le
dual du graphe G*®. Typiquement, les faces de G sont notées v°. On note
e* |'aréte duale de e, qui relie les deux faces séparées e.

— A(G) := G°UG®, vu comme un graphe bipartite, i.e. chaque aréte de A(G)
est composée d'un sommet de G*® et d’une face G° ou le sommet de G*
appartient a la face G° dans G.

— Y(G) I'ensemble des arétes de A(G), dont les sommets sont appelés coins
et sont typiquement notés c. Chaque aréte [v*v°] de A(G) s'identifie & un
coin ¢ = (v2v?) de Y(G), ot v? est le sommet appartenant 3 G* incident a
c et v est la face appartenant a G° incidente a c. Deux coins sont voisins
s'ils appartiennent a deux arétes de A(G) qui ont un sommet de A(G) en
commun.

— le graphe des diamants {>(G), dual de A(G), appelé graphe des quadrilatéres,
dont les sommets (qui correspondent aux faces de A(G)) sont typiquement
notés z. Les faces du graphe {>(G) sont en bijection naturelle avec E(G).

Dans le cas ou le graphe est plongé dans la sphére, on fixe une face dite
extérieure v2, et les définitions présentées au-dessus sont adaptées. En particulier,
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F1GURE 1.2.1 — Gauche :Notations de graphe utilisées dans ce manus-
crit. Les arétes pleines correspondent aux arétes du graphe G*°, les arétes
pointillées correspondent aux arétes de A(G), qui est lui-méme en bi-
jection avec I'ensemble Y(G) des coins. Les coins sont marqués par des
triangles rouges, les sommets du graphe des diamants sont marqués par
des losanges bleus. Droite : Représentation par les contours de 'expan-
sion a basse température, séparant (en bleu) les spins opposés avec des
conditions branchées, ou le spin extérieur vaut ici +1.

elles restent les mémes pour G°\{vZ,,} et sont modifiées en considérant la face
vg,, comme une unique face, adjacente a toutes les faces de bord.

Contrairement aux conventions usuelles et a la formulation historique du mo-
déle d'Ising, on travaille majoritairement dans ce manuscrit avec le modéle d’lsing
défini sur I'ensemble des faces de G (i.e. les spins sont assignés & G°). On fixe G un
sous-graphe connexe fini, ainsi qu'un nombre réel strictement positif 3° = 1/kT,
dont I'interprétation physique est celle de I'inverse d'une température. On associe
a chaque aréte e € E(G) séparant les faces v$ (e) € G° une constante de couplage
J2 > 0. On peut alors définir une loi de probabilité assignant une configuration de
spins 0 € {1} aux faces de G selon la loi de probabilité

1
Z(G07 (Jg)SEGJ 60)

PO[O'] = exp[ﬂo Z Jeoavi(e)gvj’r(e)] (121)

e€E(G)

Le facteur de normalisation

Z°(G°, (JQ)ecq B°) = Yougosix1) €XP [ B° Xeer(a) Je0v ()02 (o) |
(1.2.2)
appelé la fonction de partition du modéle est choisi pour que la somme des probabi-
lités sur les configurations élémentaires soit 1. Cette mesure de probabilité est une
mesure de Boltzmann, de la forme exp(—SH(o)) ot le Hamiltonien H(o) repré-
sente |'énergie de la configuration o. On peut voir dans la définition de (1.2.1) que
cette distribution de probabilité favorise les configurations de spins ol les voisins
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sont alignés (c'est a dire que les spins prennent la méme valeur), ce qui produit un
modeéle ferromagnétique (dont |'exemple physique le plus simple est celui de I'ai-
mant). La constante de couplage J2 quantifie le colit probabiliste nécessaire pour
casser |'alignement entre deux spins voisins séparés par |'aréte e. Le modéle que
I'on vient d'introduire correspond a des conditions de bord branchées : & chaque
aréte e au bord de G se trouve assigné une constante de couplage J2, et le tirage
d'une configuration aléatoire correspond a assigner un spin £1 a toutes les faces de
G°, et en particulier a v2

o e¢» qQui est considéré comme un unique spin. Ainsi I'impact
de v

° . dans le coiit probabiliste d’une configuration prend en compte le poids de

ext
toutes les arétes de bord adjacentes a vg,,.

Dans ce manuscrit, on ne s'intéresse qu'au cas du modéle d'lsing sans champ
magnétique extérieur (ce qui correspondrait a ajouter des termes dans le hamilto-
nien H mentionné ci-dessus). Dans le cadre de I'introduction d'un champ extérieur
h non nul, c’est le plus souvent le signe de h qui gouverne la magénétisation globale
du modéle, les interactions entre voisins devenant secondaires [72, Chapitre 3].

1.2.2 . Expansion a basse température

On présente maintenant /'expansion 4 basse température du modéle, aussi
appelée représentation de contours. Pour cela, on note £(G) I'ensemble des sous-
graphes pairs de G, dont les sommets sont tous de degré pair.

Une fois fixée la valeur du spin de la face extérieure, il existe une bijection simple
(voir 1.2.1) entre une configuration de spins o : G° — {£1} et un sous-graphe
pair C' de G. Entant donné une configuration o, on lui associe le sous-ensemble
C des arétes du graphe G séparant des spins voisins opposés, comme le montre
la figure 1.2.1 (droite). On peut donc associer exactement deux configurations de
spins 0, —o sur G° (dont la probabilité d'apparition est la méme) a un unique
sous-graphe pair de GG. Dans ce qui suit, on pose pour une aréte e de GG la quantité

o :=exp(—24°J2), qui permet de définir pour une collection C de sous-graphes
pairs C € C les quantités

x°(C) := H xg, et 2°(C) = Z z°(C). (1.2.3)

ecC ceC

X

En utilisant la représentation de contours expliqué ci-dessus, on peut réécrire (e.g.

[37, eq (1.3)])

22(G°, (S)ecan ) = 2Mleenic) @D(B°T) X a°(E(G)),  (124)

ol le facteur 2 provient de |'association de deux configurations de spins a une unique
représentation de contour. Cette représentation de contours permet en particulier
d'exprimer de maniére compacte les corrélations entre spins.

En effet, fixons un entier pair n, des sommets v{, ..., vy € G°, ainsi qu'un sous-
graphe arbitraire 7 = 0,01 C G° de G dont tous les sommets sont de degré
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pair, mis a part ceux de v{, ..., v,. Une maniére de représenter graphiquement une

rYvnt
telle configuration consiste a se donner collection de boucles de GG, auxquelles on
a ajouté des chemins reliant deux a deux les v7, ..., v;. On peut alors définir pour

une aréte e de G
En utilisant cette représentation, on voit que (e.g. [37, Proposition 1.3])

EGO [O'UO

i

Lowg] = ap(E0))/2°(E(G). (1.2.5)

En suivant la représentation a basse température, le signe de vaf,.--,vz](c) compte
la parité du nombre de boucles contenant un nombre impair des 2n spins, ce
qui correspond exactement au produit 0,0 - - - 945 . De plus, I'expression précédente
assure que T, (E(G)) ne dépend pas du choix de ~.

On rappelle qu'il est naturel d'identifier un aréte e de G et une face z(e) de
A(G). Cela permet de définir une paramétrisation alternative par un angle abstrait
0.(c) en posant

0.c) = 2arctanz®(e) € (0,3). (1.2.6)

Ici I'angle 6.y n’a pas spécialement d'interprétation géométrique. Cette paramé-
trisation sera utilisée a plusieurs reprise dans la suite de cette introduction.

1.2.3 . Expansion a haute température
On présente maintenant /'expansion a haute température du modéle d'lsing.
Pour cela, on considére un modéle d'Ising assignant des spins 1 aux sommets
G* de GG. Comme précédemment, on se donne (JZ).c () une suite de constantes
de couplages associées aux arétes (e).cp(a) = ((v2(e)vi(e))ecr(a) ainsi qu'une
température inverse 3°. On définit alors la distribution de probabilités pour une
configuration o € {£}%" par

1
exp [ 5° Z Jg%:(e)%;(e)])~ (1.2.7)

P*lo] := Z2(G*, (J2)eca B*) e€E(G)

Le modéle est & présent avec condition de bord libre, c'est & dire que les spins
sont portés par les sommets de G* et qu'il n’est plus nécessaire de traiter (comme
précédemment) le cas particulier du spin assigné a la face extérieure. Cette fois-ci
la fonction de partition du modéle est donnée par

Z%(G*, (J2)eci BY) = Yougesix1) €XP [ B* Xeer(q) JETuv—(e) v (e) |-
(1.2.8)
Pour e = (uv), on pose cette fois ¢ := tanh[3°.J?] et utilise I'identité élémentaire
pour tout gy, 0, € +1

exp[2/3°®J3, 000y = cosh[3°J2](1 + oy0, tanh[F®J2]), (1.2.9)
on peut voir que [37, eq (1.2)]

22(G*, (I2)eea %) = 2% T coh[5°2] x 2*(E(C)). (1.210)
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En effet, on rappelle que la fonction de partition Z°(G*®, (J?2)ceq, S®) est une
somme sur I'ensemble des configurations o € {£1}%" des poids élémentaires na-
turellement associés a chaque configuration. On réinjecte ensuite (1.2.9) dans le
membre de gauche de (1.2.10), ce qui permet d'écrire Z°(G*, (J?2)ceq, 5*) comme
polynémes pondéré en les variables variables o, parcourant |G*|. Chaque produit
de monémes contenant au moins une puissance impaire de I'un des o, se retrouve
exactement compensé (avec un signe opposé) en passant a la sommation lorsque
I'on considére |'ensemble des configurations qui coincident en dehors du spin o,.
Aprés sommation, il reste ainsi seulement les polynémes pour lesquels toutes les
variables o, sont exprimées en des puissance paires. Il y a 2!¢°| polynémes de ce
type (selon la présence ou non de la variable o, associée a chaque spin) et la
contribution de chacun de ces polyndmes est la méme (car o2 = 1).

Fixons a présent m un entier pair et v}, ..., vs, des sommets distincts de G*. En
utilisant les mémes arguments que précédemment (et en remarquant que le facteur
oye ... 0y, est cette fois ci déja présent dans le développement de (1.2.10)) on a
directement [37, Section 1.2]

Eelous ... v ] = a®(EPT"0]) 122(£(@)), (1.2.11)
ou El1-v%] représente I'ensemble des sous graphes de E(G) qui ont degré pair
partout excepté en les sommets v}, ..., vy,.

1.2.4 . Dualité de Kramers-Wannier

On remarque que si on a |'égalité
Te =z, = xp = exp[—24°J7] = tanh[B°J?], (1.2.12)

les fonctions de partition des modéles défini sur G° et G* par (1.2.4) et (1.2.8)
ont alors la méme forme, ce qui est un signe usuel en mécanique statistique que les
deux modéles sont reliés. L'identité (1.2.12) se réécrit sous une forme beaucoup
plus invariante sinh[24°J2]sinh[28°J¢] = 1 [37, Section 1.2]. Cela permet en
particulier de définir le poids dual associé a I'aréte e en posant

2= (1 —x)(1 +x.)~! = tanh[8°J°] = exp[—26°J?]. (1.2.13)

Remplacer x. par z} revient ainsi a échanger le réle des modéles d'Ising sur les
graphes G* et G° (on ne détaille pas ici les subtilités au niveau de la face exté-
rieure). Cette égalité est appelée la dualité de Kramers-Wannier, et relie un modéle
d'lsing sur G* a un modéle d'Ising sur son dual G° tant que leur constantes de
couplages satisfont I'égalité sinh[23°J] sinh[23°J2] = 1.

C'est cette observation qui a permis a Kramers et Wannier de prédire la valeur
du point critique du modéle homogéne sur le réseau carré. En effet, ils considérent
le modéle homogeéne J2 = 1 sur Z% et J¢ = 1 sur son dual (Z2)* = 7%+ (1;1)
qui est lui-méme isomorphe a Z2. Selon eux, le modéle critique (dont le paramétre
critique est le méme pour Z2 et son dual), doit I'étre exactement au point de
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symétrie entre son paramétre primal et son paramétre dual, et doit donc vérifier x =
x* = (1—x)(1+2)~", ce qui donne la valeur critique z. = v/2—1 et la température
critique 3% = 1 log(v/2 + 1). C'est en se basant sur cette dualité de Kramers et
Wannier [104] qu'Onsager a déterminé dans [135] la valeur du paramétre critique
(en calculant explicitement |'énergie libre du systéme homogeéne).

1.2.5 . Représentation Fortuin-Kasteleyn du modéle

Parmi les multiples représentations du modéle d'lsing, il en existe une faisant
partie d'un modéle plus général de clusters aléatoires, introduit par Fortuin et
Kasteleyn [71]. Ce lien se fait via le couplage d'Edwards-Sokal [68]. Fixons une
configuration de spins o = (0y)yege sur G*. Cette configuration est dite compa-
tible avec un ensemble d'arétes C' C E(G) si les spins d'une méme composante
connexe C' (que I'on appelle aussi clusters de C') prennent tous la méme valeur.
Pour le modéle d'Ising sur G* dont les poids duaux sont z} = exp(—24°J?), la
fonction de partition du modéle d'Ising se réécrit (a un facteur global prés) par
[60, Proposition 7.7]

[T 226" (I)eeq %) = 32 2wt @ T (1 =) T] ot
e€E(Q) CCE(G) egC ecC
(1.2.14)
En particulier, cela permet de retrouver (et inversement) un modéle de clusters
aléatoires & partir d'une configuration d’lsing via le couplage d'Edwards-Sokal via

la procédure suivante

— lIsing — modéle FK : a partir d'une configuration o € {£1}, on tire
(indépendamment les unes des autres) une variable de Bernoulli de paramétre
x; pour chaque aréte reliant des spins voisins et alignés. On ne garde alors
que les arétes pour lesquelles la variable de Bernoulli vaut 1. Cela construit
la configuration C' du modéle FK.

— Modéle FK — Ising : Pour chaque cluster de C' la configuration FK, on tire
(indépendamment des autres clusters de C') une variable centrée a valeur
dans {£1} et assigne le spin tiré a tous les sommets du cluster.

On note Pg? la mesure de probabilités associée. Ce lien entre les modéles d'lsing
et FK, qui traduit en particulier entre par une interprétation des corrélations d'lsing
via les probabilités de connexions du modéle FK, est crucial pour énoncer le résultat
principal du chapitre 5. On note u < v I'événement ol les deux sommets sont
connectés dans le modéle FK (i.e. ils appartiennent au méme cluster). On a alors
[60, Proposition 7.9]

PEE (u < v) = Ege[o400). (1.2.15)

Ce résultat se démontre directement en remarquant qu’avec le couplage d'Edwards-
Sokal, conditionnellement au fait que les deux spins soient dans le méme cluster,
leur produit vaut toujours 1 alors que si les deux spins se trouvent dans deux cluster
différents, la moyenne conditionnelle de leur produit est nulle (car les spins associés
a leurs clusters respectifs sont tirés indépendamment).
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1.2.6 . Passage en volume infini

On explique a présent comment définir le modéle d'lsing en volume infini, ce
qui correspond a créer un modéle de spins sur toutes les faces de Z2. La mesure
de probabilité associée sur le plan n'est pas triviale & construire, et on détaille a
présent sa construction. On commence par se donner une suite croissante (G, )n>0
de sous-graphes de Z? qui le recouvrent a la limite.

Une des premiéres observations est la monotonicité vis a vis des conditions
de bord [72, Lemme 3.12], c'est & dire qu'avec des conditions de bord + sur les
graphes G,, C Gj41 et pour un spin u° € Gy, alors Egn[auo] > Egnﬂ[auo].
Autrement dit la magnétisation décroit lorsque I'on repousse les conditions de
bord. L'égalité inverse est vraie pour des conditions de bord —. De méme il existe
une monotonicité vis-a-vis des constantes de couplages qui se démontre grace a
I'inégalite GKS (Griffiths,Kelly et Sherman) rappelée dans [72, Théoréme 3.20].
Si les constantes de coupage (J7.)ccg(i) sont toutes inférieures ou égales au
constantes de couplages (J5.)ccE(q). alors on a

+ +
EG"v(Jf,e)eeE(G)vB" [owe] > EGnv(JS,e)eeacw,B" [oue]

Une généralisation de cette derniére inégalité permet de définir [72, Théoréme 3.17]
au moins deux mesures en volume infini avec conditions de bord a l'infini & via la
limite faible

P2 [] == lim PZ*[]. (1.2.16)

Pour le modéle homogéne avec 3° = 1 et JS = J sur toutes les arétes e de Z2,
la valeur de J influe sur I'unicité de la mesure en volume infini. Dans ce méme
cadre, on remarque que les deux mesures construites ci-dessus sont invariantes par
translation. Pour ce qui est de |'unicité on a

1. Si J > Llog(1 + /2) alors P;fj = P2, et il n'existe qu'une seule mesure
de Gibbs (au sens de [72, Section 3.4]) en volume infini.

2. Si J < Llog(1+ v/2) alors les mesures de Gibbs P35 et PZ; sont les
deux seules mesures de Gibbs extrémales (i.e. qui ne sont pas une combi-
naison convexe non-triviale d'autre mesures de Gibbs). Il est possible de voir
(comme redémontré récemment dans un cadre plus général par Raoufi [149])
que toute mesure de Gibbs invariante pas translation est une combinaison
convexe de PEQjE

Il est par ailleurs possible de définir ces mesures en volume infini en utilisant la
représentation FK du modéle (e.g. [60, Proposition 7.12]). On note que lorsque
J > %log(l + \/5) I'égalité entre les deux mesures extrémales en volume infini,
I'invariance par retournement des spins ainsi que l'invariance par translation im-
plique que Ez2[0,0] = 0 pour tout u € (Z?)*. Pour ce qui est du sens physique,
cela indique que si les constantes de couplages ont une valeur trop grande, le coiit
pour transporter la magnétisation positive de I'infini a I'origine est trop important.
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Au contraire si les constantes de couplages sont suffisamment petites, alors les
conditions de bord a I'infini se propagent jusqu'a I'origine et EJ.[05] > 0 (e.g. [60,
Théoréme 7.13]).

Il est aussi possible de calculer la magnétisation d'un produit de deux spins
Et[oyoope] = E™[oyo0yo] (cette égalité étant vraie par invariance par retourne-
ment des spins). On déduit du caractére extrémal des deux mesures avec conditions
de bord + a I'infini que la quantité E[o,0 0] est toujours bien définie et & nouveau
invariante par translation. En particulier, un calcul explicite du a Yang [167] (alors
que le résultat avait été annoncé en amont par Kaufman et Onsager mais sans
publier de preuve) fournit la dichotomie du théoréme suivant.

Theoréme 1.2.1 (Onsager-Kauffman-Yang). Pour le modéle d’'Ising ur Z2
avec des constantes de couplages homogenes J = 1 on a les deux alternatives
suivantes

— Si B < 3log(1+ v2), alors voliglooE[auooUo] =(1- sinh_4[2ﬂ])%.

— Si B> Llog(1+v2), alors lim E[oye0y0] = 0.
V7 —00

Il est possible d'en déduire de I'inégalité GKS [72, Théoréme 3.20] et de I'in-
variance par translation que pour 3 < 3log(l + v2), on a EJ,[oue] = (1 —
sinh74[25])%. Plus d'une décennie aprés ce premier calcul analytique de la magné-
tisation spontanée, un calcul explicite de la corrélation a deux points sur la diago-
nale du réseau carré critique a été trouvé par Wu. Lorsque 3° = %log(l +2) et
J =1, on a alors

nn—l
Ez2[001,1)00,0 101 1)] = (%) kﬂl(l - 4%2)’“—" o~ C2em)TE, (1.217)
avec C, = 25¢3¢'(=D Ce calcul ainsi qu'une multitude d'autres sont consignés
dans le livre de McCoy et Wu [123], qui ont développés intensivement la repré-
sentation des corrélations via des déterminants de Toeplitz pour en trouver des
expressions exactes.

Il est important de noter que la transition de phase du modéle d'lsing est
abrupte sur le réseau carré. En dessous de la température critique, la magnétisation
en volume infinie est strictement positive. A la température critique, la corrélation
entre spins décroit polynémialement en leur distance. Au dessus de la température
critique, il s'avére que la corrélation entre spins décroit exponentiellement avec
leur distance comme le montre d nouveau le formalisme développé par McCoy et
Wu [123] (on notera par ailleurs les travaux de Aizenman, Barsky et Fernandez
[1] qui généralisent ce résultat en dimension supérieure). Des travaux récents de
Beffara et Duminil-Copin identifient le point critique et généralisent ensuite cette
dichotomie de comportement des corrélations a tous les modéles FK (pour ¢ > 1)
dans [15, Théoréme 1.2].
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1.3 . Invariance triangle étoile sur les grilles isoradiales

Il est possible de réaliser des transformations locales du modéle d'lsing qui
préservent la loi de probabilité des configurations concernant les spins distants du
lieu de cette modification de graphe. Une des transformations les plus connues
est la transformation triangle-étoile, dont il existe un analogue dans le cadre des
fonctions harmoniques sur les réseaux électriques [115] ainsi que les modéles de
diméres (e.g. [164]). Cette transformation a été largement étudiée pour les graphes
planaires généraux (sans plongement particulier) par Baxter dans [12] et admet une
interprétation géométrique naturelle dans le cadre des grilles isoradiales, dont les
propriétés élémentaires seront rappelées dans la section 1.3.2.

1.3.1 . Les poids Z-invariants de Baxter

Dans ce qui suit on utilise les notations de la figure 1.3.2 et travaille avec un
graphe planaire abstrait G (et ne considére donc pas pour l'instant un éventuel
plongement isoradial) contenant un sommet v*® de degré 3, dont les trois voisins
sont notés uf 5 3. On note uj , 5 les trois faces adjacentes a v*® (a gauche dans la
figure 1.3.2). Considérons a présent le graphe G* (a droite dans la figure 1.3.2),
qui coincide avec G en dehors de uj , 5 et ou

— Le sommet v*® est remplacé par une face u°,
— Les arétes e; = (v*®v;) sont remplacées par les arétes €12 13 23.

On utilise a présent la paramétrisation x. €]0; 1[«+ 6. := 2arctan(z.) [37, Section
3.5], rappelée dans (1.2.6), pour laquelle la dualité de Kramers-Wannier rappellée
dans la section 1.2.4 se traduit par I'égalité 0. + 07 = 7.

Les travaux de Baxter [12, equations (6.4.8)-(6.4.16)] impliquent que si pour
tout {p,q,r} € {1,2,3} on a l'identité sur les poids d'lsing (appelée équations de
Yang-Baxter)

* * * * *
_ Tpg T TprZgr Tp+2q qu(xpr + xqr) *
Tplg = —————— — = " Ty, (1.3.1)
1+ ZpgxprTgr 1+ xpxy 1+ 3,
T+ xrak
= at oy, =L 1= (1.3.2)

pgrTT T ek ek
L+ apxhay

alors
— les lois de probabilités Py. et Pgey g0} sont identiques.
— les lois de probabilités P@o\{vo} et Pgo sont identiques.

On peut noter par ailleurs que (1.3.1) est une bijection entre les triplets de la forme
(21,2, 23) et ceux de la forme (z12, 23, 213)..

On présente maintenant une solution a ces équation découverte par Baxter. La
version que I'on montre ici est une version légérement modifiée de sa résolution
originale et correspond a la paramétrisation qui sera utilisée dans le chapitre 3. Les
lignes qui suivent échangent le role des paramétres elliptiques & et k* par rapport
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au travail original [12], comme rappelé dans [28, Section 2.2.2]. Baxter commence
par se donner trois angles abstraits 01, 02,03 dans |0; [ vérifiant 6, + 02+ 03 = 7
et pose [12, equations (6.4.8)-(6.4.16)]

3

T — = — — 7 g—
010 := 5 — 03, ,013:= 5 — 0y et fOy3:= 5 — 0. (1.3.3)

Il fixe ensuite un paramétre elliptique k € [0; 1[UiR, (i.e. k? < 1) et définit les
modéle d'lsing pour lesquel les constantes de couplage vérifient

27751)
K(k)

270 4,
K(k)

Tp = tan(%p) , tan(6)) := sc( |k) , tan(fg) := sc( |k), ou (1.3.4)

— sc(+|k) est la fonction elliptique de Jacobi associé au paramétre elliptique &
(voir e.g. [27, Appendix A]).
— K (k) I'intégrale elliptique de premiére forme (voir e.g. [27, Appendix A]).
On a alors la proposition suivante

Proposition 1.3.1 (Baxter). La paramétrisation (1.3.4) fournit une solution
au systéeme (1.3.1) d’équations de Yang-Baxter.

P
Ainsi, avec le choix des poids de Baxter donné par (1.3.4

Wannier se traduit par z} = tan(36%), ou tan(6?) = sc(iﬁigf)U@*) et k* =

On rappelle qu’avec les notations précédentes, 0 = 5 — 0, et W =z - 0.
), la dualité de Kramers-

1 . ) :
ik(1 — k?)”2 est le paramétre elliptique dual & k. Autrement dit avec le choix des
poids de Baxter, la dualité de Kramers-Wannier correspond a

— Remplacer 6, par 67,
— Remplacer k par k*.

On notera une paramétrisation qu'il existe alternative du modéle [28, Section 4.3]

par un réel appelé le nome, noté ¢ € R et qui lui est relié par la relation ¢ :=
!

exp(—wKT(kk))) (ot K'(k) est I'intégrale elliptique de la seconde forme). Avec cette

paramétrisation, la dualité de Kramers-Wannier se traduit en posant paramétre
*

q = —q.

1.3.2 . Les grilles isoradiales

On rappelle ici la notion de graphe isoradial, dont le nom a été fixé dans [99]
(et dont il existe aussi des traces précédentes dans la littérature [129, 59]), et qui
est un des objets d'étude centraux dans ce manuscrit. Sur cette classe de graphes,
I'analyse complexe discréte est relativement bien comprise [47, 99, 36], dans des
proportions comparables a celles sur le réseau carré.

Definition 1.3.1. On dit qu'un graphe G admet un plongement isoradial
propre T9(G) — C de pas § si chaque face de T est inscrite dans un cercle de
rayon 4, chaque centre de cercle inscrit se trouve a l'intérieur de la face associée,
et que les différentes faces ne se recouvrent pas en dehors des segments qui les
relient.
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On confondra trés souvent dans la suite un graphe isoradial G et son plonge-
ment isoradial T (G). En particulier, lorsque I'on considére un plongement isoradial
de G, chaque face du graphe plongé T?(A(G)) se trouve étre un losange, dont les
cotés sont des segments paralléles et de longueur é. On associe a ce losange I'angle
0. formé entre la diagonale des sommets de G* et I'une des arétes adjacentes a
cette diagonale.

Le plongement isoradial crée un systéme de lignes de chemin de fer (aussi
appelées lignes de rapidité d'un systéme intégrable dans [12]), vu comme une
chaine bi-infinie d'arétes de losanges voisins dans {(G), tel que si la chaine entre
dans un losange par une aréte, elle en sort par I'arréte qui lui est opposée (et
donc ici paralléle). Il est aussi possible de définir de la méme maniére ces lignes
de chemin de fer sur un graphe planaire abstrait. Dans ce cas la, un théoréme de
Kenyon et Schlenker [102] assure qu'un graphe G admet un plongement isoradial
si et seulement si

1. Aucune des lignes de chemin de fer ne se repasse par elle méme ou bien
n'est périodique.

2. Deux lignes de chemin de fer distinctes ne se coupent au plus qu'une seule
fois.

La classe des grilles isoradiales contient par exemple les réseaux carrés, rectangu-
laires, hexagonaux, triangulaires, leurs mélanges, mais aussi des grilles sans symétrie
apparente.

Il est possible de réaliser une modification locale du graphe isoradial en restant
dans le cadre isoradial. Cette transformation s'appelle le retournement de cube, le
nom provenant d'une interprétation de graphe isoradial comme une surface dans R3
(voir par exemple [127, Figure 1.12]). Plus précisément, soit G un graphe isoradial,
v*® un sommet de degré 3 dont les trois voisins sont notés u{ 5 5. On peut remplacer
les trois losanges de A(G) adjacents a v® par trois losanges de méme bord extérieur,
mais avec un sommet v° a la place. Cette opération revient a échanger deux lignes
de chemin de fer qui se croisent en un losange (e.g. [27, Fig.1]).

Comme cela est démontré dans le chapitre 3, il est possible d'étendre une partie
finie d'un graphe isoradial en une grille isoradiale infinie, dont une partie de la grille
correspond a un réseau rectangulaire. Cette chirurgie est un des ingrédients cruciaux
pour prouver la non-dépendance en la géométrie locale de certains observables
associées au modeéle d'Ising sur les graphes isoradiaux. Pour appliquer ces idées, on
commence par prouver (en utilisant par exemple des méthodes d'analyse complexe
discréte) une non-dépendance en la géométrie locale sur un graphe isoradial donné,
approxime la mesure de probabilité en volume infini par une mesure en volume
fini sur un (grand) sous-graphe B, puis conclut en utilisant la non-dépendance
en la géométrie locale sur I'extension du graphe contenant B ainsi qu'une partie
d'un réseau rectangulaire (ot des calculs explicites sont possibles). Il est utile de
remarquer que cette opération est réalisée sans utiliser de retournement de cube,
mais simplement par une extension des lignes de chemin de fer.
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On présente maintenant le lien entre la paramétrisation abstraite de Baxter et
le modéle d'Ising sur les graphes isoradiaux. Dans le cadre isoradial, les travaux de
Boutillier, de Tiliere et Raschel [28] prouvent qu'en choisissant les angles abstraits
0 dans (1.3.3) égaux aux angles géométriques des losanges du plongement isoradial
(définis a gauche dans la figure 5.3.1), la paramétrisation devient Z-invariante (c'est
a dire invariante par retournement de cube et par transformation triangle-étoile).

Dans cette série d'articles, la définition des poids est locale et ne dépend que
de la géométrie du losange z. associé & une aréte e dans le graphe isoradial. Le
paramétre elliptique & (ou alternativement le nome ¢) joue le role d'une tempéra-
ture, le modéle est critique au poids auto-duaux qui correspondent a k = 0 [28,
Théoréme 3] (dans ce cas |a les angles géométriques 0, et abstraits 6, coincident).
C'est la dérivée seconde de I'énergie libre qui diverge logarithmiquement, fournis-

sant une transition de phase du second ordre. Lorsque k& = 0, les poids deviennent
tan(fe)
5

des fonctions trigonométriques usuelles des 6., avec par exemple z, =

Toujours pour les poids Z-invariants, les travaux de Lis [114] assurent que
lorsque k2 > 0, le modeéle est sur-critique (les corrélations décroissent exponentiel-
lement vite avec la distance entre les spins) alors que pour k% < 0 la magnétisation
en volume infini est strictement positive.

Le chapitre 3 est centré sur I'étude du modéle dit massif sur les graphes
isoradiaux, suivant les récents travaux de Park [137, ]. En des termes plus
précis, on commence par se fixer un paramétre réel m. On considére alors un
graphe isoradial T de pas § équipé du modéle d'lsing aux poids de Baxter Z-
invariants avec un nome qui vaut ¢ = %mé. L'objet de notre étude est alors la
limite d'échelle (proprement normalisée) du modéle lorsque I'on fait tendre le pas
0 du réseau vers 0 en méme temps que l'on fait tendre la température vers la
température critique. Dans la formulation usuelle du modéle d'Ising sur le réseau
carré avec des constantes de couplages unitaires, notre travail revient a étudier la
limite d’échelle du modéle sur v/26Z2 a la température 8% := 3. + %‘5 (o1 B, est
la température critique du réseau carré rappelée dans la section 1.2.6).

1.4 . Motivations et perspectives sur les résultats présentés dans
ce manuscrit

Avant de rentrer dans les détails les plus techniques de cette introduction
et d'énoncer les résultats de notre travail, il nous semble important d'essayer de
donner au lecteur quelques perspectives et motivations sur les nombreux travaux
passés et futurs concernant la limite d'échelle du modéle d'Ising planaire critique
et presque-critique. Nous expliquons aussi en quoi les connaissances actuelles nous
ont poussé a explorer certains résultats et quelles sont les conjectures que I'on
souhaite traiter (a long terme) avec le formalisme et les outils présentés dans ce
manuscrit. Nous écrivons cette section sous forme de liste, afin d'en simplifier la

lecture et d'en assurer la clarté.
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FIGURE 1.3.1 — (Gauche) Paramétrisation géométrique de I’angle 6, pour
le losange z(e) pour le plongement isoradial de pas 0. (Centre et droite)
Retournement de cube, passant d’une configuration triangle a une confi-
guration étoile. Le reste du graphe isoradial n’est pas modifié. On fera
dans ce manuscrit souvent I'hypothese dite des angle bornées sur les
graphes isoradiaux, qui suppose que les angles géométriques . des lo-
sanges sont tous bornés inférieurement par une constante universelle 7.

F1GURE 1.3.2 — Transformation abstraite passante d’une configuration
triangle & une configuration étoile. Les arétes du graphe bipartite A(G)
sont dessinées cette fois-ci en traits pleins alors que les arétes de G sont
dessinées en pointillées. (Gauche) Configuration étoile dans G avec le
sommet v* € G* qui possede 3 voisins. (Droite) Configuration triangle
dans G avec la face u$, u3, u3 dont le centre est v°. En choisissant des poids
d’Ising correspondant a ceux de Baxter (1.3.4), les lois de probabilités
concernant les événements en dehors de cette modification locale sont les
mémes sur le graphe contenant le triangle et celui contenant 1’étoile.
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1. Dans les travaux fondateurs des physiciens de la théorie conforme des champs
(notamment via articles de Belavin Polyakov et Zamolodchikov [16, 17]), il
a été conjecturé que le modéle d'Ising critique admet une limite d’échelle
invariante conforme. Les développements (rappelés dans la section 1.8) sui-
vant les travaux de Smirnov [160] permettent de justifier cette prédiction en
lui donnant une formulation simple dans les domaines simplement connexes
(ou il la notion d’application conforme prend tout son sens). Ces résultats,
proposant une description extrémement précise de la limite d'échelle, ont
tous été originellement prouvés sur le réseau carré. Dés lors, un des objectifs
naturels a été de justifier la prédiction originale de Kadanoff, qui postule que
la limite d'échelle du modéle d'lsing critique ne dépend pas de la géomé-
trie locale du graphe. On appelle ce phénomeéne ['universalité vis-a-vis de la
géométrie locale. La classe de graphes sur laquelle il a longtemps semblé rai-
sonnable de prouver une forme d'universalité est celle des graphes isoradiaux
équipé de leur poids Z-invariants critiques (dont les caratéristiques sont dé-
taillées dans la section 1.3.1). Pour les grilles isoradiales critiques, le seul
résultat qui n'avait pas encore été étendu au-deld de la grille carré critique
concernait les corrélations de spins, pour lequel la preuve mais aussi les fac-
teurs de normalisations n'étaient pas connus. Le chapitre 3 répond a cette
question (généralisant aussi des travaux de Park sur le modéle Z-invariant

massif [137]).

2. La seconde motivation est celle de traiter le cas des graphes généraux équipés
d'un modéle d'Ising critique et presque critique, la ot la notion de criticalité
n'admet que rarement (pour l'instant) de formulation claire. On peut tout
de méme considérer deux problémes suivants suivants

— Les grilles doublement périodiques équipées de leur poids critiques (la
condition de criticalité a été prouvée par Cimasoni et Duminil-Copin
dans [52]). Trouver un plongement, prouver |'invariance conforme du
modéle et une forme d'universalité sur ces graphes doublement pério-
diques correspond a une question posée par Duminil-Copin et Smirnov

dans [65]

— Les cartes aléatoires équipées d'un modéle d'Ising critique, dont les
physiciens conjecturent (voir e.g. [67]) qu’elles convergent vers un ob-
jet appelé la Gravité Quantitque de Liouville.

Pour répondre a ces questions, Chelkak a introduit une procédure de plonge-
ment explicite (décrite dans la section 1.7), prouvant déja la convergence des
interfaces vers FK vers le processus SLE(16/3) sur les grilles doublement pé-
riodiques critiques. Au-dela du traitement de ce cas précis, les conséquences
principales de la construction de Chelkak sont les suivantes :

— Le formalisme des s-plongements unifie le traitement des graphes dou-
blement périodiques critiques, isoradiales critiques et Z-invariantes mas-
sives. Cependant ce formalisme dépasse les cadres que I'on vient de
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mentionner. Il est possible de construire un s-plongement propre pour
tout les graphes finis, ce qui fait espérer qu'on puisse |'utiliser (dans
trés longtemps) pour prouver des résultats de convergence sur des
grandes cartes aléatoires critiques et se rapprocher des prédictions des
physiciens. On peut aussi envisager d'utiliser le formalisme sur des
grilles dont la combinatoire est déterministe mais les poids sont choi-
sis aléatoirement.

— Le formalisme des s-plongements fait un lien surprenant entre le modéle
d’Ising et certaines surfaces dans |'espace de Minkowski R?!, indiquant
qu'il existe une description naturelle de la limite d'échelle du modéle
d'Ising planaire utilisant la géométrie Lorentzienne.

Si I'on devait formuler ainsi quelques conjectures et perspectives, auxquelles
on espére apporter une (trés modeste) contribution a I'avenir, les plus importantes
seraient les suivantes :

1. Prouver complétement I'invariance conforme du modéle d'Ising sur les graphes
critiques doublement périodiques (c'est a dire traiter les corrélations de spins
et le champ d'énergie).

2. Deévelopper et illustrer le lien découvert par Chelkak entre le modéle d’lsing

planaire et les fonctions massives holomorphes sur des surfaces plongées
dans R%1.

3. Construire une classe de quadrangulations aléatoires (équipées par exemple
des poids critiques uniformes du réseau carré) et développer une théorie de
convergence pour faire le lien avec la Gravité Quantique de Liouville. La
premiére étape semble étre d'essayer d'appliquer les résultats du chapitre
5 pour prouver une résultat du type Russo-Seymour-Welsh sur les grandes
cartes aléatoires.

4. Prouver (en appliquant & nouveau les résultats du chapitre 5) un résultat
du type Russo-Seymour-Welsh sur la grille Z? équipée de poids aléatoires
i.i.d. centrés autour de température critique du réseau carré homogéne, et
étendre 3 ce cadre |3 des résultats de convergence concernant les observables
du modéle.

1.5 . Le formalisme de Kadanoff et Ceva

On présente dans cette section le formalisme de Kadanoff et Ceva introduit
dans [93], qui explique de maniére claire le lien entre le modéle d'Ising présenté
plus haut et |'analyse complexe discréte. Ce formalisme unifie la quasi-intégralité
des approches utilisées jusqu'ici (et rappelées dans la section 1.8) sur les grilles
isoradiales Z-invariantes équipés de poids critiques et massifs, ainsi que sur les
graphes doublement périodiques. Comme développé dans la section suivante, ce
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formalisme permet de créer a partir du modéle de physique statistique des fonctions
dont les relations locales s'interprétent (aprés complexification) comme une forme
d'holomorphie discréte. On commence par ajouter quelques notations de graphes.
On rappelle que T(G) correspond aux arétes de A(G) et que ses sommets sont
appelés coins et sont notés typiquement par ¢ € Y(G). Dans ce qui suit, on
considére des revétements ramifiés 4 deux feuillets, dont on précise la structure
locale de branchement selon les contexte. La ramification a deux feuillets autour
d'un point correspond a la ramification de la surface de Riemann définie par z —
\/z autour de I'origine. Le lecteur est invité a consulter la figure 3.2.1 pour suivre
les définitions qui suivent.

— On note Y*(G) le revétement ramifié a deux feuillets qui branche autour de
toutes les faces de T(G), c'est a dire autour de chaque v® € G*, v° € G° et
z € {(G). Cette notion reste bien définie pour un graphe fini, le théoréme
d'Euler assurant que #(G*) +#(G°) +#(<O(G)) est pair, ce qui assure que
la ramification autour de la face extérieure est une notion bien définie.

— On se donne @w = {v},...,v0,,v7,...,v,} C A(G) avec n et m deux
entiers pairs. On note T X (G) le revétement ramifié a deux feuillets de T(G)
branchant autour de toutes ses faces (c'est a dire a nouveau tous les sommets
de v® € G*, v° € G° et z € {(G)) hormis les sommets de w.

— On note T (G) le revétement ramifié a deux feuillets de Y(G) branchant
uniquement autour des points de .

On notera ¢, ¢ les deux coins différents d'un revétement provenant du relévement
d'un méme coin ¢ € T(G).

On définit maintenant les spineurs, qui représentent une une classe de fonction
importante dans le formalisme de Kadanoff et Ceva. Soit F' une fonction définie
sur un sous-ensemble de Y X (G) ou bien de Y (G) pour w fixé. On dit que F
est un spineur si pour toute paire de coins ¢, ¢# correspondant au relévement du
méme coin dans G, on a

Avec des mots, cela veux dire que les valeurs de F' en deux relévements différents
d'un méme coin ne différent que d'un facteur multiplicatif —1. Cette propriété
correspond 3 une caractéristique de la fonction z — /2 lorsqu’on la définit sur la
surface de Riemann naturelle associée.

1.5.1 . Introduction du désordre

On invite dans cette section le lecteur a se référer a la figure 1.5.2 pour une

illustration des objets utilisés. Pour m un entier pair et v},...,v", € G*, fixons
comme précédement un sous graphe arbitraire 4* = ~[VI-vm] ¢ G* dont tous les
sommets sont de degré pair, excepté ceux de {v],...,v",} (représenté en rouge

dans la figure 1.5.2). L'idée de Kadanoff et Ceva, introduite dans [93] commence
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FiGURE 1.5.1 — Exemples de représentation graphique de différents re-
vétements ramifiés annoncés au-dessus. Les coins ¢, ¢ correspondant au
relevement du méme coin de G sont représentés par deux triangles, la
pointe de I'un étant orientée vers le haut et celle de 'autre vers le bas.
Deux coins sont voisins dans le revétement associé s’il sont reliés par
un trait plein épais. (Gauche) Structure locale du revétement ramifié

[f)’w] du graphe médial de T ; les sommets v € ['* et w € I'° sont coloriés
en gris. (Droite) Structure locale correspondante du revétement ramifié
Tyw). Le revétement de gauche branche partout hormis autour v et w

alors que celui de droite ne branche qu’autour de v et w.
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par modifier le modéle d'Ising, en remplagant les constantes de couplages J2 (qui
sont jusqu'ici toujours positives) par —J¢ le long des arétes de +°. Ceci revient
a rendre le modéle anti-ferromagnétique au long de ~*, en favorisant les confi-
gurations de spins opposés autour de 7* (comme cela apparaitra pour le calcul
des corrélations mixtes définies dans (1.5.2)). D'un point de vue des notations
introduites précédemment, cela revient a remplacer 2°(e) par z°(e)~! le long de v
lorsque I'on calcule les corrélations mixtes définies ci-dessous. Une maniére formelle
de préciser cette anti-ferromagnétisation du modéle est de considérer la variable
aléatoire de désordre (qui dépend a priori de v*) définie par

Pog -y, = exp[=26830 e JE0w (00 ()] -

En utilisant 'expansion a basse température de la section 1.2.2, on voit que ([37,
Section 3.3])

Ego [ftos - pos,] = a®(EVT"n(@)) /2°(E(G)), (1.5.1)

Une remarque importante est que |'expression (1.5.2) ne dépend pas du choix de
~°®. En effet, pour 7} et 45 définis comme ci-dessus, il existe une bijection naturelle
(préservant le poids des configurations) entre configurations de spins pour lesquelles
on a inversé le poids des arétes z°(e) le long de 77 5. Il suffit alors de concaténer
71,2 pour former une configuration de boucles, puis inverser la valeur des spins a
I'intérieur des boucles de v} & 3.

On peut alors généraliser les formules (1.2.5) and (1.5.1) aux corrélations
mixtes (qui correspondent a la corrélation entre spins multiplié par une variable
de désordre puys ... piye,  définie comme ci-dessus). C'est ici que la caractere anti-
ferromagnétique apparait, puisque lorsque |'on calcule cette corrélation mixte entre
spins et désordres, cela revient a calculer la corrélation entre spins en ayant inversé
les constantes de couplage le long des lignes de désordre. Plus formellement, on
pose (voir e.g. [37, eq (3.4)]) pour vi,..., v, € G°

EGO [M’U; RN /.LI,TOHO'UT ce O'v%] = I’Fvo 77}%](8[0;77’0:'1](G))/$O(€(G)>’ (152)

ou I'on rappelle que 2°(C) := [[.ec 22, EPT+vinl représente I'ensemble des sous

graphes de E(G) qui ont degré pair partout excepté en les sommets v, ..., v, et
o (Y. ) T sieFy
(€)= { —x2  sinon.

comme cela a été défini dans les sections 1.2.2 et 1.2.3. L'expression (1.5.2) est
a priori définie au signe pres (i.e. elle dépend du choix joint des ensembles v° and
~*) puisque dans la définition de x‘[’v%m’v%}(5[“57“'7”%](G)), la parité du nombre
d'intersections entre v° and ~* rentre en compte. Il n'est pas possible de fixer
de maniére canonique |'ambiguité de signe dans (1.5.2) si on se limite au produit

cartésien (G*)*™ x (G°)*™.
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On va maintenant considérer |'expression (1.5.2) comme une fonction des
sommets v}, ..., v, uf,...uy. |l faut en particulier outrepasser I'ambiguité de
signe que I'on vient d'expliquer (ce qui passe par considérer la fonction comme
étant définie sur un ensemble plus grand). Pour cela, on commence par fixer un
plongement arbitraire S de G dans le plan, et considérer le revétement ramifié a
deux feuillets de (G*)*™ x (G°)*™ dont la structure de branchement est celle de
[TT TTp—1 (S(vp) — S(v2)) ]/ Dans ce cas I, les quantités de la forme (1.5.2)
sont toujours vues comme fonction de vf,...,v%,, uf,...u;, mais il est en plus
possible de fixer |'ambiguité de signe de maniére consistante lorsque |I'on modifie
les positions respectives de v, ..., v%,, uf,...u;. Cette discussion est tres délicate
(y compris pour les spécialistes) et est réalisé de maniére remarquable et com-
pléte dans dans [39, Section 2.2]. En quelques mots, I'idée est de fixer un signe
arbitraire pour une configuration v3,...,vn u3,...u; puis de le faire évoluer le
choix de de signe de maniére canonique lorsque |'on passe d'un revétement dont
la structure de branchement est celle de [[],-; [I;—;(S(vp) — S(v2))]Y? au re-

q
vetement [T [T7=1(S(vir) — S(v)) 1Y%, lorsque les v}, ... 05, us,. .. uj) et
Vi, o ul, . ul? ne différent que d'un élément.

Un calcul similaire a celui de la dualité de Kramers-Wannier introduite dans la
section 1.2.4 permet de vérifier que (e.g. [37, Proposition 3.3])

Ege [ptos - fos, 000 - 0vz] = Ege [poo - flogOus - .. Oe] (1.5.3)

ce qui signifie que dans la définition des corrélations mixtes, les roles joués par les
graphes G* et G° sont équivalents.

F1GURE 1.5.2 — Configuration correspondant a l'insertion du désordre le
long de U'interface v (déssinée en rouge), reliant v a v2. On peut calculer
alors la corrélation mixte Ege[vfvov]v?], ou les sommets v? et v9 sont
adjacents au méme coin ¢ € T. Cette quantité dépend (au signe pres) du
nombre d’intersection entre v et de chemin (entre arétes duales) reliant

vy A vg.
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1.5.2 . Construction des corrélateurs

On va a présent utiliser le formalisme du désordre introduit précédemment, mais
pour construire une fonction définie sur I'ensemble des coins de GG. On appelera
ces fonctions des corrélateurs de Kadanoff-Ceva. Avant cela, on commence par
rappeler une paramétrisation abstraite des poids d'lsing déja mentionnée dans les
paragraphes précédents. On rappelle qu'il existe une identification naturelle entre
une aréte e de G et une face z(e) de A(G). On définit le parametre abstrait 0.,
par

0. = 2arctanz®(e) € (0, ). (1.5.4)

Ici 6,(c) n'a pas spécialement d'interprétation géométrique.

En utilisant les formules de trigonométrie usuelles, on remarque directement
que cos(f,)) = (1 —2°(e)?)(1 4 2°(e)?) " ainsi que sin(f,(.)) = 22°(e)*(1 +
2°(e)?)~L. Pour m et n deux entiers pairs, on considére une expression de correla-
tion mixte ou |'un des spins et |'un des désordres sont choisis comme étant voisins
dans A(G). Pour un coin ¢ € T(G), soient v*(c) € G* et v°(c) € G° les deux
sommets de A(G) reliés via c. On définit de maniére purement formelle le fermion
au coin ¢ par

Xe i= oo () Tvo(c)- (1.5.5)
Plus précisément, on définit le corrélateur fermionique de Kadanoff-Ceva (1.5.2)
en posant (voir e.g. [37, Proposition 3.3]) pour un coin ¢ de T2 (G)

Xe(e) = EGO[Xch; Y T R ]. (1.5.6)

n—1
Ainsi, lorsque les points de w sont fixés, la quantité X (c) est bien définie au signe
prés, dont on peut a nouveau lever I'ambiguité lorsqu’on la définit sur le revétement
TX(G). Ainsi, on va considérer les corrélation mixtes comme une fonction de la
variable c.

L'objectif final de notre utilisation des corrélateurs de Kadanoff-Ceva est d'étu-
dier leur limite d'échelle, dans un sens que I'on précisera par la suite. Pour cela,
ce sont des fonctions remarquables puisqu'elles vérifient une relation locale trés
simple, qui s'interprétera ensuite comme une forme d’holomorphie discréte. On dé-
taille a présent cette relation locale, qui est purement abstraite et ne requiert pas
de plongement particulier.

Les notations des lignes suivantes correspondent a la figure ci-dessous. On
considére le quadrilatére z = (vjvjvivg) dont les sommets sont donnés dans
I'ordre trigonométrique et pour lesquels on choisit trois relévements de ¢,q, ¢p1—¢
et c1-pq consécutifs dans T2 (G) (en notant ¢,y = (vpvy)). Dans ce cas 13, le
corrélateur fermionique de Kadanoff-Ceva satisfait une equation linéaire de propa-
gation locale trés simple autour de z(e), dont les coefficients dépendent uniquement
de la constante de couplage JZ du modéle via la paramétrisation (1.5.4) . On a

alors (e.g. [37, eq (3.11)])
X (cpg) = Xaw(epi—q) cosO,e) + Xp(c1-p,q) sin b c). (1.5.7)
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FiGURE 1.5.3 — Notations utilisées pour la relation de propagation a
trois termes (1.5.7). Les coins sont représentés par des triangles, avec
deux relevements du méme coin dans le revétement représentés par des
triangles orientés a l'opposé 'un de l'autre. Les coins voisins dans le
revetement sont reliés par les traits pointillés. Le graphe des coins branche
localement autour de z € $(G).

Cette relation locale a été introduite sous cette forme par Mercat (voir e.g. [129,
Section 4.3] mais celle-ci a été mentionée par Dosentko [56] et apparait aussi dans
les travaux de Perk [142, 141]) et se démontre de maniére formelle (e.g. [37, Re-
marque 3.12]) en remarquant (via (1.2.9)) que fuye ptps sin(6;) = 1—cos(0) oy ove,
ce qui revient a considérer de maniére combinatoire les configurations contenant ou
non |'aréte e = (vjv}) dans le calcul de la corrélation (1.5.2). En particulier, toute
solution de (1.5.7) est automatiquement un spineur (c’est une conséquence algé-
brique trés simple de la relation (1.5.7)). C'est cette relation (1.5.7) qui explique
la possiblité de construire des observables holomorphes discrétes. Il est crucial de
noter que cette relation est abstraite et ne nécessite pas de fixer d'un plongement
de G dans le plan.

On fixe a présent un plongement S : A(G) — C de A(G) dans le plan et on
définit

ne=c-exp [~ barg(S(*(e) ~ S (@), <=, (158)

ou le pré-facteur < est choisi pour étre consistant avec les notations de [48, 33].
L’ambiguité de signe dans la définition de 7. peut étre a nouveau évitée en tra-
vaillant sur T*(G). Dans le cas ou S est un plongement isoradial, z = (vgvgviv])
est un losange et on peut voir directement que 7). est une solution de (1.5.7). Plus
généralement, les produits de la forme

NeXwz(c) : Yo(G) —» C (1.5.9)

sont des spineurs sur le revétement Y (G), branchant uniquement autour des
sommets de |'ensemble w = {v}, ... v}, _1,v7,...v;_; utilisés pour la construction
des corrélateurs réalisée via (1.5.6).
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Un ingrédient essentiel pour I'analyse des spineurs est |'introduction de la fonc-
tion abstraite Hx_ associée au corrélateur X . Cette fonction est une forme qua-
dratique du spineur X qui s'avére fort utile pour étudier la limite d'échelle des
observables complexifiées mais aussi de construire les s-plongements 1.7. Il est a
noter que la présence des branchements n'influe pas sur la définition de Hx_ et on
ne mentionnera pas l'indice w dans la définition qui suit (ici seule la relation locale
(1.5.7) importe pour la consistance de la définition). La définition suivante, a été
introduite dans une forme équivalente par Smirnov dans [162], mais son extension
a {(G) a été faite pour la premiere fois dans [33]

Definition 1.5.1. Soit X un spineur sur T*(G) satisfaisant I’équation(1.5.7).
On peut alors définir & une constante additive pres la fonction Hx sur A(G)U
O(G) via ses incréments pour p,q =0, 1

Hx(vp(2)) — Hx(2) = X(cpo(2))X(cp1(2))cosb,
Hx(vg(2)) — Hx(2) = —X(coq(2))X(c14(2))sinb,, (1.5.10)
Hx (vp(2)) — Hx (vj(2)) = (X(cp(2)))?%,

ou les coins sont choisis comme étant consécutifs sur T*(G). Cette définition
est purement combinatoire, et sa consistance provient directement de 1’équa-
tion de propagation (1.5.7).

1.5.3 . L’observable de Smirnov sur les graphes isoradiaux

On explique a présent |'étape décisive faisant le lien entre le modéle d'Ising
et sa limite d'échelle dans le continu. Cette percée majeure est due a Smirnov
[162, 160] dans ses travaux fondateurs sur le modéle critique sur le réseau carré et
a été développée par la suite sur les grilles isoradiales. En des mots trés simples,
I'idée de Smirnov consiste a construire des fonctions discrétes holomorphes définies
uniquement par leur conditions de bord et singularités, et qui composent bien avec
les interfaces et corrélations du modéle d'Ising. Il s'agit alors de prouver |'existence
et 'invariance conforme d'une limite d'échelle pour ces observables discrétes afin
de prouver |'existence et I'invariance conforme d’une limite d'échelle du modéle
d'Ising. On présente ici la premiére observable introduite par Smirnov, c'est a dire
I'observable FK-Ising avec condition de bord Dobrushin, qui a mené ensuite a une
activité trés importante autour de l'invariance conforme comme le montrent les
nombreux résultats rappelés dans la section 1.8.

On utilise dans ce qui suit les notations de la figure 1.5.4 (qui utilise des
notations semblables a [33, Figure 2]). On fixe un domaine fini © d'une grille
isoradiale avec des conditions de bord dites Dobrushin, c'est a dire que son bord
052 (toujours avec les notations de la figure 1.5.4) se divise en

— Un arc (ab)® de sommets du graphe primal (en pointillés rouges).

— Un arc (ba)° de sommets du graphe dual (en pointillés bleus).
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— Les deux arétes de A(G) qui passent par les coins a et b (pointillés violets).

Tous les sommets de (ba)® sont branchés ensembles (représenté par I'arc bleu)
et tous les sommets de (ab)® sont branchés ensembles (représenté par I'arc rouge).
Le bord du graphe A(G) est représenté en pointillés verts. Il s'agit donc, si on
considére le point de vue du modéle sur G° comme des conditions branchées sur
(ba)° etlibres sur (ab)®. On considére alors le modéle FK-Ising sur € avec les
conditions de bord ci-dessus, et définit grace a cela

— Ya,p 'interface la plus a gauche reliant a a b et séparant le cluster primal
attaché au spin de bord (ba)° du cluster dual attaché au désordre de bord
(ab)®. L'interface séparant des éléments de G* et de G°, elle s'interpréte
directement comme une suite de coins voisins dans T qui débute en a et
termine en b. Cette interface est representée en orange.

— Pour un coin ¢ appartenant a 7, on définit wind(v,, @ — ¢) 'incrément
de I'argument (compté algébriquement) le long du chemin v, ; entre a et c.
Si ¢ n'appartient pas a 7,5, on pose wind(v,4,a — ¢) := 0.

C'est avec ces objets que Smirnov définit pour ¢ € T(G) la fonction [160, eq (19)]
F(c) := n.ES [1]e € yap] exp (— %Wind(%hb, a—c))l, (1.5.11)

ol la mesure de probabilité EFX est rappelée dans la section 1.2.5. Cette formule
semble A priori étrange, ésotérique et difficile a exploiter. En réalité, cette fonction
qui a été introduite de maniére purement combinatoire par Smirnov sans utiliser
de lien avec formalisme de Kadanoff et Ceva s'avére étre une complexification du
formalisme de Kadanoff et Ceva i.e. la fonction F' de (1.5.4) coincide exactement

avec UcEg/f[XcM(ab)-U(ba)o] (voir e.g. [35, Remarque 3.2]).

1.5.4 . S-holomorphie des observables et étude de leur limite d’'échelle

La construction des observables fermioniques présentées ci-dessus ne permet
pas pour l'instant de faire quelconque passage a la limite d'échelle et construire de
lien avec I'analyse complexe. En effet, ces observables sont a priori pour I'instant
des fonctions réelles ou bien avec une phase complexe prescrite par le réseau (sur la
grille carrée, il n'y a que 4 directions possibles pour 7.). Pour les étudier, Smirnov
prend une combinaison linéaire [160, Section 2] de la fonction sur les coins d'un
méme losange de {>(G) pour en faire une fonction holomorphe discréte sur $(G). I
lui reste alors a prouver que ces observables holomorphes discrétes convergent bien
pour en extraire de |'information reliant discret et continu. La définition cruciale
est celle de la s-holomorphie que I'on présente maintenant, introduite dans [160,
Définition 3.1] et dont le nom a été fixé dans [48, Définition 3.1]. On note Pr[-, aR]
I'opérateur de projection orthogonale usuel, qui a un nombre complexe z € C
associe Pr[z, aR] son projeté orthogonal sur la droite aR C C.
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FI1GURE 1.5.4 — Exemple d’un domaine avec des conditions de bord Do-
brushin. Toutes les faces de 'arc (ba)° constituent un unique spin alors
que tous les sommets de l'arc (ab)® constituent un unique désordre. Les
quadrilateres de bord sont notés par des losanges. Les coins a et b font la
jonction entre les deux arcs de bord. L’interface reliant a a b en séparant
les clusters primaux et duaux pour le modele FK est matérialisée, en
orange, par la suite des coins qu’elle traverse.
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Definition 1.5.2. On dit qu’'une fonction F' définie sur un sous-ensemble de
O(G) est s-holomorphe si pour chaque paire z, 2" € $(G) de faces adjacentes
de A(G), dont 'aréte commune est (v°(c)v®(c)) (avec ¢ € T(G)), on a

Pr[F(2);nR] = Pr[F(2);ncR] (1.5.12)

Dans le cadre critique isoradial sur une grille de pas 4, la notion de s-holomorphie
est complétement équivalent a I'existence au fait que la relation de propagation
(1.5.7) soit vraie. Plus précisément, un spineur X2 : TX (G) — R satisfait I'équa-
tion de propagation (1.5.7) autour d'un quadrilatére z € $(G) si et seulement si
il existe un nombre complexe F2 () tel que (e.g. [37, Section 3.6])

X3 (¢) = 167 Pr{FL(2); n.R], (1.5.13)

pour tous les coins ¢ du losange z. On peut donc construire & partir de chaque spi-
neur X2 une fonction s-holomorphe F2 sur le revétement de <> qui branche autour
des points de w = {v},...,v0,_;_,v],...vn_1}, et inversement on peut recons-
truire chaque spineur X a partid=r d'une fonction s-holomorphe F2 . La fonction
F, est discréte holomorphe au sens ot I'intégrale discréte vérifie § F (2)dz = 0
[48, Lemme 3.3], ce qui assure en particulier (modulo la pré-compacité des fonc-
tions F° sur des grilles des pas 6 — 0) que la limite des F° est bien une fonction

holomorphe.

1.5.5 . Le probléme de Riemann-Hilbert et détermination de la li-
mite d’échelle

On vient de voir que les observables de Smirnov correspondent sur les graphes
isoradiaux a des fonctions discrétes holomorphes construites a partir du modéle
d'Ising. Pour prouver |'existence d'une limite d'échelle, Smirnov montre que pour
une suite de grilles isoradiales T de paramétre § — 0, la suite des observables
(F%)ss0 est pré-compacte [160, Lemma 5.3] (ainsi on peut en extraire des sous-
suites convergentes) et caractérise la limite f [160, Lemma 4.11]. Pour cela, I'in-
grédient crucial est I'utilisation de la partie imaginaire de la primitive du carré d'une
fonction s-holomorphe. Cette primitive permet de prouver non-seulement la pré-
compacité des (F)s-o mais aussi caractériser la limite d’échelle. On commence
par définir cette fonction en des termes plus précis, suivant la définition originale

donnée dans [162, eq (20)] et [160, Lemme 3.6].

Definition 1.5.3. Soit F une fonction s-holomorphe sur une grille isoradiale
et z = (vJvgvivy) € O(G). On peut alors définir (& une constante additive
pres) la fonction Hps : A(G) — R simultanément sur G* et sur G° et dont les
incréments sont donnés par

Hps(05) — Hps (v5) = (v — v§) F°(2)? (1.5.14)

Hps (0}) — Hps (v]) = (v — v8) F°(2)? (1.5.15)
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Alors la fonction Hps définie sur A(G) par. De plus si X° et F sont reliées
1

par la relation X (c¢) = §27:Proj[F'(2); ncR], alors Hps et Hys coincident a une

constante additive prés (voir par exemple [15, Proposition 3.6]).

Pour I'observable FK-Dobrushin (mais de maniére plus générale lorsqu'un des
spins de w est attaché au bord du domaine), Hys est constante sur |'arc (ba)®
ainsi que sur I'arc (ab)®. Traduit pour I'observable F°, cela implique que pour
z € 09Qs un losange de bord, on a (F°)2(z) € 7R oi 7 est la normale dirigée
vers |'extérieur du domaine discret [48, eq (3.16)]. Cette condition de bord est
relativement instable vis a vis de la géométrie locale fine d'une approximation
d'un domaine, au contraire de la fonction H® = Hys = Hys (dans le cadre de
I'observable Dobrushin mais aussi dans un cadre plus général aprés adaptation au
contexte). La fonction H° permet de

— Prouver la pré-compacité des fonctions F° [48, Section 3.5]. Si les oscil-
lations de H® sont bornées, alors la famille des F° est pré-compacte. En
particulier on peut supposer en passant a une sous-suite que Fo — f et
HY — h = %flm[dez] uniformément sur les compacts de €. De plus
comme dans le discret les intégrales de contour sont nulles, le théoréme de
Morera assurant que f est holomorphe (et ainsi que h est harmonique).

— Prouver que les conditions de Dirichlet de H% passent a la limite continue
[48, Section 5] i.e. h hérite des conditions de bord discréte de H. Dans le
cadre de |'observable FK Dobrushin, au coins de ramification on a |X5] =1,
alors on peut choisir la constante additive telle que H? ait des conditions
de bord 0 sur l'arc (ba)° et 1 sur I'arc (ab)® [160, Lemme 4.11]. La preuve
de la survie des condition de bord n'est pas aisée et se base sur le fait que
H? (pour le Laplacien naturel défini e.g. [47, Section 1.2]) est une fonction
sous-harmonique sur G* et sur-harmonique sur G°. Autrement dit, H’ est
déja presque une fonction harmonique dans le discret et cela est suffisant
pour prouver que les conditions de bord de h correspondent a celles de H?.
A la limite on a donc h = hmgq(-, (ab)*®), la mesure harmonique de I'arc (ab)®
sur dans le domaine €2, ce qui prouve |'unicité des limites de sous-suites et
donc la convergence de f.

L'invariance conforme des mesures harmoniques prouve |'invariance conforme
de f = +/i0.h d'un domaine a I'autre. Pour prouver |'invariance conforme d’autres
observables fermioniques (les résultats sont rappelées dans la section 1.8), les
mémes méthodes s'appliquent en prouvant |'invariance conforme de la limite d'échelle
d'observables via l'invariance conforme de la solution au probléme de Riemann-
Hilbert associé, qui se résume en général a des conditions de bord, de I"harmoni-
cité et I'identification de singularités. Il est a noter que la comparaison entre H?
et les fonctions harmoniques discrétes sur les grilles isoradiales est cruciale pour
prouver toutes ces convergences, et n'admet encore aujourd'hui pas d’explication
conceptuelle allant au-dela de la vérification d'une positivité d'une certaine forme
quadratique.
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Ces derniéres années, une approche remarquable a été développée par Park
[138, ], qui a adapté la notion de fonctions s-holomorphes au modéle massif
Z-invariant (avec un nome ¢ = %mé sur la grille de pas 4, c’est a dire dans le cadre
presque critique), en utilisant la méme complexification que Smirnov mais avec des
projections sur des directions modifiées correspondant a un losange virtuel critique
[137, Proposition 4]. Park prouve dans ce cadre-13a les limites f de sous-suites de
fonctions s-holomorphes ne sont plus holomorphes mais deviennent des solutions
de I'équation de Dirac df +imf = 0 [138, Section 1.2]. Le passage a la limite pour
la fonction H? s'avére aussi étre plus difficile. Surtout I'étude de la limite d'échelle
dans le continu (en particulier lorsque les bords des domaines ne sont pas lisses)
est beaucoup plus élaborée et fait appel & un principe de similarité de Bers [138,
Théoréme 3.2], qui réécrit les solutions de O f +imf = 0 comme ressemblant & des
fonctions holomorphes, et permet d'étudier de maniére précise leur comportement.

Malgré divers efforts et un travail en cours de Chelkak, Park et Wan [46], il
n'est pas suffisant de prouver la convergence de |'observable FK pour déterminer
la limite d'échelle des interfaces FK séparant les clusters primaux et duaux pour
le modéle massif sur Z2 vers une famille de courbes qui serait une modification
massive du SLE. Le probléme persistant semble &tre I'identification de la loi limite
de I'interface aléatoire associée au modéle massif.

1.6 . Du classique au quantique

Le modéle d'Ising quantique uni-dimensionnel est une chaine de spins définie
sur Z introduite par Pfeuty dans [145]. Pour le construire, on commence par se
donner deux paramétres positifs 6 et T qui représentent respectivement |'intensité
de l'interaction entre voisins et |'intensité de |'interaction avec le champ transverse.
Comme d'usage en mécanique quantique, on note (X and o) les matrices de
spin % de Pauli données par

m._ (01 @._ (1 0
e (93), (108

Ces matrices agissent sur un espace d’état des spins C2 = Vect(|+),|—)), ot I'on
a fait l'identification entre |+) avec (1,0) et |—) avec (0, 1). On peut alors définir
I'opérateur aél) (par produit tensoriel) qui correspond a la matrice de Pauli o
sur la cordonnée = de ®, C? et qui vaut I'identité partout ailleurs (et on fait de

méme pour 05(53)). Le Hamiltonien du systéme quantique est alors |'opérateur

H= 0 0®e® 73 o),

T~y zeV

agissant sur 'espace de Hilbert ®, C2.
Ce modéle est lui aussi exactement soluble [145], et I'opérateur e =#H | qui peut
étre vu comme un quantification de la mesure de Gibbs du modéle classique [39, eq
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(2.11)]. Comme remarqué par Aizenmann, Klein et Newman [2], ce modéle quan-
tique peut s'interpréter comme une évolution spatio-temporelle d'une configuration
de spins sur Z via un méthode d'intégrale de chemin, ou la variable 3 représente le
temps. |l existe plusieurs expansions formelles de I'opérateur e =## basées sur I'iden-
tité [89, eq (2.12)], qui ménent aux diverses représentations (spatio-temporelle, FK,
courants aléatoires) et donnent une interprétation des résultats du modéle quan-
tique via leur analogue classique en dimension 2 ([31, 20, 22, 109]). Ces différentes
représentations ont permis en particulier de prouver |'existence d'une transition de
phase continue et abrupte (voir par exemple deux approches différentes données
dans [20, 62]) du modéle au point critique g =2

1.6.1 . Combinatoire du modéle

On présente maintenant la combinatoire et la définition du modéle quantique
via sa représentation spatio-temporelle en dimension 2 sur le réseau demi-discret,
utilisée en ces termes par Li [109]. Contrairement aux autres chapitres de ce ma-
nuscrit et pour préserver le sens physique, les spins sont assignés ici au graphe
primal et les opérateurs de désordres (défini comme dans (1.5.1)) sont assignés
au graphe dual. Les définitions utilisées correspondent a celles données par Li dans
[109, Section 3.1]. On se donne un domaine simplement connexe 2 C C et d > 0
et définit par analogie avec le modéle classique :

— Qf =QN6(2Z x R) le domaine primal, ot sont assignés les spins.
— Q§ =QN6(2Z+ 1) x R) le domaine dual, ou sont assignés les désordres.

— On définit par analogie le graphe A(Q25) := Qf U Q5 que I'on appelle le
graphe médial. Les voisins d'un sommet (z,t) € §(2Z x R) € Qf dans
A(Qs) sont les faces (x £6,t) € 6(2Z+ 1 x R) € Q5.

— Les arétes du graphe bipartite A(£25) sont comme pour le modéle classique
en bijection avec T(25), I'ensemble des demi-arétes, dont les sommets sont
appelés les coins.

Les sommets du graphe primal sont typiquement notés par u alors que les sommets
du graphe dual sont typiquement notés par v et les coins par ¢. On dit que u et
v sont voisins dans A({s) s'ils ont la méme coordonnée verticale et que leur co-
ordonnées horizontales respectives different de £6. Lorsque 23 et Q3 approximent
un domaine simplement connexe  borné du plan, la définition du modéle primal
avec condition de bord + est faite via deux aléas successifs, dont le premier est un
processus de Poisson ponctuel. En suivant le formalisme introduit par Aizenman
Klein et Newman dans [2], on commence par se donner deux paramétres positifs
T, 6 et on définit 3 un processus de Poisson ponctuel de paramétre 7 sur les lignes
de Q3. L'ensemble dénombrable des points de 1} est noté D, dont les éléments
sont appelés points de décés. Une fonction o : Qf — {+1, —1} est dite étre une
configuration de spins compatible avec D si elle est constante sur chaque com-
posante connexe de Q$\D. On note alors JX(D) I'ensemble des configurations
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o compatibles avec D, et définit la mesure ces configurations pour une fonction
mesurable F': [J3(D) — R par la formule

L Coex(p) Flo)exp (~5H(0))] | Lo

ny {ZJGZ(D) exp (‘%H(U))}

ou 6 > 0, H est le Hamiltonien H (o) := —Leb°(g,), avec Leb® la mesure de
Lebesgue sur le graphe dual (c'est a dire la somme des intégrales de Lebesgue sur
toutes sur les lignes duales) et ¢, = o,+0,- € *1 la densité d'énergie au point
v €, c'est a dire le produit des spins voisins de v dans A({2s). La fonction de
partition devient alors

2(r.0) =0 | 3 exp(~§H@)| =nt| > exp(§-Leb()
sex(D) oex(D)
(1.6.2)

Le modéle est donc une généralisation du modéle classique avec une interaction
entre voisins horizontaux et admet lui aussi une transition de phase lorsque le ratio
p = g = 2 [62]. Lorsque ce ratio est supérieur a 2, la magnétisation en volume
infini est strictement positive [62, Théoréme 1.5], on se trouve dans le régime
sous-critique. Lorsque ce ratio est inférieur que 2, la corrélation entre spins décroit
exponentiellement vite avec leur distance [62, Théoréme 1.5], c'est le régime sur-
critique. Enfin lorsque ce ratio vaut 2, cette corrélation décroit polyndmialement
avec leur distance [62, Théoréme 1.5], c'est le régime critique.

Une des maniéres de prouver cette transition de phase est d'utiliser le modéle
classique sur les graphes isoradiaux rappelé dans la section 1.3.1, en remarquant que
la loi du modéle spatio-temporel présenté ci-dessus sur le réseau semi-discret est la
limite faible des lois du modéle classique sur une suite de grilles isoradiales de plus
en plus aplaties [62, Proposition 5.1]. Considérons comme dans la figure 1.6.1 le
réseau G constitué d’arétes horizontales 'longues’ de longueur é cos § et d’arétes
verticales 'courtes’ de longueur dsin 5. Lorsque ¢ — 0 tend vers 0, le réseau
isoradial "converge" vers le réseau semi-discret. En choisissant des constantes de
couplage horizontale J}} et verticale J3 vérifiant tanh(Jp) ~ gs et 1 —tanh(J3) ~
27¢ (ici B* = 1), la loi de la collection des contours donnée par 1.2.2 sur G¢
converge faiblement vers n?® [62, Proposition 5.1].

Il est donc naturel de chercher a obtenir les résultats de convergence des cor-
rélations du régime critiques comme des analogues du cas classique, établis pour
les grilles isoradiales avec des angles bornés avant le passage ¢ — 0. Cependant il
n'est pas aisé d'échanger les limites ¢ — 0 et § — 0, c'est pourquoi notre travail
avec Li introduit dans le chapitre 4 le formalisme de Kadanoff et Ceva dans le
domaine semi-discret afin de construire des preuves dans ce cadre |a.

1.7 . Les s-plongements
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F1GURE 1.6.1 — Le domaine aplatit G° qui 'converge’ vers le réseau semi-
discret a la limite. (Gauche) Représentation isoradiale de A(G®) lorsque
6 = 1. (Droite) Domaine primal avec les sommets duaux.

Les paragraphes précédents présentent les outils servant de base pour prouver
I'existence et décrire la limite d'échelle des modéles d'Ising critiques et presque
critiques sur les grilles isoradiales. Le cadre isoradial ne couvrant pas I'intégralité des
graphes pondérés et en particulier ne permet déja pas de traiter tous les modéles
critiques sur les graphes doublement périodiques, pour lesquels la condition de
criticalité a été prouvée par Cimasoni et Duminil-Copin [52, Théoréme 1.1]. Ces
derniéres années, Chelkak a proposé et implémenté dans [33, 34] une procédure
partant d'un graphe abstrait et fournissant un dessin explicite de son plongement
dans le plan. Ce plongement est adapté aux méthodes d'analyse complexe discréte
et permet déja de prouver dans certains cas des résultats de convergence.

On suit dans cette section les notations de [33] pour rester consistant avec
I'article fondateur de cette approche du modéle d'lsing. La premiére observation
de Chelkak provient de la fonction H introduite par Smirnov dans le cadre isoradial
et définie par (1.5.14). On rappelle en premier lieu que la fonction ¢ — 5%770 est
solution de I'équation de propagation (1.5.7). Il est remarquable de noter que si
I'? est le plongement isoradial de pas 8, alors

I (*(c)) = T ((v°(c) = H*(v*(€)) = H((v°(e)) = —i[627]*  (1.7.1)

Cela a poussé Chelkak a proposer la définition suivante dans [34, Section 6] et [33,
Definition 2.1]. Il est crucial dans toute la suite de remarque que l'idée de
Chelkak s’applique a n’importe quel graphe abstrait pondéré (qu'il soit fini
ou infini) et décrit une procédure pour lui associer un dessin dans le plan.

Definition 1.7.1. Soit (G, z) un graphe planaire pondéré et X : Y*(G) — C
une solution a ’équation de propagation (1.5.7). On dit que S = Sy :A(G) —
C est un s-plongement de (G, z) associé a X si pour tout ¢ € T*(G) on a

S(*(e) = 8(v°(e) = (X(e))*. (1.7.2)

On note §°(z) C C le quadrilatére formé des sommets S(v§(z2)), S(v§(2)),
S (z)), S(v$(2)), qui est 'image du quadrilatere z = (v (z)vg(2)v](2)v](2))
par S. On dit que le s-plongement est propre si les quadrilatéres S°(z) ne se
recouvrent pas mutuellement et non dégénéré si aucun des quadrilateres S°(z)
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n’est réduit a un segment. En particulier, on ne requiert pas de convexité pour

S°(z).

Plusieurs faits sont a souligner dans la definition précédente

— La définition dépend d'un graphe pondéré (G, x) ainsi que d’une solution
X fixée de (1.5.7) sur G. Une fois X fixé, on considére le plongement et ne
mentionne plus la dépendance en X.

— Tout graphe, qu'il soit fini (avec une face extérieure fixée) ou bien infini
admet une solution non triviale de (1.5.7), ainsi il existe toujours un s-
plongement (pas forcement propre).

— Le s-plongement n'est absolument pas unique, puisqu’'on peut déja voir
qu’avec une solution complexe (non réelle) non triviale X de (1.5.7) sur
G, alors X permet de construire un autre s-plongement.

— Tout graphe fini (avec une face extérieure fixée) admet un s-plongement
propre (ce résultat ne semble pas avoir de référence publiée est dii & Chel-

kak).

— Les translations, rotations, homothéties et conjugaisons de s-plongements
sont encore des s-plongements.

Il est aussi possible d'étendre cette définition & >(G) en posant comme dans
[33, eq (2.5)]. En effet considérons comme dans la section 1.5.2 une aréte e de G
dont le poids est x, = tan(%@). En suivant a nouveau les notations de la figure
77, on définit le quadrilatére z = z. = z(v§vivivy) € O(G) qui est naturellement
associé a |'aréte e, et labellise les sommets de A(G) appartenant & z dans |'ordre
trigonométrique. On pose aussi §, = .. Pour des relévements des coins ¢, et ¢,
(respectivement, coq et c14) choisis comme voisins dans T (G) (en rappelant que
cpq = (vpvy)) on définit le point S(z) par

S(v3(2)) — S(z) == X(cpo) X (cp1) cos b,

—X(coq)X(c14) sinb,, (1.7:3)
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La définition de S est consistante grace a I'équation de propagation (1.5.7) et ne
nécessite pas que le s-plongement soit propre ou non-dégénéré.

D'un point de vue géométrique (voir e.g. [33, Section 2.2]) une face §°(z)
dans un s-plongement est un quadrilatére tangent dont le centre (qui correspond
a l'intersection des quatre bissectrices) est le point S(z) défini par (1.7.3). Une
illustration est donnée dans la figure 1.7.1. Ce point est aussi le centre du cercle
inscrit dont le rayon est noté r,. Ici la tangence a un cercle est comprise (dans
le cas d'un quadrilatére non-convexe) comme la tangence aux lignes contenant
les arétes de S°(z). On peut voir de maniére élémentaire qu'un quadrilatére est
tangent a un cercle si et seulement si /a somme alternée des longueurs de ses cotés
est nulle. Il est en particulier possible de retrouver le rayon r, et le paramétre d'Ising
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0, grace aux propriétés géométriques de S°(z). En notant ¢, le demi-angle du
quadrilatére tangent S°(z) en S(v), on a alors [33, eq (2.7)-(2.8)]

sin Pudz sin Ptz )1/2 ot

SIN Py SIN @y,

7, = Im[ X (co1(2))X (coo(2))] cos B, = Im[ X (coo(2)) X (c10(2)) |sinb,. (1.7.5)
Certaines des propriétés géométriques des s-plongements ont aussi étudiées

par Melotti, Ramassamy et Thevenin dans [128] (voir aussi une étude sur les t-
plongements dans [103]).

tan 6, — ( (1.7.4)

Il est crucial de comprendre qu’il est toujours possible de construire un
s-plongement d’un graphe (fini ou infini) a partir d'une solution de (1.5.7).
Cependant, pour appliquer la théorie développée ci-dessous et prouver des
résultats concernant le modéle d’Ising associé, il est nécessaire de vérifier
que le s-plongement sur lequel on travaille (qui dépend du choix de la
solution de (1.5.7) utilisée) est propre, c’est a dire que les faces distinctes
ne se recouvrent pas en dehors des arétes qui les séparent.

Le second objet d'importance pour réaliser de I'analyse complexe discréte sur
les s-plongements est la fonction dite d'origami, dont on rappelle la définition
maintenant, introduite dans [33, Définition 2.2]. On se donne v*(c) ~ v°(c) deux
sommets de A(G) adjacents au méme coin ¢ € T(G).

Definition 1.7.2. Soit S = Sy un s-plongement. Il est possible de définir
(& une constante additive pres) la fonction d’origami Q@ = Qx : A(G) — R par
ses incréments

Q(v*(c)) = Qv°(c) = |X(c)]® = [S(v*(c)) = S(v°(c))]. (1.7.6)

Le nom de la fonction Q provient de |'art japonais consistant a plier replier un
papier sur lui méme, ce qui est de maniére pratique une preuve de la consistance
de la définition de Q. La fonction Q est 1-lipschitzienne, car elle n’augmente pas
les distances. La consistance de cette définition provient a nouveau de (1.5.7) et
se traduit géométriquement sur la somme alternée nulle des longueurs du quadrila-
tére. L'exemple le plus simple de calcul d'une fonction d'origami est sur une grille
isoradiale T de pas §. En choisissant correctement la constante additive dans la
définition de Q, alors Q = & pour tous les sommets de T9(G*) et Q = 0 pour tous
les sommets de T?(G°). La fonction d’origami est cruciale car c’est elle qui dicte
I'équation locale vérifiée par la limite d'échelle des observables fermionique lorsque
I'on passant a la limite continue.

Comme on le précisera dans les paragraphes suivants, lorsque S est propre
et non dégénéré, le plongement S : A(G) U {(G) — C peut &tre vu comme un
t-plongement 7 (dont la définition issue de [45] est rappelée dans les prochaine
lignes), ce qui permet d'étendre Q linéairement par morceau sur tout le plan (et
non uniquement aux arétes de A(G)).
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Quelques exemples de graphes pondérés que 'on peut étudier
en utilisant le formalisme des s-plongements, c’est a dire qui
admettent un s-plongement propre Le formalisme des s-plongements
est dans la présentation que |'on en a fait jusqu'ici relativement aride. On explique
maintenant que ce formalisme est suffisamment général pour pouvoir étudier les
différentes classes de graphes pondérés suivantes qui ont déja étudiées auparavant,
lorsque I'on les équipe des poids d'Ising appropriés

— Les graphes finis

— Les grilles isoradiales équipées de leur poids Z-invariants critiques introduit
dans la section 1.3.1, avec un générateur X = 1),.

— Les grilles isoradiales avec angles bornés équipées de leur poids Z-invariants
massifs i.e. on prend ¢ = %mé sur la grille de pas ¢, via la procédure de
re-plongement introduite dans le chapitre 3. Ici le générateur X’ correspond
aux exponentielles discrétes massives introduite par Boutillier de Tiliére et
Raschel dans [27, 23].

— Les grilles doublement périodiques critiques (pour lesquels la condition de
criticalité a été déterminée par Cimasoni et Duminil-Copin dans [52] ). Dans
ce cadre 13, le s-plongement associé est unique & rotation, conjugasion et
translation prés comme démontré dans [33, Lemma 2.3], o le choix du
générateur est fait a partir de deux solutions linéairement indépendantes
bi-périodiques de (1.5.7).

— Le modéle d'Ising sur les circle patterns introduit par Lis dans [114] avec des
poids correspondant a la température 8 = 1. Cela se voit assez simplement
via les faces de A(G) se trouvent étre des kites, qui correspondent bien a
un des quadrilatéres tangents.

1.7.1 . Définition du pas du plongement

On donne a présent une définition du pas § d'un s-plongement S, en utilisant la
fonction d'origami Q rappelée dans la définition 1.7.2. Cette définition correspond
a celle donnée par Chelkak Laslier et Russkikh dans [45, Section 1], se base sur
I'hypotheése LiP(k,d) que I'on rappelle maintenant (voir [45, Hypothése 1.1] pour
sa définition originale)

Hypothése 1.7.1 (Lip(x,5)). On dit que le s-plongement S° satisfait ’hy-
pothese LiP(k,0) pour kK < 1 si on a

1Q°(v) — Q°(v)| < k- [S°(V) = S°(v)| si |S°(V) —S°(v)] >4, (1.7.7)
En particulier cela permet de construire une définition du pas § du S? gréce a

Lip(k,0) comme nous le voyons maintenant.
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(S-iQ)(v}) (8- iQ)(v))

(8 —iQ)(v)

FIGURE 1.7.1 — (Gauche) Quadrilateére tangent d’un s-plongement S. Le
cercle inscrit est tracé en pointillés. Le coloriage des faces correspond
au coloriage bipartite du t-plongement 7 associé. (Droite) Image de ce
méme quadrilatere tangent dans le S-graphe § — Q.

Definition 1.7.3. Soit S = Sy un s-plongement propre, Kk < 1 et U un ouvert
du plan. On dit que S est de pas § sur U pour la constante s si

§ :=inf{d’, Lip(k, ') est vraie. }
En particulier, toutes les arétes de S sont de longueur 4.

Cette définition a été proposée dans [45, Section 1] pour traiter le cas de
grilles tres irréguliéres, ou les faces sont de taille trés différentes et ot n'y a pas de
définition immédiate qui correspondrait a une certaine taille typique. En particulier,
avec cette définition (a k fixé), les différentes marches aléatoires associées au s-
plongement (qui seront détaillées dans la section 1.7.2) sont elliptiques au-dela
d'une distante r > cst(k) - §, c'est a dire que pour 7 supérieur d une distance
comparable avec 4, les marches aléatoires qui apparaissent naturellement dans la
théorie ont une probabilité bornée inférieurement de sortir d'une boule de rayon
par n'importe quel arc de dimension macroscopique comparable avec 7.

Lorsque les angles géométriques de S° sont bornés inférieurement et que toutes
les arétes sont de longueurs comparables entre elles (ce qui correspond a I'hypothése
UNIF(§) dans [33, Section 1.3]), la définition abstraite via LiP(x,0) coincide (a
un facteur multiplicatif prés) avec la longueur commune des arétes. En particulier
lorsque I'on parle d'une limite d'échelle de s-plongements (S%)s+, cette limite est
prise pour une sous-suite (S )5 avec &, — 0 lorsque n — oo et tous les graphes
S% vérifient Lip(k, 0,,) pour le méme paramétre x < 1.

Lorsque l'on étudie la limite d'échelle de fonctions s-holomorphes sur des
s-plongements (dont la définition est rappelée ci-dessous), on le fera toujours
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sous |'hypothése LiP(k,d) , qui permet de prouver la régularité des fonctions s-
holomorphes dans le discret ainsi que de leur analogue continu (qui s'expriment
comme nous le verrons dans les paragraphes suivants via des solutions d'équations
de Beltrami conjuguées). A I'heure actuelle, il est malheureusement encore néces-
saire d'ajouter une hypothése supplémentaire a LiP(k,0) sur les dégénérescences
autorisées de la géométrie locale des graphes sur lesquels on travaille. Cette seconde
hypothése assure la pré-compacité des fonctions s-holomorphes tant que les faces
exponentiellement petites (en 6~1) ne forment pas de cluster de taille macrosco-
pique. Cette idée est précisée par I'hypothése EXP-FAT(4) , introduite dans [45,
Section 6]. Une famille de s-plongements (S°)s+ vérifie I'hypothése Exp-FaT(§)
sur un ouvert U C C si pour tout 7 > 0 :

en enlevant de U tous les quadrilatéres (S%)°(z) dont le rayon vérifie
r, > exp(—y6~1), le diamétre de la plus grande des composantes connexes
restantes tend vers 0 lorsque § — 0.

En particulier ces hypothéses n'utilisent pas de notion d‘angles bornés ou de
comparabilité entre la longueur des arétes, mais plutdét que la fonction d'origami
n'est pas dégénérée A partir d'un certaine échelle § et que les faces de taille expo-
nentiellement petite en ~! n'envahissent pas macroscopiquement le graphe.

1.7.2 . Lien avec le modéle de dimeéres : t-plongements et S-graphes

Il existe une multitude de liens entre le modele d'Ising et les modéles de diméres
(on peut consulter par exemple [164, Section 2.3] ou bien encore [37, Section 3.1]
pour un rappel trés complet). On présente ici en détails un de ces liens permettant
de construire un modéle de diméres a partir d'un graphe planaire équipé du modéle
d'lsing. Ceci correspond a la bosonisation du modéle d'Ising, étudiée par Dubédat
dans [58]. Dans cette section, on ne présente le formalisme et les liens entre modéle
d’'lsing et diméres que le cas des graphes sans face extérieure (i.e. des graphes infinis
ou bien des graphes finis mais loin de la face extérieure). Une discussion sur les
traitements possibles du cas de la face extérieure est donnée dans [103, Section 3].

Soit (G, z) un graphe planaire équipé du modéle d'lsing sur ses faces, dont
on se donne un plongement S dans le plan (qui n'est pas nécessairement un s-
plongement). On garde en particulier la paramétrisation des poids d'lsing par la
relation (1.5.4). On suit & présent les notations de la figure 1.7.2 Il est possible de
construire (sans préciser ici les modifications au bord de G) un modéle de diméres
a partir de ce modéle d'lsing. On commence par diviser en 4 triangles chaque
quadrilatére z € {(G). Chaque face est a présent un triangle dont deux sommets
sont des voisins dans A(G) et le troisiéme sommet est le centre de z (ici le centre
n'admet pas de position naturelle en dehors du cadre des s/t-plongements). On
rappelle que chaque quadrilatére z € {(G) s'associe a une arréte ¢ de G dont le
poids est z, = tan(%ﬁ). On note 0§ = 6, = 0. 'angle associé & z. via (1.5.4).
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On considére alors le modéle de diméres [101] sur le graphe bipartite des faces
que I'on vient de former (et dont les sommets sont notés par 'W' et 'B’ en référence
a leur coloriage bi-chromatique), avec les poids [37, Section 3.1] :

— 1 entre les faces appartenant a deux quadrilatéres différents,

— cos(0) si les deux faces du méme quadrilatére (d'angle #) ont un sommet
de G* en commun,

— sin(0) si les deux faces du méme quadrilatére (d'angle ) ont un sommet de
G° en commun.

F1GURE 1.7.2 — Configuration de dimeres associée au modele d’Ising. Le
poids d’une aréte entre deux faces adjacentes du graphe bipartite W/B
(qui correspond ici aux faces claires ou foncées). L’angle 6 associé au
poids est I'angle 6, = 0, associé au quadrilatere z € {(G), lui-méme
associé a l'arréte e dont le poids est z. = tan(%).

Pour le modéle de diméres, il existe une notion de t-plongement introduite dans
[45], qui est analogue a celle des s-plongements. Le formalisme des t-plongements
est par ailleurs équivalent a celui des jauges de Coulomb introduit dans [103] (les
liens entre les deux formalismes sont précisés dans [45, Appendix]). En quelques
mots, un t-plongement 7 d'un graphe planaire abstrait dont le dual est bipartite
équipé d'un modéle de diméres (sur ses faces) est le plongement de son dual dans
le plan, tel que [45, Definition 2.1 et Figure 1]

— Les arétes sont des segments non dégénérés, les faces sont convexes et ne
se recouvrent pas.

— Pour tout sommet v du plongement, la somme des angles attachés aux faces
noires incidentes a v est égale a .

— Pour tout sommet v du plongement, la somme des angles attachés aux faces
blanches incidentes a v est égale a .

Les poids du modéle de diméres associé sont équivalents par jauge [103, Section
2] aux longueurs des arétes dans T .

Lorsque S est un s-plongement propre et non dégénéré de (G, x), on peut
voir I'application S : A(G) U {(G) — C comme un t-plongement de (Y°(G) U
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T*(G))* [33, Section 2.6]. Il est aisé de vérifier la propriété sur la somme des
angles grace aux propriétés géométriques des quadrilatéres tangents. Une notion
cruciale pour I'étude d'un t-plongement est celle des racines d’origami (au sens de
[45, Definition 2.4]) associées aux faces de 7. Il est possible [33, Section 2.3] de
construire un racine d'origami 1 sur 7 = S en posant pour les faces ¢®* € B et
¢® € W adjacentes au coin ¢ € T la fonction 1. = 1o := 51, (o0l 7. est donnée
par (1.5.8)). Avec la convention précédente, la fonction d'origami Q : A(G) —
R de la Définition 1.7.2 pour le s-plongement est la restriction de la fonction
d'origami O : A(G) U (G) — C [45, Section 2.2] associée au t-plongement 7. En
particulier, cela permet d'étendre Q (dans le contexte d'lsing) de maniére linéaire
par morceaux sur l'intégralité du plan.

On présente maintenant de maniére rapide la notion de S-graphes, introduite
dans [33, Section 2.5] et associée aux s-plongements, qui correspondent a un cas
particulier des T-graphes associés aux t-plongements (voir [45, Section 4.1] pour
une définition précise). On garde ici les notations de [33, Section 2.3].

Definition 1.7.4. Soit S : A(G) — C un s-plongement non dégénéré, Q :
A(G) — R la fonction d’origami associée et a un nombre unimodulaire. On
appelle le plongement S + a?Q : A(G) — C un S-graphe associé & S. On dit
que le S-graphe est non dégénéré si pour tout v # o', alors (S + a?Q)(v) #
(S+a2Q)().

Les arétes de S + > Q sont automatiquement des segments (car Q est locale-
ment linéaire) qui ne s'intersectent pas en dehors de leurs extrémités (on rappelle
que T est supposé étre propre). Les dégénérescences de S+a?Q apparaissent pour
les arétes (v°v®) € A(G) telles que S(v®) — S(v°) € —a?Ry, c'est a dire lorsque
I'image de (v°v®) dans S + a2Q est réduite a un point (la dégénéressence dans
les S-graphes n'est qu'une subtilité qui n'importe quasiment pas dans la théorie).
En particulier, pour prouver les résultats de régularité des fonctions s-holomorphes,
il est suffisant de travailler avec des S-graphes non-dégénérés puis utiliser un ar-
gument de continuité vis a vis de a. Géométriquement, l'image (S + a2Q)°(2)
du quadrilatére S°(z) dans un S-graphe non-dégénéré est un quadrilatére non-
convexe [33, Figure 4]. De plus pour z = (S(v3)S(v§)S(v])S(v7)) € &(G) and
p,q € {0,1}, on a alors [33, eq (2.13)]

Re[@Q(S—i—aQQ)(v;(z))] > Re[@Q(S—l—azQ)(v;)(z)], (1.7.8)

I'égalité étant possible si et seulement si I'aréte (S(vy(2))S(vg(2))) est dégénérée
dans S + a?Q. Les S-graphes sont trés utiles car ils permettent (comme nous le
verrons dans le prochain paragraphe) d'interpréter les projections d'une fonction
s-holomorphe comme des fonctions harmoniques. On remarque tout de méme une
incompatibilité de notations dans la phrase précédente. En effet, Pr[F; aR] est
une fonction définie sur $(G) tandis que les fonctions harmoniques sur les S-

graphes sont définies sur A(G). Il est possible de régler cette inconsistance de
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notations en remarquant (e.g. [33, Definition 2.13]) que I'application (dépendant
de @) &(G) 3 2z = v (2) € A(G), qui associe & un quadrilatére z € S le sommet
de A(G) dont I'image par S + a2Q est non-convexe dans (S + a?Q)°(z), est une
bijection.

1.7.3 . Analyse complexe discréte sur les s-plongements

Les s-plongements sont par définition construits a partir d'observables satis-
faisant la relation locale (1.5.7). Ceci en fait de bons candidats pour admettre
une généralisation naturelle de |'analyse complexe discréte, basée sur I'étude des
corrélateurs de Kadanoff et Ceva. On explique dans ce paragraphe que c'est bien
le cas, comme le montre le formalisme introduit dans [33], dont on conserve les
notations. Soit S = Sy un s-plongement propre et non-dégénéré. Il est possible de
généraliser I'analyse complexe discréte sur les graphes isoradiaux comme il suit :

— On conserve a ['identique la notion de fonction s-holomorphe de la Défini-
tion 5.2.3. C'est a dire que F' définie sur un sous-ensemble de {(G) est
s-holomorphe z,2' € {(G) deux faces adjacentes de A(G), dont I'aréte
commune est (v°(c)v®(c)) (avec c € T(G)), on a

Pr[F(z);n.R] = Pr[F(z');ncR]. (1.7.9)

— Le lien entre les fonctions s-holomorphes et les solutions de (1.5.7) est a
présent modifié. Plus précisément pour une fonction I’ s-holomorphe sur un
sous-ensemble de {(G), le spineur X défini pour un coin ¢ € T*(G) de la
face z € {(G) par [33, Proposition 2.5]

X(e) = |S(v*(e)) = S(v°(c))| - Re[7.F(2)]
= Re[gX(c) F(z)] = <X(c) - Pr[F(z);n.R] (1.7.10)

satisfait I'équation(1.5.7) autour de z. Réciproquement, pour X : T*(G) —
R une solution réelle de (1.5.7), il existe une unique fonction s-holomorphe
F telle que (1.7.10) soit vérifiée.

— Il est encore possible de reconstruire explicitement la valeur de F' via X
et X, par exemple [33, Corollaire 2.6] via les coins ¢o1 et ¢y, voisins dans

T(G)

F() = _ic . Xlen () X(ew(2)) — X(ew(2)) X(cor(2)) (17.11)

Im[ X (co1(2)) X (c10(2))]

— La fonction F' n'est & présent plus holomorphe discréte (au sens ou les

intégrales usuelles de contour s'annulent), mais satisfait une relation locale
modifiée, mettant en jeu la fonction d'origami. Grace a I'extension linéaire
par morceaux de la fonction Q au plan tout entier, il est possible de définir
sur C la fonction [33, Proposition 2.21]

Ic[F] = /deS +(FdQ. (1.7.12)
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De maniére concréte sur A(G), pour v ~ v} ~v5 € z € { on a

IelFI(67) ~ elF1(07) = ey [S0D) ~ eI (1713
C11
ICIFI(0) — TelF1() = SF(2)[S(65) — S)] + SFQ(15) — Q(ul)],

(1.7.14)

— La fonction Hp définie sur les grilles isoradiales (1.5.14) est a présent mo-
difiee et devient [33, eq (2.17)]

Hp = /%Re(?QFQdS—i— |F2dQ) :/%(Im(FQdS) + Re(|F|2dQ)),

(1.7.15)
sur A(G) U $(G). Cette fonction Hp s'étend de maniére linéaire par mor-
ceaux sur les faces du t-plongement 7 = S, mais pas sur les faces de $(G),
car chacune des quatre faces de T associées a S°(z) a sa propre racine
d'origami dQ. Avec le nouveaux lien entre X et F', I'égalité Hp = Hy reste
vraie (voir [33, Lemme 2.9]). Ceci induit par exemple les conditions de bord
de type Dirichlet pour Hp associée a |'observable FK.

Au dela de ces définitions, la régularité aux fonctions t-holomophores dévelop-
pée dans [45] (et traduite dans le contexte d'lsing dans [33]) permet de vérifier leur
pré-compacité sous les hypothéses LiP(k,0) et EXP-FAT(4) , que I'on supposera
toujours vérifiées dans la suite. Il est possible de voir que

— Pour a € T un nombre de module 1 et F' une fonction s-holomorphe au sens
de 5.2.3 (et via a la bijection z — v(®)(2)), la fonction Proj[F’; aR] est une
fonction harmonique sur le S-graphe S —ia?Q [33, Proposition 2.16], pour
la marche aléatoire renversée associée a la marche naturelle [33, Définition
2.14 et 2.15] sur S — ia2Q. En particulier, Re[F] s'identifie comme une
fonction harmonique sur S —iQ alors que Im[F'| s'identifie a une autre une
fonction harmonique sur un autre S-graphe S+:Q. Dans ces deux exemples,
les marches sous-jacentes sont complétement différentes.

— |l est possible de contréler les oscillations de F' sur des disques de tailles
différentes [33, Théoréme 2.17], ce qui implique concrétement un contrdle
de type Harnack du maximum F? via les oscillations de Hys. En supposant
que pour les fonctions s-holomorphes F° sur U = B(u,r) admettent une
borne max,,.s(y)err [Hps(v)] < M uniforme en 4, il est possible de montrer
que [33, Théoréme 2.18]

IF2(2)]? =0(r'M) si S°(2) € B(u, 3r). (1.7.16)

Cela permet de déduire [33, Corrolaire 2.18] qu'un contréle uniforme des os-
cillations de H? implique la pré-compacité de la suite des fonctions (F?)s+0,
qui sont aussi B-Holder a partir d'une distance comparable a §. Cela assure
par exemple trivialement la pré-compacité des observables FK [33, Remarque
2.11], pour lesquelles les fonctions H° associées sont bornées.
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1.7.4 . Limites d’échelles sur les s-plongements

Comme expliqué dans la section 1.4, I'objectif original de Chelkak lorsqu'il a
introduit les s-plongements était de proposer une procédure de dessin pour plonger
des graphes abstraits critiques et presques critiques, avec deux cibles principales :
les modéles critiques sur les graphes doublement périodiques, ainsi que les cartes
aléatoires équipées du modéle d'lsing (les termes exacts en lesquels cette seconde
question restent encore aujourd’hui flous, mais, nous |'espérons, seront clarifiés a
I'avenir). Ainsi, Chelkak a développé le formalisme de plongement présenté dans
la partie précédente de la section 1.7, et, comme cela arrive fréquement en ma-
thématiques, son formalisme a fait apparaitre des perspectives d'une portée bien
plus large. En particulier, en étendant le formalisme des observables fermioniques
aux s-plongements, la description naturelle de leur limite d'échelle s'avére aller
bien au-deld de I'holomorphie et de I'holomorphie massive. En particulier, une des
conséquence des travaux de Chelkak (voir [33, Section 2]) est |'apparition des
liens suivants, qui sont gouvernés par le comportement de la limite des fonctions
d'origami (cette derniére existant toujours aprés passage a une sous-suite) :

— La limite d'échelle continue du modéle d'Ising sur les s-plongements est re-
lite 4 la géométrie de Lorentz dans I'espace R*! (que I'on note ainsi pour
différentier I'utilisation de la métrique de Minkowski a I'utilisation de la mé-
trique euclidienne usuelle dans R3). En particulier, les surfaces minimales
pour la métrique de Minkowski (c'est & dire avec une courbure moyenne
nulle en chaque point) semblent jouer un réle trés particulier pour le mo-
déle puisqu'elles font apparaitre des limites holomorphes (dans une autre
paramétrisation que le plan) et semblent traiter des systémes critiques.

— La limite d'échelle continue du modéle d'Ising sur les s-plongements peut
aussi s'interpréter via des solutions d'équations de Beltrami conjuguées.

Le paragraphe qui suit peut sembler relativement technique pour le
lecteur n’utilisant pas I'analyse frequemment dans ses recherches. On es-
saye cependant de rendre le plus pédagogique possible la discussion qui
suit, en donnant au moins un avant-goiit de la nature des résultats. Une
discussion détaillée et précise sur la structure des limite d’échelle sur les s-
plongement généraux est réalisée dans le chapitre 5, ou le lecteur intéressé
pourra trouver plus de détails.

On décrit & présent le comportement potentiel des limites de sous-suites de
fonctions s-holomorphes sur les s-plongements. La nature de ces limites continues
provenant de s-plongements généraux est plus élaborée que pour les systéme cri-
tiques et massifs Z-invariants sur les grilles isoradiales, puisqu’en toute généralité
ce ne sont plus des fonctions holomorphes mais des solutions d'équations de Bel-
trami conjuguées qui apparaissent. Ce paragraphe rappelle les faits décrits dans
[33, Section 2.7].
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On commence par se donner une suite de s-plongements S° qui vérifient
Lip(k,d) lorsque § — 0 pour le méme paramétre xk < 1 et dont les images
couvrent U = B(u,r) C C. Comme les fonctions Q° sont 1-Lipschitz et définies
a constante additive prés, on peut trouver une sous-suite 6, — 0 telle que Q%
converge vers une fonction x-lipschitzienne ¢ : U — R, c'est a dire

Q%o (syt I . R, (1.7.17)

Parmi les conséquence du formalisme directes du formalisme développé dans le
discret (qui est détaillé dans le chapitre 5) on a les faits suivants :

— Pour f : U — C une limite de sous-suite de fonctions s-holomorphes F? sur
89, alors (voir e.g. [33, Proposition 2.21]) la forme différentielle 3 (5 fdz +
g?dz?) est fermée sur U, avec un pré-facteur ¢ = e'1 choisi comme dans
(1.5.8). C'est a dire que pour tout contour orienté lisse C C U, on a

fcé(zfdzﬂ?dﬁ) —0. (1.7.18)

Lorsque la fonction 9 n'est pas une fonction lisse, la définition de cette
intégrale est faite via les sommes Riemann sur les contours réguliers (i.e. les
intégrales sont des intégrales de Riemann-Stieltjes).

— En choisissant correctement les constantes additives dans leur définitions,
les fonctions Hps convergent uniformément [33, Proposition 2.21] sur les
compacts de U vers h := 3 [ Im(f?dz) + | f|>d¥. En particulier, il apparait
que h n’est plus une fonction harmonique.

La condition sur la forme différentielle 3 (5 fdz+¢ fdd) est difficile a interpréter
et utiliser pour déterminer la nature de |'équation vérifiée localement par la fonction
f. En effet lorsque di9 = 0 (ce qui est un cas particulier des grilles isoradiales
critiques), on avait directement que ¢, %ffdz = 0 sur chaque contour lisse C C
U, ce qui implique (en utilisant le théoréme de Morera) que f est une fonction
holomorphe. Ce raisonnement ne s'applique plus lorsque dv # 0.

On va décrire a présent I'idée remarquable de Dmitry Chelkak, présentée tout
d'abord dans dans [33, Sec 2.7], qui consiste a changer la paramétrisation de
I'espace ambiant pour pouvoir interpréter la condition sur la forme différentielle
2(5fdz + < fdV) en utilisant I'espace R*! équipé de la métrique de Minkowski,
mais aussi en utilisant des équations de Beltrami.

Le paragraphe qui suit est dii aux explications de Dmitry Chelkak et Mikahil
Basok, pour la partie qui n'est pas déja présente dans [33, Sec 2.7], et |'auteur leur
en est immensément reconnaissant. Chelkak propose deux approches différentes
pour traiter la nature locale des limite d'échelle.

Premiére approche : Paramétrisation conforme dans |'espace de Min-
kowski
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Dans son article, Chelkak commence par se donner [33, eq (2.26)]
D3¢ +— (z,9) € CxR = R*! (1.7.19)

une paramétrisation conforme de la surface (z,9(z)),cu (qui est ici dans le cone
spatio-temporel de R%! dii a I'hypothése x < 1), que I'on équipe d'une mé-
trique positive provenant de |'espace de Minkowski ambiant. Il considére ensuite
les incréments infinitésimaux associé a la paramétrisation (1.7.19) de la surface
(2,9(2))zev. Une paramétrisation conforme est une paramétrisation qui préserve
exactement les angles entre D et (z,9) via I'application de (1.7.19). Un calcul
(quelque peu désagréable) montre que la paramétrisation préserve les angles (c'est-
a-dire qu'il s'agit bien d'une paramétrisation conforme) si et seulement si presque
partout pour la mesure de Lebesgue on a I'égalité [33, eq (2.27)]

2z = (90 et x| > [0¢] > [z (1.7.20)

Ici on note comme d'usage en analyse z¢ := 02/0¢, Z¢ et ¥¢ les dérivées de Wir-
tinger dans la paramétrisation (. L'équivalence entre la paramétrisation conforme
et (1.7.20) est expliquée dans [33, Section 2.7] lorsque la fonction ¥ est lisse puis
étendu dans le chapitre 5 sans conditions sur ¥.

Seconde approche : Paramétrisation quasi-conforme dans le plan

Chelkak a aussi découvert une paramétrisation alternative du plan z par la
méme variable ( € D, qui reste reliée a la paramétrisation (1.7.20). L'utilisation
de cette paramétrisation alternative posséde |'avantage de pouvoir interpréter de
maniére efficace la condition sur la forme différentielle %(ffdz + gfdﬁ) méme
lorsque la fonction 1 n'est pas réguliére.

Dans ce second cas, I'idée de Chelkak consiste a remarquer que dans le cas
ol ¥ est une fonction x < 1-lipschitz, il est possible de réécrire la paramétrisation
conforme de la surface (z,9(z)) via une paramétrisation quasi-conforme du plan
z. Une paramétrisation quasi-conforme est une paramétrisation vérifiant une équa-
tion de Beltrami du type (1.7.21), et qui au lieu de préserver les angles limite leur
distorsion (d'un facteur ne dépendant que de k). Chelkak donne ainsi une para-
métrisation quasi-conforme du plan z par la variable € D, qui correspond a une
paramétrisation conforme de la surface (z,9). La paramétrisation quasi-conforme
z + ((2) (ou de maniére équivalente ¢ — z(()) est alors solution de I'équation
de Beltrami suivante, avec un coefficient de Beltrami noté 1 :

G = p(2)C- (1.7.21)

Le travail de Chelkak assure que (1.7.20) est vérifiée si et seulement si le coefficient
o défini par (1.7.21) est solution de I'équation
ji V3
= — . 1.7.22
R PR TR (1.7.22)
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Maintenant que I'on a présenté les changement de variables réalisés par Chelkak
avec l'introduction de la variable , il est possible, pour une fonction f vérifiant
que la forme différentielle %(?fdz—i—g?dﬂ) est fermée, de réécrire |'équation locale
qui régit le comportement des fonctions f, Ic[f] et h[f]. Avant cela, on réalise un
dernier changement de variable, cette fois-ci de la fonction f vers une fonction ¢,
dont la définition est plus symétrique dans sa dépendance vis-a-vis de la variable

¥. On pose alors comme dans [33, eq (2.28)], et dans la paramétrisation ¢
0(€) == Sf(2(Q) - (z)V* +<f(2(Q)) - (zc)'/? (1.7.23)
Ce changement de variable permet les réécritures suivantes
9(Q) = Ic[f](()/fcp(C)-zdeJrgm- (z5)2dC et (1.7.24)
h(¢) = /Im[w(q)QdC]. (1.7.25)

Comme expliqué dans [33, Section 2.7] et détaillé le chapitre 5, lorsque la
fonction ¥ est lisse, alors

— La fonction ¢ vérifie une équation de Dirac massif [33, eq (2.28)]

e (Wl =z
2(z¢2z) 12 2(J2¢| = I2¢l)

Yz = im-P, avec m=

ol le paramétre de masse m = %Hﬁ est le produit de I'éléement de longueur
0= ze| = Zcl = (|2¢|? + [Z¢)? — 2|19¢1%)"/? au point z(¢) dans la paramé-
trisation (1.7.19) par la courbure moyenne de la surface (z,9(z)) au point
z(¢) donnée par H = =[[(z;7:9:¢)|lre+1 -£72. Ainsi, lorsque ¥ est lisse,
la limite d'échelle du modéle peut alors s'exprimer somme solution d'équa-
tion de Dirac massive dont la masse admet une interprétation complétement
géométrique vis-a-vis de la surface (z,19) € R?! dans |'espace de Minkowski.

— Sans hypothése de régularité supplémentaire sur la limite des fonctions d’ori-
gami 1, il n'est pas possible de définir de dérivées secondes de la fonction
et ainsi de notion de courbure moyenne. Cependant, la fonction f(() satisfait
tout de méme |'équation de Beltrami conjuguée

— U
= > f. 1.7.26
fo=200 (1.7.26)

— Sans hypothése de régularité sur la limite des fonctions d'origami 49, la fonc-

tion g(() satisfait de son cété I'équation de Beltrami conjuguée

= 7. 1.7.27
9= L% ( )
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Comme g est la primitive d'une forme différentielle continue, elle hérite d'une
certaine régularité et on peut en particulier conclure que g ressemble a une
fonction holomorphe, via le théoréme de factorisation de Stoilow (voir par
exemple [3, eq.(2.27)]). L'existence d'une factorisation de ce type n'est pas
automatique pour f, puisqu'il est nécessaire d'avoir un contréle a priori sur
le comportement des dérivées de f.

Une des conséquences de ces remarques sur la description de la limite d'échelle
dans le continu est qu'il devient plus naturel de plonger le graphe S° dans I'es-
pace R>! sous forme d'une surface linéaire par morceaux (S%, Q°) C R>*!, qui
correspond au relévement de S° dans I'espace avec pour troisieme coordonnée la
fonction d'origami Q°. La convergence de Q° vers ¥ revient a la convergence des
surfaces discrétes (S°, Q%) vers (z,9(z)).

1.8 . Résultats de convergence déja connus

On rappelle a présent I'ensemble des résultats de convergence sur le modéle
d'Ising critique et presque critique utilisant le formalisme des observables fermio-
niques sur les domaines bornés. Comme rappelé au début de la section 1.5.1, le
formalisme de Kadanoff et Ceva permet d'unifier la construction de toutes les ob-
servables utilisées jusqu'aujourd’hui pour prouver des résultats de convergence sur
les grilles isoradiales équipées de leurs poids Z-invariants critiques et massifs, ainsi
que sur les grilles doublement périodique. On liste a présent tous ces résultats
de maniére détaillée, en précisant lorsque cela est possible & quel corrélateur de
Kadanoff-Ceva correspond |'observable utilisée (observable qui est par ailleurs trés
souvent écrite dans les articles en question sous forme purement combinatoire).

1. Convergence et invariance conforme sur le réseau carré critique de |'obser-

vable FK et de I'interface FK-Ising vers SLE(16/3) par Smirnov dans [162,

]. Il s'agit de la premiére preuve rigoureuse d'invariance conforme du
modéle d'Ising, dans un article fondateur qui a poussé a utilisation exten-
sive des observables. C'est dans cet article que la fonction H® définie dans
(1.5.14) est introduite pour passer a la limite d'échelle. L'observable utilisée
correspond au corrélateur E[Xc0 pq)o tt(ap)+], qui est une fonction du coin ¢
et les coins a et b sont fixés au bord du domaine comme dans la figure 1.5.4.
Cette preuve a ensuite été étendue pour l'interface Spin-Ising convergeant
vers SLE(3) dans [49], en utilisant une partie de la technologie développée
par Kemppainen et Smirnov sur le comportement de |'interface au voisinage
de sa trace [97, 96]. Pour ce second résultat, I'observable utilisée est de la
forme E[x.x5]E[XaXxs] ! ol a est le point source et b la cible.

2. Convergence, invariance conforme et universalité de I'observable FK sur les
grilles isoradiales par Chelkak et Smirnov [48]. Dans cet article, les méthodes
d'analyse complexe discréte développées dans [47] sont appliquées au modéle
d'lsing, avec une étude détaillée du comportement de la fonction H® au
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bord du domaine. Il est aussi démontré la convergence des probabilités de
connexion [48, Section 6] vers une limite invariante conforme, dont il existe
un expression exacte sur le disque. L'observable utilisée correspond a nouveau
au corrélateur E[xc0 bq)o H(ab)e]-

. Convergence et covariance conforme de la densité d'énergie normalisée

S tEqloero. — 27%] sur le réseau carré critique par Smirnov et Hongler
dans [87], avec identification de sa limite via la métrique hyperbolique. Ce
papier est complété par la thése d"Hongler [33] ou est prouvée la convergence
du produit d'un nombre arbitraire de densités d'énergie grace aux régles de
Pfaffien (voir e.g. [37, Proposition 1.3]). L'observable utilisée correspond au
corrélateur E[x.x,] dont la singularité est identifiée grace a la fonction de
couplage de Kenyon introduite dans [98]. Cette preuve s'étend directement
aux grilles isoradiales avec angles bornés.

. Convergence des spineurs-holomorphes sur des revétement a deux feuillets
de domaines simplement et multiplement connectés par Chelkak et lzyu-
rov [41]. La normalisation des spineurs est faite par un facteur inconnu
B(0) (Thm 1) et permet de prouver la convergence du ratio entre cor-
rélations avec des conditions de bord différentes (Corollaire B). L'obser-
vable introduite dans ce papier correspond a un corrélateur de la forme
EQ[Xc,uv'ng..-Uu;;]EQ[Mu-ng-..ng]_l et a aussi permis a lzyurov de
prouver dans [92] que les interfaces multiples d'lsing convergent vers un
processus invariant conforme.

. Convergence et covariance conforme des corrélations 6~ §Eq[oy, . .. 0w, ]
sur le réseau carré critique par Chelkak Hongler et lzyurov approximant un
domaine simplement connexe du plan dans [38]. La normalisation explicite
en volume infini [38, Theoréme 1.2] est calculée grace a I'asymptotique de |a
corrélation a deux points de McCoy et Wu rappelée dans (1.2.17). Une des
étapes cruciales dans cet article est la définition des corrélations continues,
identifiées grace a un contrdle trés précis de la dérivée logarithmique des
corrélations discrétes [38, Théoréme 1.5]. Une formule explicite de la limite
d'échelle sur H y est donnée [38, Remarque 1.4], confirmant les résultats
prédits par la théorie conforme des champs. L'observable introduite dans ce
papier correspond & un corrélateur de la forme E[xcpweoug - - - oug).

. Convergence et invariance conforme de la loi de I'ensemble des boucles ma-
croscopiques séparant les clusters de spins opposés vers le processus CLE(3)
par Benoist et Hongler [18] pour le modéle critique sur §Z2. Cet article uti-
lise la caractérisation markovienne des CLE donnée par Werner et Sheffield
[157], ainsi que la convergence d'un processus d'exploration nommé "En-
semble libre d'arcs", prouvée par Benoist, Duminil-Copin et Hongler [19].
Cette preuve donnée sur le réseau carré reste valide sur les grilles isoradiales
avec des angles bornés.
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11.

Convergence des corrélations de spins 0~ 5Eq|oy, ...0y,] pour le réseau
carré massif (¢ = 3md sur /26Z2) par Park [137], pour les domaines
a bord lisse avec conditions de bord appropriées selon le signe de m. Cet
article utilise un corrélateur de la forme E[XCMU.ng ...0y2] en ajoutant une
méthode de complexification des observables s-holomorphes massives via un
losange virtuel. Park y définit et analyse aussi la limite d'échelle dans le
continu des observables fermioniques (qui sont solutions de I'équation de
Dirac df + imf = 0) via le principe de similarité de Bers [138, Theoréme
3.2] reliant les observables massives a leur analogues critiques.
Convergence de I'observable FK-Dobrushin avec des poids Z-invariants mas-
sifs sans restriction sur le signe de la masse m (a nouveau ¢ = $md sur la
grille de pas ¢) sur les graphes isoradiaux avec des angles bornés approxi-
mant les domaines aux bords arbitrairement irréguliers par Park [138]. Ici la
définition et |'unicité des observables dans le continu est un obstacle majeur,
qui est contourné en utilisant un tiré en arriére vers un domaine lisse puis
étudié en grace a une invariance dans L? [138, Définition 3.10]. Les deux
observables de cet article correspondant au corrélateurs E[x .0 (5q)0 H(ap)e] €t
E[XcO(ab)o th(pe)] Permettent aussi de prouver convergence des probabilités
de connexion, qui dégénérent vers le systéme hors-critique lorsque |m/| tend
vers |'infini [138, Section 6].

Convergence de |'observable FK et de I'interface FK-Dobrushin vers SLE(16/3)
sur les s-plongements qui vérifient UNIF(J) et Q% = O(0) par Chelkak dans
[33]. Cette preuve est la premiére preuve d'invariance conforme en dehors
du cadre isoradial et prouve en particulier I'invariance conforme du modéle
critique doublement périodique. La convergence de I'observable FK est quan-
titative en d et permet de donner la vitesse de convergence de |'interface vers
SLE(16/3) en utilisant les travaux de Binder et Richards [151]. L'observable
utilisée correspond au corrélateur E[xc0 (pq)o H(ab)e]-

Calcul explicite de la longueur de corrélation par Beffara et Duminil-Copin
[14, Théoréme 2], en approximant le comportement des observables de Smir-
nov hors criticalité par des fonctions de Green massives [14, Proposition 4.1].
L'approximation utilisée peut d'ailleurs étre remplacée par une égalité grace
aux travaux récents de de Tiliére [164, Corollaire 4.16] pour en retrouver
une preuve plus courte. L'observable utilisée correspond a un corrélateur de
la forme E[Xc0(bq)o t(ap)e] Sur une bande infinie.

Convergence des corrélations mixtes sur le réseau carré (produits arbitraires
de spins, désordres, densité d'énergies (produit de spins voisins) proprement
normalisés) par Chelkak Hongler et lzyurov dans [39]. Cet article donne
une exposition compléte des méthodes de convergence des corrélations et
interfaces vers leur limite continue, et développe de maniére détaillée les
propriétés des corrélations dans le continu. Une des nouveautés importante
de cet article est la preuve des régles de fusion, lorsque deux éléments se

o6



rapprochent I'un de |'autre [39, Section 6].

12. Convergence et invariance conforme de I'interface FK quantique par Li dans
[109]. Cet article introduit les observables pour le modéle quantique et
prouve la convergence d'un analogue quantique du corrélateur E[X.c0 pq)o th(ab)e]-

1.9 . Résultats obtenus dans cette thése

On résume 3 présent de maniére trés bréve les résultats obtenus dans cette
thése. Chaque sous-section correspondant ici & I'un des chapitres de cette thése.

1.9.1 . Magnétisation du modéle d’Ising par tranche et polynémes
orthogonaux
Dans cet article écrit en collaboration avec Dmitry Chelkak et Clément Hon-
gler, on explore les liens entre les corrélations du modeles d'Ising, la théorie des
polynémes orthogonaux, et la représentation des corrélation sous forme de détermi-
nants Toeplitz+Hankel. En particulier, on fournit une approche moderne, simplifiée
et alignée avec les méthodes actuelles de calcul de corrélations du modéle d'Ising.
On considére le modéle d'Ising sur le demi-plan gauche du réseau carré tourné
de 7 noté par H® (voire la figure 1.9.1). La mesure de probabilité en volume infinie
sur H® est définie via une suite croissante de domaines recouvrant H®, en imposant
des conditions de bord + a I'infini ainsi qu'a la colonne la plus a droite Cy. Toutes
les constantes de couplage entre les colonnes C,_ et C,, sont identiques et valent
z, = exp|—2Jp] = tan 16,, avec 6, € (0, 37). On définit alors la magnétisation
de la (2m)*™® colonne par

My = M (01,03,..) = Ble[0(_ap_10)]; (1.9.1)

ainsi que la matrice J (avec 6 := 0 et by = cos? 6 cos? f2) donnée par

bi  —ar 0 ... b = cos? Ogp_1 cos? Ooy,
J= —51 _bZQ _bZQ + sin? fgp— sin? O 1 ,
ay, = co08Bap_1 cos Ooy, sin Ooy, sin Oop 11
(1.9.2)
dont la mesure spectrale est notée v/;. On pose aussi H,,[vy] = det| fol APy 5 (dN) ]gfq_:lo

le me™e déterminant de Hankel des moments de v et P, le projecteur orthogonal
sur les m premiéres coordonnées de ¢2. On a alors le théoréme suivant :

Theoréme 1.9.1. Pour tout 01,6s,... € (0,75) et m > 1,
det P, JY2P,, H,,[\/?v)]
Higl cos O B (Hyp[vs] 'Hm[)‘VJ])l/Z '

Le théoréme précédent ainsi que sa preuvent permettent de décrire plusieurs
faits remarquables a propos des liens profonds entre le modéle d'Ising et la théorie
spectrale, dont on détaille maintenant plusieurs exemples :

M,, = (1.9.3)
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1. Pour le modéle homogéne 8, = 6 pour tout & > 1, on voit que suppry =
[cos?(26),1] si 6 < T et suppry = {0} U [cos?(26),1] si § > T, ce qui
pousse fortement & penser (méme si cela ne suffit pas de maniére stricto
sensus pour en faire une preuve) que la valeur critique du modéle correspond
a ) = 7, comme le montrent les résultats rappelés dans la section 1.1. Le
modeéle homogeéne est sur-critique lorsque § > 7. En effet, dans ce cas la, on
peut voir que M,,, décroit exponentiellement en m en identifiant des vecteurs
propres de racine carré de 'opérateur J qui décroissant exponentiellement

vite vers le vecteur nul.

2. Pour le modéle doublement périodique équipé de poids critiques, la condition
de criticalité (provenant de [52]) pour un systéme périodique de taille 2n se
réécrit de maniére trés simple comme étant la condition H%’;l tan @y = 1.
Dans ce cadre la, on peut définir la densité intégrée des états de J, c'est
a dire pour chaque A > 0 (lorsque N — o0), le nombre de valeurs propres
comprises entre 0 et A pour la troncature de J a ses n/N premiéres colonnes.

On peut alors cacluler I'asymptotique lorsque A — 0 de la densité densité
intégrée des états de J (au voisinage du bas du spectre admet) qui est de la
forme C;-7='\/\, ot C est la longueur moyenne d’une période horizontale
du s-plongement canonique associé au modéle doublement périodique (et
dont la construction est rappelée dans la section 1.7). Cela fait donc un lien
entre la géométrie du s-plongement le spectre de |'opérateur J permettant
d'exprimer la magnétisation.

3. On peut aussi appliquer le théoréme 2.1.1 pour étudier un modéle homogeéne
s

sous-critique a partir de la seconde colonne (6, = 6 < 7 pour tout k >
2) mais en autorisant la constante de couplage de la premiére colonne a
étre différente. Ceci se reformule directement comme traiter le cas d'un
modeéle homogeéne avec un champ magnétique extérieur additionnel h = 2.J;
(ot 21 = tan(%l) = exp[—2Ji]) a la premiére colonne (qui interagit a sa
gauche avec les conditions de bord + de la colonne Cj). On peut alors
traduire le résultat abstrait de (2.1.1) de maniére explicite des déterminants
Toeplitz+Hankel. On commence par définir pour z € C

2
cos“ 0
q:=tanf <1, r:=1-— :

2
€(—q51),
cos2 6 (=5 1)

(rz —¢*)(¢*z — 1)
(z—=¢*)(Pz—1)

w(z) = |1 - ¢°2|, &(z) = (1.9.4)

On a alors le théoréme suivant.

Theoréme 1.9.2. Pour le modele avec un champ magnétique extérieur
introduit précédemment, on a

_ -1
M, = (1—r)"3/2det [ak,n—ﬂk+n+(1—r)3/2’yk+n]kmm:(),avec (1.9.5)

o8



1 fm 1 [m

e_isew(ew)dG, B : e_isef(ew)w(ew)dﬂ,

Q-

:%771- :%771'

et vo = c- (¢?/r)%, c= (r2 —g)r 32 (r —¢") V2, sir > ¢ et 5 := 0
sinon.

4. |l est alors possible de passer a la limite » — 17, ce qui correspond a
choisir un champ magnétique extérieur J; — 0 et donne un modéle avec
conditions de bord libres (c'est a dire que la constante de couplage choisie a
la premiére colonne découple I'intérieur des conditions de bord + a la conne
Cp. La magnétisation de la premiére colonne devient alors

EJHréo[U(—g,O)] = (1—¢"H'2

Cette formule peut paraitre surprenante lorsque h = 0, puisqu'avec des
conditions de bord libres a la colonne Cy, on a toujours une magnétisa-
tion strictement positive a la premiére colonne, et n'est pas invariante par
inversion des spins (sinon la magnétisation serait nulle). Cette absence de
symétrie s'explique par le fait les conditions de bord a I'infini se transportent
jusqu'a l'origine en cassant la symétrie du modéle.

5. Il est aussi possible, en suivant les travaux de [146], d'étendre analytiquement
la formule (1.9.5) aux valeurs négatives de (1 —r)'/2, faisant apparaitre un
effet de mouillage pour les valeurs négatives suffisamment petites de champ
extérieur —h. L'intuition physique derriére le fait que la magnétisation reste
positive pour des petites valeurs du champ extérieur —h est que l'interface
des + a l'infini touche infiniment souvent |'axe vertical iR dont les spins
sont ultra-majoritairement négatifs a cause du champ extérieur et la magné-
tisation positive du modéle provenant de l'infini reste dominante. L'étude
mathématique compléte et rigoureuse de cet effet de mouillage reste une
question ouverte.

On détaille a présent la méthode utilisée pour prouver ces résultats. L'idée
principale pour prouver ces résultats est d'interpréter sur le réseau en zig-zag les
relations locales des corrélateurs Kadanoff-Ceva données par (1.5.6) sous la forme
d'équations de Cauchy-Riemann discrétes, qui se traduisent directement dans les
entrées d'un opérateur en dimension infinie. La méthode utilisée est la suivante :

1. On identifie les relations locales d'une observable de Kadanoff-Ceva bien
choisie afin que sa valeur au voisinage de son branchement soit exactement
la magnétisation M,,.

2. On traduit ces relations locales dans le langage des transformations de Hil-
bert discrétes et prouve qu'un seul opérateur non-trivial vérifie toutes ces
relations.

3. On reconstruit 4 la main cet opérateur via des techniques de transformées
de Hilbert.
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FIGURE 1.9.1 — Le modele par couches en zig-zag sur le demi-plan gauche
H®. Toutes les interactions entre colonnes voisines sont les mémes et la
condition de bord + est imposée a la colonne Cj,.

Il est remarquable de voir que la méthode générale utilisée (reconstruction ex-
plicite de corrélateurs de Kadanoff-Ceva & travers leurs relations locales) s'avére
fonctionner non seulement sur le demi-plan mais fournit aussi des idées pour cal-
culer la magnétisation sous-critique et la corrélation horizontale a deux points du
modeéle homogéne Z2? (avec pour constante de couplage 6% pour les arétes ver-
ticales et 0" les arétes horizontales). Bien que les deux théorémes suivants n'ait
pas de lien avec le théoréme , il est possible de réaliser & nouveau une réécriture
des relations locales de corrélateurs de Kadanoff-Ceva, cette fois via des méthodes
de transformée de Fourier, pour déduire deux preuves alternatives des résultats
classiques suivants :

Theoréme 1.9.3 (Kauffman-Onsager—Yang). Lorsque 0" +6" < Z, la ma-
gnétisation spontanée M (A", V) du modele homogene sous-critique est donnée
par

M(0%6Y) = lim DY? = [1 — (tan 6" tan6")? 18 (1.9.6)
n—oo

Theoréme 1.9.4 (McCoy—Wau). Lorsque 0" + 6" = I, la corrélation D, du
modele critique entre deux spins a une distance horizontale 2m 'un de 'autre
a pour asymptotique

Dy~ C2-(2mcos®) V4, avec Cy := 25¢2¢'(-1), (1.9.7)

m— 00 g
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1.9.2 . Universalité du modéle d'lsing sur les graphes isoradiaux

Dans cet article écrit en collaboration avec Dmitry Chelkak et Konstan-
tin Izyurov, on prouve |'existence d'une limite d'échelle pour les corrélations de
spins critiques et massives sur toutes les grilles isoradiales satisfaisant la propriété
d'angles bornés. Ce résultat est en accord avec la prédiction de Kadanoff et termine
de prouver /'universalité du modéle sur les graphes isoradiaux, c'est a dire que la
limite d'échelle ne dépend pas de la géomeétrie locale du graphe. Comme rappelé
dans la section 1.8, cette universalité était déja connue dans le cadre critique pour
les interfaces, ensembles de boucles, probabilités de croisement, convergence de
I'observables FK ainsi que celle de la densité d'énergie. Dans les résultats mention-
nés dans la phrase précédente, ce sont les preuves qui assuraient |'universalité du
modéle, puisqu’elles s'appliquent exactement comme sur le réseau carré. La situa-
tion pour les corrélations critiques et massives entre spins (traitées sur le réseau
carré par Chelkak Hongler lzyurov puis Park [38, ]) est bien différente et deux
obstacles importants subsistent :

1. Les méthodes utilisées sont intimement reliées aux symétries du réseau carré,

. . . 1

en particulier la construction des analogues discrets s-holomorphes de z*2
[38, Section 3.2].

. . . .. n . ..
2. La normalisation en volume infinie 05 C? provient du calcul explicite de
McCoy et Wu (4.3.8) de la corrélation a deux points sur le réseau carré en
volume infini. Ce calcul ne peut étre répété pour un réseau irrégulier.

Notre article répond a ces deux questions et conclut a I'universalité du modéle
d’Ising critique et presque critique sur les graphes isoradiaux. Etant donné une suite
(T'%) 550 de grilles isoradiales de pas respectifs § satisfaisant |'hypothése des angles
bornés pour un certain g, on s'intéresse a la limite d'échelle massive du modéle
d’'lsing Z-invariant (défini dans la section 1.3.1), assignant des spins aux faces de
9 avec un nome q = %mé qui tend linéairement vers 0 lorsque 6 tend vers 0. Le
paramétre m € R est appelé la masse du modéle, le modéle critique correspondant
au cas m = 0. Pour le modéle en volume infini, il existe alors une limite d'échelle
pour les corrélations a deux points. Plus précisément on a le théoréme suivant :

Theoréme 1.9.5. Pour chaque m € R, il existe une fonction Z(-,m) : Ry —
R telle que dans le régime ¢ = %mé — 0 on a

5*%E¥?’2§ (0w 0uy] — C2-Z(|ug —uz|,m) lorsque § — 0, (1.9.8)

ol la constante C, = 26¢2¢' (1) est indépendante de la géométrie locale de A°
et de la masse m. Pour le régime critique m = 0, on a Z(r,0) = ri et plus gé-
néralement on a asymptotique Z(r, m) ~ r~1 lorsque r — 0, indépendament
de la valeur de la masse m.

Cela prouve en particulier I'invariance par rotation du modeéle, des deux cétés
de la criticalité (i.e. indépendamment du signe de m), ainsi qu'a petite distance
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entre les spins, le systéme presque-critique se comporte comme le systéme critique.
Il existe une expression explicite de Z(r, m) en fonction de solutions aux équations
de Painleve 111 [166, , 94], dont une exposition moderne est rappelée par Park
dans [137, Corollaire 1.2 et Section 4.2]. Afin de prouver le résultat sur la limite
d’échelle dans le plan tout entier (ce résultat est mis en avant le premier ici car il
nous semble &tre le résultat le plus conceptuel du chapitre 3, étant valide quelque
soit le signe de la masse m), on commence par prouver |'universalité des corrélations
sur les domaines simplement connexes bornés (3 bord lisse) du plan.

On commence par se donner un domaine simplement connexe €2 dont le bord
est C', que I'on approxime au sens de Carathéodory (voir e.g. [47, Définition 3.4])
par un domaine discret Q°. On définit alors le modéle d'Ising massif avec des
poids Z-invariant de Baxter avec un nome ¢ = %mé sur Q°, dont les conditions de
bord sont branchées. Notre résultat généralise aux grilles isoradiales la convergence
des corrélations prouvée dans [38, Théoreme 1.2] lorsque m = 0 et dans [137,
Théoréme 1.1] lorsque m < 0.

Theoréme 1.9.6. En travaillant sur le modele Z-invariant sur les grilles iso-
radiales de nome ¢ = %mé et en fixant n spins approximant respectivement n
points de © (supposé a bord lisse), on a alors pour m < 0 la convergence des
corrélations entre les n spins qui est donnée par

—% Eg?)’w[aulau2 e Ou,] = CY (0w Ouy - - Jun)gn)’w lorsque ¢ — 0

o

. 7 . . m),w . 2

avec des fonctions de corrélation continues (o, 0y, - - - aun>§2 ) qui sont dé-

finies exactement comme dans [38, ]. Cette convergence est universelle
vis-a-vis de la géométrie locale des graphes isoradiaux.

L'idée principale pour prouver le Théoréme 1.9.6 a été introduite dans [38,
Théoréeme 1.5 et Corollaire 1.6] consiste a obtenir un contrdle trés précis de la
dérivée logarithmique des corrélations, c'est a dire de déterminer une asymptotique

de la forme

Eg;?)yw[o_u, e O'un] , (m)
log 5o — = Re[(u] —u1)Ag " (ur,...,un)] +0(d), (1.9.9)
EQ(S ’ [Uul T Uun]

et pousse & définir la corrélation continue par

(Ouy Oy - - - Uun>§2m)’w = exp [Re [Y 1, Agn) (Ugy ULy e vy Us—1, Ust 1,y - - -y Uy )dUs)
avec un coefficient Aglm) provenant de |I'expansion de la limite d'échelle des obser-
vables fermionique au voisinage de I'un de leurs branchements [38, eq (2.13)]. Pour
obtenir (1.9.9), on introduit une méthode conceptuelle et abstraite, qui reconstruit
la valeur du corrélateur ¢ — EY[xfty0Ou, - - - 0w, | via son intégrale discréte contre
un noyau de Cauchy discret (construit a la main en utilisant les exponentielles dis-
crétes introduites par Boutillier, deTiliére et Raschel dans [27, 28]). En particulier
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cette méthode brise la nécessité de symétrie et s'applique en théorie & un cadre
plus général.

Reste pour conclure a résoudre |I'épineuse question de la normalisation en vo-
lume infini et montrer son universalité. Cela est fait en remarquant qu'il est possible
d'étendre une partie finie d'une grille isoradiale en lui recollant une partie d'un ré-
seau rectangulaire (ou les résultats sont obtenus par des calculs explicites) et que
sur cette grille mixte, les corrélations sont (au moins asymptotiquement) identiques.
En particulier, ces méthodes utilisées s'appliquent aussi au modéle sous-critique.
En utilisant une formule de Cauchy analogue ainsi que les résultats exacts sur les
grilles rectangulaires (qui sont redémontrés dans le chapitre 2), nous donnons une
preuve compléte de la formule de Baxter sur les graphes isoradiaux.

Proposition 1.9.1 (Formule de Baxter). Pour ¢ < 0, la magnétisation en
volume infini du modele Z-invariant sous-critique est donnée par

ES [ou] — (k*)i lorsque Q, 1T° et Epo[oy,0u,] — (k*)% lorsque |u;—usg| — oo,

ou le lien entre les parametres elliptiques ¢ et k est rappelé dans la section
1.3.1.

Le modéle massif Z-invariant peut aussi étre encapsulé dans la théorie des s-
plongements rappelée dans la section 1.7. En effet, il est possible de construire
a partir des exponentielles discrétes associées au modéle massif Z-invariant un s-
plongement S? propre du plan (au moins sur les compacts lorsque § — 0). Dans le
régime ¢ = 2m4, la surface (S°, Q%) C R*! converge vers une surface de courbure
moyenne proportionelle a la masse m. Autrement dit, cela fournit une interprétation
géométrique de la longueur de corrélation du modéle massif comme la courbure
moyenne d'une surface dans R?. Une explication détaillée de ce phénoméne est
faire dans la section 3.3 du chapitre 3.

1.9.3 . Invariance conforme du modéle d’Ising quantique

Dans cet article écrit en collaboration avec Jhih-Huang Li, on prouve l'in-
variance conforme du modéle d'Ising quantique critique introduit dans la section
1.6. Comme précisé a la fin des rappels sur le modéle quantique, la loi de la re-
présentation spatio-temporelle du modéle quantique est la limite des lois sur des
grilles isoradiales de plus en plus aplaties, pour lesquelles la propriété des angles
bornés n'est alors plus vérifiée. Il est donc vraisemblable de penser que les résultats
de convergence des corrélations du modéle survivent a |'échange de limite entre
angles bornés et le passage a la limite 6 — 0. Un premier résultat dans cette di-
rection a été prouvé par Jhih-Huang Li dans [109] et concerne la convergence de
I'interface du modéle FK quantique vers SLE(16/3)

On se donne a nouveau un domaine simplement connexe ) du plan approximé
par 23 et on considére |a représentation spatio-temporelle du modéle critique avec
paramétres § = 0* = 27 = %. Le premier résultat de notre article généralise la
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convergence de la densité d'énergie horizontale traitée par Hongler et Smirnov [87,
| sur les grilles isoradiales. On a alors le théoréme suivant.

Theoréme 1.9.7. Soit @ €  un point intérieur approximé par a’ € Q5.
On définit alors la variable aléatoire de densité d’énergie normalisée par la
formule

Eqd ‘= 0450464195 — EJCF(; (006045 195] = 046045 195 — % Pour la représentation
spatio-temporelle du modele d’Ising quantique, on a alors la convergence

%E;gg [eas] - L0(a), (1.9.10)

ou lg(a) est la métrique hyperbolique de Q en a (i.e. fo(a) est le double du
module de la dérivée en a de n’importe quelle uniformisation de 2 vers D

s’annulant en a). Plus généralement pour des points intérieurs aq, ..., a, €
de ) respectivement approximés par a‘ls, ... ,afz , on a la convergence

1 e+ N +

s E g[satls...sa%] " (Ear - -Ean)ey (1.9.11)

oll une corrélation continue (4, .. .24, g, définie dans [32, Théoréme 4.4], est
covariante conforme (voir e.g. [39, Section 5]).

La valeur % de la densité d'énergie horizontale du modéle quantique en volume
infini correspond bien a la limite de la densité d'énergie horizontale sur les grilles
isoradiales avec un angle . = § — ¢, qui vaut ﬁ%%) [24, Corollaire 11].
Comme pour le cas classique, il suffit de prouver le résultat pour une seule variable
d'énergie en a’ et propager le résultats en utilisant les régles de Pfaffien du modéle
d'Ising (voir e.g. [39, Section 2.4] pour une présentation compléte). Notre second
résultat prouve la convergence des corrélations (pour le modéle critique) entre un
nombre arbitraire de spins fixés dans un domaine simplement connexe, généralisant
le travail réalisé sur le réseau carré par Chelkak Hongler et Izyurov dans [38] (mais
aussi le théoréeme 1.9.6). Dans ce cadre-la on a alors

Theoréme 1.9.8. Soient a1, ..., a, des points intérieurs de 2 approximés par
a‘f, e ,afl dans €2§. Pour le modele avec conditions de bord +, on a alors
6% Egg (003 - O3] — C™(0ay -+ Tap)gys (1.9.12)

ot la fonction de corrélation (o, .. .04, ) est covariante conforme et corres-
pond exactement a la corrélation critique pour m = 0 dans le Théoréme 1.9.6.

Ce résultat prouve directement /'invariance par rotation du modéle quantique
critique. |l est possible de généraliser ces convergences a d'autres conditions de
bord. Dans notre article, la méthode choisie consiste a travailler directement avec
une version quantique des corrélateurs de Kadanoff et Ceva pour prouver les ré-
sultats de convergence directement sur le réseau semi-discret. En particulier, la
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structure de branchement devient un probléme trés sensible, car les corrélateurs
naturellement définis branchent partout. Ainsi la preuve de convergence peut s'ap-
parenter d une généralisation standard des arguments sur les grilles isoradiales une
fois que le formalisme de Kadanoff et Ceva a été correctement introduit. La situa-
tion est en revanche bien plus délicate pour la convergence des corrélations entre
spins. Le controle de la dérivée logarithmique des corrélations discrétes, comme
dans nos travaux avec Chelkak et lzyurov, ne s'applique que dans la direction
horizontale. Pour obtenir la dérivée dans la direction verticale, on utilise cette
fois-ci la structure locale du branchement autour de chaque point du réseau semi-
discret ainsi qu'une généralisation au modeéle quantique de la relation a trois termes
(1.5.7), sous forme d'intégrale. L'intérét principal des théorémes 1.9.7 et 4.3.7 va
au-dela de la simple généralisation de la convergence des corrélations & un modéle
associé du modéle d'lsing. En effet, comme expliqué dans la section 1.6, la repré-
sentation spatio-temporelle du modéle d’lsing quantique correspond a I'évolution
spatio-temporelle d'une chaine de spins sur Z, dont le Hamiltonien quantique est
donné par H = —03%°, 0;5;3)03(,3) — T vy oM. On peut donc utiliser les ré-
sultats des théorémes 1.9.7 et 4.3.7 pour déterminer des formules explicites des
corrélations spatio-temporelles lorsque 2 = H. On note Eqi, la mesure de proba-
bilité associée au modéle quantique critique sur 26Z. On note cri?
spin £1 au site 2° au temps t dans la représentation graphique en dimension 2 de
la chaine d'Aizenmann, Klein et Newman [2]. On a alors les formules suivantes :

la variable du

Theoréme 1.9.9. Pour la chaine quantique unidimensionnelle sur 20Z, on

note x1, . .., x, des coordonnées horizontales approximées dans 26Z par x‘f, ceey xfl
o . LM () () 9 iy
ainsi que f1,...,t, des temps positifs. Soit ¢ 5 = o g Opéios — x la densité

d’énergie horizontale au site 2° au temps t. Si tous les spins sont alignés a la
valeur +1 au temps ¢t =0, on a

n L 1/ n
5% Eglé[ag) o] —c [ @)® (272 > 11
r=1

! pe{E1}n I<r<m<n

BErm

1
4 2
)

(.1’7»—33m)2+(t7- _tm)2
(mr_mm,)2+(tr +tm)2

(1.9.13)
& E&L, [g;ig) el — (2)"Plaff[K(a1+it, . ot 21 =iy, @ —it)],
ou Pfaff représente 'opérateur de Pfaffien usuel et K(ay, ..., a,) est la matrice

rx r définie par K; j == 1iz;j(a; — aj) ™"

La normalisation des corrélations est a nouveau reliée a |'asymptotique de la
corrélation a deux points en volume infini, que |'on retrouve directement sur le
réseau semi-discret, en adaptant le formalisme du chapitre 2 au modéle quantique.
On peut alors calculer pour la magnétisation sous-critique ainsi que la longueur
de corrélation sur-critique. Ce second résultat, correspondant & un cas particulier
traité par Beffara et Duminil-Copin dans [14] concernant la direction horizontale,
et utilise des méthodes supplémentaires comparé a celles utilisées dans le chapitre
2. On a alors les théorémes suivants :
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Theoréme 1.9.10. Pour la représentation spatio-temporelle du modele d’Ising
quantique sur C avec un jeu de parametres sous-critique (6 < 6*) et des condi-
tions de bord + & l'infini, la magnétisation spontanée est donnée par

M(0,0%) = lim E¢[ogon]/? = (02 +07) 21— (£)D)5.  (1.9.14)

Theoréme 1.9.11. Pour la représentation spatio-temporelle du modele d’Ising
quantique sur C avec un jeu de parameétres sur-critique (0 > 6*) la longueur
de corrélation horizontale £ est donnée par

§:= lim —1log Eél [o0om] = %log(%). (1.9.15)

1.9.4 . Estimées de croisement sur les s-plongement généraux

Dans cet article, écrit seul, on prouve que la représentation FK du modéle
d'lsing sur un s-plongement général et dont les poids sont donnés par (1.7.4)
satisfait la propriété croisement usuelle sur les rectangles, comme pour le réseau
carré critique (voir e.g. [60, Section 5]). Ce résultat montre que les s-plongements
non-dégénérés a grande échelle et équipés de leur poids naturels correspondent
a des systémes 'critiques’ et 'presque critiques’, y compris lorsque leur géométrie
locale est trés irréguliére.

On commence ici par clarifier le cadre dans lequel on travaille. Soient z1 < 9,
y1 < y2, R = (z1,22) X (y1,¥2) C C le rectangle associé, ainsi que U un
ouvert contenant strictement R. On se donne une suite (S%)s~( de une suite de
s-plongements propres recouvrant U et vérifiant les hypothéses suivantes :

1. On suppose que tous les plongements (S?) s satisfont I'hypothése Lip(k,d)
pour un certain fixé k < 1. En particulier, le pas § de chacun des plonge-
ments est fixé grace a la définition (1.7.3). Autrement dit, la de toutes les
arétes de S est plus petite que §, et la fonction d’origami Q° associée a S?
est x-lipchitz au-deld de la distance §.

2. On suppose que les plongements (S%)s-o satisfont I'hypothése de non-
dégénérescence que I'on nomme LENGHT-EXP-FAT(J) ,qui suppose que
pour chaque boule B C U et pour v >0 :

lim diam(z) = 0.
6—0 Z ( )
z€ONB,r<exp(—y6—1)
Autrement dit, une fois que le pas de chacun des plongements a été fixé,
on demande que la mesure H! de I'ensemble des faces exponentiellement
petites en (en la variable 71) tende vers 0 lorsque J tend vers 0.

Pour utiliser ces hypothéses, il n'est plus nécessaire d'utiliser de notion d’angles
bornés (qui implique que les constantes de couplages sont bornées) ou bien encore
de comparabilité entre la taille des arétes, mais plutét nécessaire de vérifier si le

66



plongement admet un pas § (défini dans la section 1.7.1 comme la distance a partir
de laquelle fonction d'origami Q% admet une constante de Lipchitz strictement
meilleure que 1) puis qu'il n'y a qu'une proportion négligeable de faces du graphe
pour lesquels le rayon 7, du cercle inscrit est exponentiellement petit en 6~ !. Les
deux hypothéses précédentes sont vérifiées avec une marge énorme pour les graphes
doublement périodiques critiques, ainsi que sur les graphes isoradiaux équipés de
leurs poids critiques et massifs.

Pour se rapprocher de la formulation usuelle des estimées de croisement, refor-
mulons les deux hypothéses précédentes dans le cadre classique d’un graphe infini.
On se donne une S un s-plongement propre, dont on assume (quitte a renorma-
liser la taille du dessin dans le plan) qu'il est de pas § = 1. Toutes les arétes de
S(A(G)) sont de longueur inférieure a 1. L'hypothése Lip(k,d) se traduit le fait
que |Q(z)— Q(2)| < k|z—7'| dés lors que |z— 2’| > 1. Pour le seconde hypothése,
considérerons ,, |'approximation du carré centré en |'origine et de c6té 2n. Pour
cela, I'hypothése LENGHT-EXP-FAT(4) se traduit par le fait que pour tout v > 0

lim Z diam(z) = o(n),

n—00
2€QONBy,r2<exp(—n)

c'est a dire que les faces dont le centre cercle inscrit est de taille exponentiellement
petite en n ne contribuent qu'a une partie négligeable de la boite.

Comme cela sera détaillé dans la preuve, il est possible d'affaiblir cette hy-
pothése en la remplacant par une condition demandant que les faces exponentiel-
lement petites n'envahissent pas complétement toutes les zones de la boite de taille
n. Dans les termes originaux, cela revient a relaxer I'hypothése LENGHT-EXP-FAT(0)
dans le théoréme en ne demandant qu’elle ne soit vérifiée que sur portion (macr-
socopique mais arbitrairement petite) du graphe.

On a alors les théorémes suivants, que I'on peut voir comme des meta-théorémes,
c'est a dire une boite a outils que I'on espére appliquer a une trés grande variété
de situations. Ces théorémes sont uniformes en ¢ suffisament petit, et fournissent
une borne inférieure a la magnétisation du modéle spin-Ising sur les rectangles
avec conditions de bord alternées, ainsi qu'une borne inférieure sur la probabilité
de croisement dans le modéle FK d'un anneau de ratio fixé avec condition de bord
libre.

Theoréme 1.9.12. Soient z1 < x9, y1 < Y2, R = (z1,22) X (y1,42) C
C, et (S%)s-0 une suite de s-plongements propres satisfaisant les hypotheses
Lip(#,6) et LENGHT-EXP-FAT(4) . On se donne alors R® = [R(x1, x2; y1, Y2)]35*
une discrétisation quelconque de R a une distance o50(1) du bord de R. Pour
le modele d’Ising sur R? dont les poids sont donnés par (1.7.4), avec condi-
tions de bord branchées sur les arcs "horizontaux’ (5°c?)° et (d°a?)° de R? ainsi
que des conditions de bord libres sur les arcs "verticaux’ (a’b%)® et I'arc droit
(Pd®)*, on a
li%rij(r)lf ERs (050 T (asq9)e] > cst > 0,
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ot la constante cst > 0 ne dépend que de x et du ratio |z — 1| - |y2 — y1| L.

Une estimée similaire existe pour le modéle dual. Comme rappelé dans la section
1.2.5, il existe une multitude de liens entre les corrélations des spins de modéle
d'lsing et les probabilités de connexion dans le modeéle FK. Un de ces liens s'avére
&tre ici trés utile. Pour uw € C et d > 0, on définit I'anneau

O(u,d) := ([Rew —3d,Reu+ 3d] x Imu — 3d,Imu + 3d))

N ((Reu—d,Reu+d) x (Imu — d,Imu + d))
libre

09 (u,d)
section 1.2.5 avec conditions de bord libre sur les frontiéres intérieures et extérieures

et on pose P la mesure de probabilité associée au modéle FK rappelée dans la
de 0%(u, d), qui approxime a une distance 05_,0(1) I'anneau C(u, d). On a alors
le théoréme suivant.

Theoréme 1.9.13. Il existe une constante py > 0 ne dépendant que de k
telle que pour tout u € C, d > 0, et toute suite de s-plongements S° couvrant
B(u,5d) et vérifiant Lip(k,0) et LENGHT-EXP-FAT(J) , on a

lirén i(])af le“?;?‘; d) [l existe un circuit ouvert dans 0 (u, d)] > po.
% b

Une estimée similaire existe pour le modéle dual. De plus on peut remplacer la
lim inf par I'inf lorsque les s-plongements satisfont |'hypothése UNIF(J) . Dans la
formulation classique des estimées de croisement pour le modéle FK sur une grille
infinie (c'est a dire en considérant une grille infinie avec un pas 6 = 1 et les boites
B,, lorsque n — 00), le théoréme 1.9.13 implique que, la probabilité qu'il existe un
circuit ouvert du modéle FK dans |'anneau bordé par les boites B,, et Bs, (avec
des conditions de bord libres), est bornée inférieurement, lorsque n — oo, par une
constante ne dépendant que de .

Ce second théoréme est une conséquence du Théoréme 1.9.12 en appliquant
la stratégie développée dans [61, Proposition 2.10]. Une version simplifiée de ces
résultats a été démontrée par Chelkak dans [33, Théoréme 1.3 et Corollaire 1.4],
avec des hypothéses beaucoup plus restrictives sur la géométrie locale (la preuve
était limitée aux grilles satisfaisant I'hypothése UNIF(§) , ce qui limite les dé-
générescences locales) mais surtout sous I'hypothése FLAT(J) qui correspond a
imposer Q% = O(J), qui contraint la limite de la fonction d’origami a ¥ = 0 et
limite les comportements potentiels des limites d'échelles. En particulier, il est a
présent possible d'imaginer appliquer ces deux théorémes aux grilles tirées aléatoi-
rement, que ce soit dans leur combinatoire ou bien encore dans leur poids. Une des
conséquences directe du Théoréeme 1.9.13 est la tension des interfaces FK-Ising
sur les graphes satisfaisant Lip(k,0) et LENGHT-EXP-FAT(9) (voir e.g. [97] pour
plus de détails). Parmi les conséquences directes de ce théoréme 1.9.13, on trouve
des preuves alternatives ainsi que |'extension des résultats suivants :
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— Borne inférieure sur les estimées sur les probabilités de croisement sur les
grilles isoradiales critiques (voir section 1.3.1) comme dans [48, Preuve du
Théoreme 6.1], en remplagant la propriété d’angles bornés par I'hypothése
LENGHT-EXP-FAT(J) . En particulier permet de déduire directement la
propriété de croisement dans les rectangles pour le modéle FK quantique
[62, Theoréme 1.5 et Proposition 5.1].

— Borne inférieure sur les estimées sur les probabilités de croisement sur les
grilles isoradiales massives (voir section 1.3.1) comme dans [138, Théoréme
1.3] avec la propriété d'angles bornés, que I'on peut re-plonger comme un
s-plongement propre en utilisant les méthodes de [43, eq (3.11)].

On peut aussi voir que la magnétisation du modéle d'lsing sur les kites introduit
par Lis dans [114, Section 6] décroit polyndmialement vite grace au Théoréme
1.9.13 et qu'a la température 8 = 1, la magnétisation du modéle primal et dual
est simultanément nulle. Cela prouve en particulier la criticalité du modéle.

On rappelle qu'il est possible de construire un s-plongement propre pour chaque
graphe pondéré fini, en particulier pour réseaux usuels non-critiques, ce qui indique
que le théoréme 1.9.13 n'est doit pas étre valide pour tous les graphes pondérés. On
explique maintenant celle phénoménologie, et spécifie (en utilisant deux exemples)
ce qui nous semble classifier si le systéme est d'un cbté presque-critique ou critique
ou d'un autre c6té hors critique.

L'exemple le plus simple est le réseau carré (tourné d'un angle % pour coller au
formalisme du chapitre 2) équipé de ses poids non-critiques. En utilisant les travaux
détaillés dans la section 2.5 du chapitre 2, (particuliérement les formules en dessous
de I'équation (2.5.5) ainsi que la figure 2.5.1), on peut voir qu'il est possible
d'associer au réseau carré équippé de ses poids non-critiques un s-plongement
propre dans le plan, tels que les quadrilatéres tangeants (qui sont les faces de
A(G) ont un cercle inscrit de rayon r = 1). Dans ce cas précis, un calcul similaire
a celui de I'équation (2.5.8) assure que pour z; = 1 + iy et zo = x9 + iy aligné
horizontalement, on a

1260 — Q)

|x1—x2|—00 |21 — ZQ|

=1,

autrement dit c'est la fonction d'origami qui asymptotiquement est 1-lipchitz mais
n'est pas x-lipchitz pour tout k < 1.

Pour le modéle massif, les travaux de Park [138, Section 6] assurent que lorsque
|m| tend vers I'infini, le systéme se rapproche du systéme hors critique (c'est a dire
que les probabilités de croisement primales et duales dans les rectangles convergent
vers 0 et 1, selon le c6té de la criticalité ou I'on se trouve). En appliquant la procé-
dure de replongement des grilles Z-invariantes massives comme des s-plongements
de section 3.3 du chapitre 3 ainsi que la valeur explicite des asymptotiques de
la fonction d'origami dans ce cadre précis (calculées dans (3.3.12)), on voit que
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lorsque |m| tend vers l'infini, la constante d'origami optimale & grande distance se
rapproche de 1.

En utilisant les deux exemples précédents, on ainsi penser que les sys-
témes hors-critiques s’identifient a une fonction d’origami dont la constante
de Lipchitz optimale est 1.

D'un point de vue conceptuel, I'hypothése LENGHT-EXP-FAT(4) (tout comme
sa grande soeur EXP-FAT(§) ) nous semble &tre un choix de confort, qui reste
tout de méme suffisament souple pour envisager de travailler dans une multitude
de cadres, y compris des graphes pondérés aléatoires. Avec ce choix, on peut
utiliser des méthodes analytiques pour prouver des estimées de croisement, ce qui
semble &tre la seule méthode aujourd'hui disponible pour traiter des graphes sans
symeétries. Il est envisageable qu'un jour on puisse se passer des hypothéses du type
ExXP-FAT(¢) avec une meilleure compréhension des comportements pathologiques
des fonctions harmoniques associées aux fonctions s-holomorphes.

De notre point de vue, le plus grand intérét du Théoréme 1.9.13 est qu'il
permet de traiter la question des probabilités de croisement sur des graphes trés
irréguliers, dont les poids ou la géométrie locale est tirée aléatoirement. La pro-
prieté LENGHT-EXP-FAT(0) semble pouvoir étre accessible via des raisonnement
du type Borel-Cantelli (prédisant qu'il ne peut y avoir qu'un nombre fini de faces
trop petites, qui correspondrait sinon a un nombre exponentiel de faces avec un
r, < exp(d~!) dans une région de taille §). Dans le cadre des grands graphes
finis abstraits, il faut tout d'abord effectuer un re-plongement via un s-plongement
propre et étudier les propriétés géométriques de ce plongement, en particulier vé-

o

ost» 1a taille des faces diminue, puis

que le graphe vérifie localement le graphe satisfait Lip(x,5) . Une des premiéres
cible (ambitieuse mais réaliste) de ces théorémes est de traiter le cas de grilles Z2

rifier qu'en s'éloignant de la face extérieure v

avec des constantes de couplage aléatoires centrées en la valeur critique.

1.9.5 . Convergence de I'observable FK pour les s-plongements a
limite lisse

Ce chapitre a été écrit seul et correspond a un article en préparation. Ce projet
n'était pas supervisé par Dmitry Chelkak, et j'en assume seul la responsabilité.
L'objectif principal de ce chapitre est de montrer que la conjecture de Chelkak
(originellement faite dans [33, Section 2.7] et rappelée dans la section 1.7.4) reliant
le modele d'lIsing et les solutions de Dirac massives sur une surface dans |'espace de
Minkowski. Ce chapitre fait état d’un travail en cours, et a donc été volontairement
écrit de maniére sous-optimale, puisque les méthodes présentées ainsi que leur
généralisations simples permettraient de traiter un cadre vraiment plus large. Etant
donné qu'une partie du puzzle manquant pour obtenir une théorie compléte réside
dans des considérations purement dans le continu, ce travail nous semble étre d’un
intérét non-trivial pour la théorie puisqu'il résout plusieurs questions cruciales sur
le comportement des observables discrétes. C'est pourquoi nous avons choisi de
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l'inclure dans ce manuscrit.

Ici, on prouve la convergence des fonctions s-holomorphes associées a |'obser-
vable FK-Ising, lorsque la limite des fonctions d’origami (Q%)s-¢ est une fonction
réguliére et que les domaines discrets approximent un domaine simplement connexe
du plan dont le bord est lisse. Ce travail généralise partiellement les travaux de Chel-
kak et Smirnov [48] mais ce restreint au-cadre ou les domaines ainsi que la limite
des fonctions d'origami sont lisses. Il s'agit de la premiére preuve de convergence
des observables sur des s-plongements lorsque la limite d'échelle des fonctions d'ori-
gami n'est pas triviale, et pave la voie a de nombreuses généralisations. Comme
pour les observables critiques et massives déja mentionnées précédemment, on se
donne un domaine simplement connexe €2 dont le bord est de classe C!, et on fixe
deux points distincts a,b € 92, vus comme des extrémités. Lorsqu'on approxime
(Q, a,b) (au sens de Carathéodory) par des domaines discrets (2, a%, b°) avec des
conditions de bord branchées sur I'arc (b°a’)° et libres sur I'arc (a’b?)*. Les condi-
tions de bord sont donc exactement celles de I'observable utilisée dans la section
1.5.5 et en particulier de la figure 1.5.4. || est alors possible de définir comme dans
(1.5.4) I'observable FK-Dobrushin sur (Q°,a’,5°) en posant

X%(c) = Ezvéfsva(;’bé)[xca(baag)ou(agbg).]. (1.9.16)

Le corrélateur X induit une fonction s-holomorphe F via (1.7.11) ainsi que la
fonction H® = Hps via (1.7.15). Dans notre travail, on se restreint au cadre
suivant :

— Chaque s-plongement S? satisfait I'hypothése UNIF(4) (voir e.g. [33, Sec-
tion 1.3]) pour les mémes constantes 7, 6y > 0.

— La suite des fonctions d'origami (S%)s~¢ converge (uniformément sur les
compacts du plan) vers une fonction ¥ de classe C2. On notera que la pré-
compacité des fonctions (Q°%)s+ est toujours vraie et donc on peut toujours
supposer que la fonction ¥ converge.

On énonce a présent le résultat principal de ce chapitre, qui prouve |'existence
d'une limite d'échelle pour les fonctions F? lorsque & tend vers 0.

Theoréme 1.9.14. Soit ((2%,a°,b%))s-¢ une suite de domaines discrets qui
convergent (au sens de Carathéodory) vers un domaine borné (2, a,b), dont
le bord est de classe C! ot I’'on a fixé deux points distincts a, b. Alors la suite
des fonctions (F?)s-q associées au corrélateur FK-Dobrushin dans (92°,a’, %)
converge uniformément sur les compacts de 2 vers 'unique fonction f vérifiant

— (fdz + ifdV) est une forme différentielle fermée sur €,

— h=1[Im[f%dz] + | f|[*dV¥ s'é¢tend de maniére continue avec la valeur 0
sur l'arc (ba) et la valeur 1 sur l'arc (ab).
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En particulier, la limite d'échelle f des fonctions s-holomorphes n’est ni holo-
morphe (comme dans le cadre Z-invariant critique), ni massive holomorphe (comme
dans le cadre Z-invariant massif) avec une masse constante. En réalisant le change-
ment de variable ¢ :=Sf - (2c)"/2+¢f - (Z¢)"/? de (1.7.23) avec la paramétrisation
conforme (1.7.20) de la surface (z, 1), alors la fonction ¢ est solution de I'équation
Dirac massif (annoncée en premier lieu dans [33, eq (2.28)])

e = im(C) -7, o

— Le paramétre de masse m(¢) € R vaut la moitié le produit entre /'é/é-
ment de longueur et la courbure moyenne de la surface (z,9) au point
(2(¢),9(2(¢)) € R*, pour la métrique de Minkowski de R%!. Ainsi, le
paramétre de masse admet une interprétation purement géométrique.

— Le fait que la limite d’échelle admette une telle description naturelle dans
R2! justifie par ailleurs I'idée de replonger S° comme une surface discréte
(8%, Q%) ¢ R*! dont la troisiéme coordonnée est la fonction d’origami Q°.

— L'hypothése faite sur la régularité de la limite 1 est principalement pour faite
pour pouvoir définir la notion de courbure moyenne, qui est une fonction des
dérivées secondes de 9. Une description similaire semble possible & partir
du moment ou l'on peut définir d'une maniére ou d'une autre une notion
de courbure moyenne. En particulier, lorsque les dérivées seconde de 1 se
trouvent dans un espace LP, les méthodes utilisées dans la preuve donnée
ici sont trés proche de permettre de conclure (I'ingrédient qui différe sera
soulignée dans quelques lignes).

— La description de la limite d'échelle devient explicite lorsque la surface (z, )
est minimale pour la métrique de Lorentz, c'est a dire lorsque sa courbure
moyenne H (toujours calculée dans I'espace R*!) est nulle partout. Dans
ce cadre 13, on a un résultat analogue a [48, Theoréme A]. En notant ®
I'uniformisation du relévement Q) de Q qui envoie d,@ vers +00, alors ¢ =
Vo

Le théoréme 1.9.14 confirme, en partie, la prédiction faite par Chelkak dans
[33, Section 2.7] sur I'existence de limites d'échelles dont la description se fait
naturellement dans I'espace R%!. De notre point de vue, pour compléter ce travail
en cours, il faudrait réaliser les avancées suivantes :

— Retirer toute hypothése de régularité sur la fonction ¥ lorsque le bord du
domaine est lisse. Comparé aux méthodes présentées dans le chapitre, cela
nécessite majoritairement de prouver des résultats d'unicité dans le continu.
Afin d'y arriver, il semble nécessaire de gagner de |'information supplémen-
taire (en particulier de la régularité) au niveau discret sur les limites de
fonctions s-holomorphes, ce qui permettrait de conclure avec un principe de
comparaison général. Cette approche suit son cours dans un travail réalisé
en ce moment avec Sung-Chul Park et semble prometteuse.
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— Retirer toute hypothése de régularité sur le bord du domaine lorsque la sur-
face (z,9) est minimale pour la métrique de Minkowski. Cela permettrait
d'annoncer la convergence des interfaces discrétes sur les graphes (S, Q%)
vers le processus SLE sur (z,1). La méthode utilisée ici approximant le bord
du domaine par sa tangente est cruciale pour réaliser le passage du discret
vers le continu. Pour traiter des bords arbitrairements rugueux, cela ne peut
étre utilisé et requiert d'utiliser une approche alternative, ce que nous ex-
plorons aussi actuellement avec Sung-Chul Park. On rappelle tout de méme
qu'il existe une méthode developpée par Chelkak sur les graphes vérifiants
Q% = O(d) (qui permet de traiter les domaines arbitrairement rugueux)
mais dont nous ne sommes pour l'instant pas capables de généraliser.

L'une des principales innovations de ce travail est technique, et répond a la
problématique de la survie des conditions de bord de Dirichlet pour les fonctions
H? sur des s-plongements généraux. Cette question est particuliérement délicate
en dehors du cadre isoradial critique et massif, car il n'est a présent plus possible
de comparer H° avec une fonction harmonique dans le discret.

Notons tout de méme le cadre (restreint) ot Q° = O(J) (qui contient par
exemple |'ensemble des graphes doublement périodiques critiques via leur plon-
gement canonique), pour lequel une méthode alternative a été développée dans
[33, Section 4], en approximant au niveau discret (de maniére moyennée) le Lapla-
cien usuel dans le continu. La preuve donnée dans [33, Section 4] s'applique sans
restrictions sur la régularité du bord et permet donc de prouver la convergence
des interfaces FK vers le processus SLE(16/3), prouvant au passage l'invariance
conforme du modéle critique doublement périodique. Cependant une telle preuve
semble &tre difficile & généraliser, en raison de son utilisation extensive d'opéra-
teurs différentiels discrets (voir [33, Section 3]) qui ne s'interprétent pas aisément
en dehors du cadre Q° = O(9).

Pour outrepasser ce probléme, on propose une approche complétement diffé-
rente, qui consiste (aprés une chirurgie locale du graphe) a comparer localement
H? avec une observable définie sur un petit rectangle topologique au voisinage
d'un des points de bord, et dont la frontiére discréte est plus simple a étudier.
On peut alors conclure via le principe de comparaison introduit par Park (voir [33,
Proposition 2.11]). Le choix des bords du rectangle topologique est réalisé soigneu-
sement (en particulier I'un des arcs discrets est formé, aprés chirurgie, de kites, ce
qui simplifie grandement I'analyse). Une autre innovation est |'utilisation du prin-
cipe de comparaison avec des primitives de fonctions holomorphes constantes, qui
prouve que H° ne croit au plus vite que linéairement au voisinage de certains arcs
bien choisis, et simplifie grandement |'analyse. Il est notable de remarquer que
le contréle des conditions de bord ne requiert I'utilisation de dérivée seconde et
semble déja s'appliquer -avec des adaptations trés mineures- a toutes les fonctions
9 définies sur les domaines 3 bord lisse.
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Notre approche semble suffisamment solide pour &tre généralisée rapidement
(avec des modifications mineures) au dela de I'hypothése UNIF(4) (par exemple
avec une hypothése du type LENGHT-EXP-FAT(J) ), mais aussi aux fonctions 9
dont les dérivées secondes existent dans un certain espace LP (ce qui implique
un contrdle sur courbure moyenne de (z,1)). Pour prouver ce second résultat, il
est plausible de généraliser le principe de comparaison dans le continu (voir e.g.
[138, Lemma 3.1]) aux espaces LP, en remplacant les estimées ponctuelles par des
estimées intégrées.
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2 - Magnetization in the Zig-Zag Layered Ising
model and orthogonal polynomials

This chapter corresponds to the article [40], written with Dmitry Chelkak and
Clément Hongler, and is currently submited to a scientifical journal.

Abstract : We discuss the magnetization M,, in the m-th column of the
zig-zag layered 2D Ising model on a half-plane using Kadanoff-Ceva fermions and
orthogonal polynomials techniques. Our main result gives an explicit representation
of M,, via m x m Hankel determinants constructed from the spectral measure of
a certain Jacobi matrix which encodes the interaction parameters between the
columns. We also illustrate our approach by giving short proofs of the classical
Kaufman—Onsager—Yang and McCoy-Wu theorems in the homogeneous setup and
expressing M,, as a Toeplitz+Hankel determinant for the homogeneous sub-critical
model in presence of a boundary magnetic field.

2.1 . Introduction

The planar Ising (or Lenz-Ising) model, introduced by Lenz almost a century
ago, has an extremely rich history which is impossible to overview in a short intro-
duction, instead we refer the interested reader to the monographs [123, 12, ,

| as well as the papers [133, , , , 37] and references therein for more
information on various facets of this history. From the ‘classical analysis’ viewpoint,
one of the particularly remarkable aspects is a very fruitful interplay between the
explicit computations for the planar Ising model and the theory of Toeplitz de-
terminants. This interplay originated in the groundbreaking work of Kaufman and
Onsager in late 1940s (see [9]) and, in particular, lead Szegd to the strong form
of his famous theorem on asymptotics of Toeplitz determinants; we refer the in-
terested reader to the recent survey [55] due to Deift, Its and Krasovsky for more
information on the developments of this link since then. It is nevertheless worth
noting that this research direction mostly originated in questions related to the
homogeneous model in the infinite-volume limit — a well-understood case from the
physical perspective. At the same time, it seems that the much richer setup of the
layered model — first considered by McCoy-Wu and Au-Yang-McCoy in [125, ,

, 5, 4], see also [118, Sections 3.1,3.2] and [140] for historical comments — did
not attract much attention of mathematicians. Unfortunately, tour de force com-
putations summarized in the monograph [123], are nowadays often considered (at
least, in several mathematical sub-communities interested in 2D statistical mecha-
nics) as being too technically involved to develop their analysis further. Certainly,
this is an abnormal situation and by writing this paper we hope to bring the atten-
tion to this ‘layered’ setup, targeting not only probabilists but also the orthogonal
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polynomials community. In the mathematical physics literature, the interest to the
layered Ising model also reappeared recently ; e.g. see [75] and references therein.

Our paper should not be considered as a '39999th solution of the Ising model’.
On the contrary, the methods we use can be viewed as a simplification of the
classical ones in presence of the translation and reflection symmetry in the direction
orthogonal to the line connecting spins under consideration. Comparing to [123],
this simplification comes from the fact that we use the Kadanoff-Ceva lattice
instead of the Onsager (or Fisher) one and, more importantly, work directly with
orthogonal polynomials instead of Toeplitz determinants. Though such details are
not vital in the homogeneous case, this allows us to perform computations for a
general ‘zig-zag layered’ model in a transparent way (see Theorem 2.1.1); in the
latter case, the polynomials are orthogonal with respect to a certain measure on
the segment [0, 1] constructed out of a given sequence of interaction constants.

It is worth mentioning that the simplification discussed above manifests itself
even in the homogeneous setup since we always deal with real weights, the simplest
possible framework of the OPUC/OPRL theory. From the perspective of the ‘free
fermion algebra’ solution [155] of the planar Ising model, our derivations can be
viewed as its translation to the language of discrete fermionic observables, see [36]
for a discussion of such a correspondence. The latter viewpoint was advertised
by Smirnov in his celebrated work on the critical Ising model (e.g., see [65] and
references therein). We refer the interested reader to [37, Section 3] for a discussion
of equivalences between various combinatorial formalisms used to study the planar
Ising model, see also [129] and [48, Section 3.2]. In this paper we also want to make
a link between discrete complex analysis techniques and classical computations
more transparent ; similar ideas are applied to the quantum 1d Ising model in [110].

Before formulating our main result — Theorem 2.1.1 — for the layered lIsing
model, let us briefly mention the list of questions that we discuss along the way in
the homogeneous setup:

— Kaufman—Onsager—Yang theorem on the spontaneous magnetization below
criticality: Theorem 2.3.1, cf. [123, Section X.4];

— McCoy—Wu theorem on the asymptotic behavior of the horizontal spin-spin
correlations at criticality: Theorem 4.7.9, cf. [123, Section XI.5];

— the wetting phase transition in the subcritical model caused by a boundary
magnetic field [73, 146] (which was interpreted as a hysteresis effect in the
earlier work [123]): we discuss a setup similar to [123, Section XIII] in Sec-
tion 2.4.3 and reduce the problem to the analysis of explicit Toeplitz+Hankel
determinants, see Theorem 2.4.2;

— Wu's explicit formula for diagonal spin-spin correlations in the fully homoge-
neous critical Ising model (see [123, Section XI.4]) and magnetization in the
zig-zag half-plane: we provide a very short computation via Legendre polyno-
mials in the Appendix, note that we were unable to find neither Theorem A.3
nor the identity (A.8) in the literature.
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We now move on to the layered Ising model in a half-plane. Instead of working
in the original framework of Au-Yang, McCoy and Wu, we slightly simplify the se-
tup by considering the Ising model in the (left) half-plane on the %-rotated square
grid which we call the zig-zag half-plane and denote by H®, see Fig. 2.4.1 for the
notation. We believe that such a simplification does not change key features of the
problem, at the same it allows us to obtain more transparent results in full genera-
lity. We are mostly interested in making our main result — Theorem 2.1.1 — easily
accessible to the mathematical community interested in orthogonal polynomials
rather than in discussing the physics behind the problem. It is worth emphasizing
that Theorem 2.1.1 does not express M,,, as a Toeplitz determinant. Nevertheless,
we believe that the formula (2.1.5) is amenable for the asymptotic analysis and is
of interest from the mathematical perspective.

The (half-)infinite volume limit of the Ising model on H® is defined as a limit
of probability measures on an increasing sequence of finite domains exhausting H®,
with ‘+' boundary conditions at the right-most column Cy and at infinity. All
interaction parameters between the columns C,_; and C, are assumed to be the
same and equal to x,, = exp[—243.J,] = tan 36, where 6, € (0, 37) can be viewed
as a convenient parametrization of 3.J,, see Section 2.2.1 for more details. Let

My, = M (01,62,..) = Efo[0_3_14)] (2.1.1)

be the magnetization in the (2m)-th column (the analysis for odd columns can be
done similarly). Denote

cos 61 cos 65 0 0
.| —sinfysinf3 cosf3costy 0 e
Deven =1 0 —sinfysinfs cos 5 cos bg . (2.1.2)
and let
Dzven = UevenSevem Seven :(DevenDZVen> 1/2 (2 1 3)

be the polar decomposition of the operator D7, see also Remark 2.4.1 for another

interpretation of the (partial) isometry Ueyen . Further, denote J := D, ., Dz

even even-
A straightforward computation shows that

by _bal 0 b = cos? Ogy_1 cos? Oy,
J = 3 2 T® + sin? Oop—_o sin? Oop_1 ,
0 —a9 bg X .
ap, = cosbap_1 cos boy, sin Ooy, sin Oop 11,
(2.1.4)
where 6y := 0 and b; = cos?0; cos?fy. Let vy be the spectral measure of J

associated with the first basis vector. It is easy to see that 0 < J < 1 and thus
Suppvy € [0,1]. Given a measure pron [0, 1], let H,,, [ 1] = det[fo1 AP (dN) ]qu;lo
be the m-th Hankel determinant composed from the moments of this measure. De-

note by P, the orthogonal projector on the space of first m coordinates of ¢2.
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Theorem 2.1.1. For all 01,60,,... € (0,%) and m > 1, we have

2
P, 1/2Pm H,, 1/2
M, = | det Py Usen Pl = det2m J _ AY20] .
Hk:1 cos Oy, (Hm[VJ] ‘Hm[/\VJ]) /
(2.1.5)

where Ueyen is the (partial) isometry factor in the polar decomposition (2.1.3),
the Jacobi matrix J = D, D3

even even

is given by (2.1.4), and vy is the spectral
measure of J.

Remark 2.1.2. Assume that 6, = 6 for all £ > 1, i.e., that we work with the
fully homogeneous model. One can easily see that

suppvy = [cos®(20),1] if 0 < T while suppry = {0}U[cos*(26),1] if 6 >

In particular, this clearly marks the critical value 6t = 7 of the interaction
parameter. Moreover, in the supercritical regime 6 > 0., the existence of an
exponentially decaying eigenfunction ¢y = (cot 0)%, ¢° € KerD?,,,, directly
leads to the exponential decay of the truncated determinants | det P, Ueven P |-

Remark 2.1.3. Assume now that 0y,9, = 0y for all k > 1 and some n > 1. In
this case, the criticality condition reads as Hiil tan 0 = 1, see Lemma 2.5.1
below. This condition is equivalent to the fact that the continuous spectrum
of J begins at 0. Moreover (see Section 2.5.3), in this setup the integrated
density of states of the periodic Jacobi matrix J behaves like C; - FEEVON
as A — 0, where

1/2

Cy o= [ 2 Spoa()? - iy (g )~ (2.1.6)

and 1, denotes the periodic vector solving the equation J¢° = 0. In Sec-
tion 2.5.2 we show that the quantity (2.1.6) also admits a clear geometric
interpretation in the context of the so-called s-embeddings of planar Ising mo-
dels, see (2.5.8) and a discussion following that identity.

It is clear that the spectral properties of the matrix J (which can be viewed
as an effective propagator in the direction orthogonal to the boundary of H®) are
directly related to the behavior of the magnetization M,,, as m — oco. Nevertheless,
we are not aware of asymptotical results for (2.1.5) in the general case, especially
when J has a singular continuous spectrum. This leads to the following question:

— to find necessary and sufficient conditions on the measure v; that im-
ply the asymptotics (a) liminf,, oo My, = 0 (b) limsup,, oo Mm = 0
in (2.1.5).
We believe that an answer to this question should shed more light, in particular,
on the random layered 2D Ising model. Moreover, it would be very interesting
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— to understand the dynamics of the measure v; when the inverse tempera-
ture (3 varies from oo to 0 and hence all 6, = 2 arctan exp[—2/.J,] increase
from 0 to 1 in a coherent way.

Classically, this dynamics should lead to the Griffiths—McCoy phase transition for
i.i.d. interaction parameters between the columns and also could give rise to less
known effects in the dependent case. As already mentioned above, one of the goals
of this paper is to bring the attention of the probability and orthogonal polynomials
communities to these questions.

The rest of the paper is organized as follows. In Section 2.2 we review the
Kadanoff-Ceva formalism of spin-disorder operators in the planar Ising model. In
Section 2.3 we illustrate our approach by giving streamlined proofs of two clas-
sical results due to Kaufman—Onsager—Yang and McCoy—Wau, respectively: Theo-
rem 2.3.1 and Theorem 4.7.9; we believe that this material should help the reader
to position this proof into the classical Ising model landscape. We prove our main
result — Theorem 2.1.1 — in Section 2.4. In Section 2.5 we briefly discuss the
geometric interpretation of our results via s-embeddings of planar Ising models, a
generalization of isoradial embeddings of the critical Baxter's Z-invariant model
introduced in [34, 33]. The appendix is devoted to the explicit analysis of dia-
gonal correlations (Wu's formula) and of the zig-zag half-plane magnetization at
criticality via Legendre polynomials.
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2.2 . Combinatorics of the planar Ising model

In order to keep the presentation self-contained, in this section we collect basic
definitions and properties of the planar Ising model observables. Below we adopt
the notation from [34, 33, 39], the interested reader is also referred to [37] or [89]
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for more details (note however that these papers use slightly different definitions).
Even though we discuss the spin-disorder observables in the full generality (m spins
and n disorders), below we are interested in the situations m = n = 2 (Section 2.3
and Appendix) and m = 1, n = 2 (Section 2.4 and Appendix) only.

2.2.1 . Definition and domain wall representation

Let G be a finite connected planar graph embedded into the plane such that
all its edges are straight segments. We denote by G* the set of its vertices and
by G° the set of its faces (identified with their centers). The (ferromagnetic)
nearest-neighbor Lenz-Ising model on the graph dual to G is a random assignment
of spins 0, € {£1} to the faces u € G° such that the probability of a spin
configuration o =(o,,) is proportional to

Palo] occexp[BY yow Jeouow], €= (uw)*, (2.2.1)

where a positive parameter 5 = 1/kT is called the inverse temperature, the sum is
taken over all pairs of adjacent faces u, w (equivalently, edges ) of G, and J = (J)
is a collection of positive interaction constants, indexed by the edges of GG. Below
we use the following parametrization of J,:

T = tan 30, 1= exp[—26.J]. (2.2.2)

Note that the quantities z. € (0,1) and 6§, := 2arctanz. € (0,17) have the
same monotonicity as the temperature 371.

We let the spin o4yt of the outermost face of G be fixed to +1, in other words
we impose 4’ boundary conditions. In this case, the domain wall representation
(also known as the low-temperature expansion) of the Ising model is a 1-to-1
correspondence between spin configurations and even subgraphs P of G: given a
spin configuration, P consists of all edges that separate pairs of disaligned spins.
One can consider a decomposition (not unique in general) of P into a collection of
non-intersecting and non-self-intersecting loops. The above correspondence implies
that

Eclou, ---0un] = 25" Ypeg, @(P)(—1)°Putuml(F) (2.2.3)
for ui,...,um € G°, where £; denotes the set of all even subgraphs of G,
26 =Y peg, z(P), z(P) := [leep Tes (2.2.4)

and loopsy,,  ,,..1(P) is the number (always well defined modulo 2) of loops in P
surrounding an odd number of faces w1, ..., u;,. Up to a factor exp[B 3 .cq. Jel,
the quantity Z¢ is the partition function of the Ising model on G°.

2.2.2 . Disorder insertions
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Following Kadanoff and Ceva [93], given an even number of vertices vy, ..., v, €
G* we define the correlation of disorders (i, , ..., iy,

(o - e = 22 28 = S e oy #(P), (2:2.5)

where Eg(v1,...,v,) denotes the set of subgraphs P of G such that each of the
vertices v1,...,v, has an odd degree in P while all other vertices have an even
degree. Probabilistically, one can easily see that

(Hoy -+ top)c = Ea [exD[=28 2 () ey (or,.n0m) JeTu0w] |, (2.2.6)
where Py(v1,...,v,) is a fixed collection of edge-disjoint paths matching in pairs
the vertices v1,...,v,; note that the right-hand side does not depend on the

choice of these paths. The Kramers—Wannier duality implies (e.g., see [93]) that

(Hoy - o) = Eglo%, .05, ] (2.2.7)

where the expectation in the right-hand side is taken with respect to the Ising
model on vertices of G, with dual weights ¢ := tan $(% — 6.) and free boun-
dary conditions. Indeed, (2.2.5) is nothing but the high-temperature expansion
of (2.2.7).

Similarly to Z¢, one can interpret Zé”""’v"] as the low-temperature (domain
walls) expansion of the partition function of the Ising model defined on the faces
of a double cover GI'1:nl of the graph G that branches over vy, ..., vy, with
the following spin-flip symmetry constraint: we require 0,0, = —1 for any pair
of faces of the double cover such that v and u* lie over the same face in G. Using
this interpretation, we introduce mixed correlations

(Toy « - BopOuy « - Oup )G = (g -+ Pop)G - Egrorson) [Ouy - - 0wy (2.2.8)

where u1, ..., u, should be understood as faces of the double cover Gv1-vnl,
Similarly to (2.2.6) one can easily give a probabilistic interpretation of these quan-
tities in terms of the original Ising model on G. Nevertheless, we prefer to speak
about the Ising model on GI"+%»] as this approach is more invariant and does
not require to fix an arbitrary choice of the disorder lines Py(v1, ..., vy,).

By definition of the Ising model on Glvt-nl the correlation (2.2.8) fulfills
the sign-flip symmetry constraint between the sheets of the double cover. When
considered as a function of both vertices v, and faces u,, this correlation is defined
on a double cover of (G*)" x (G°)™ and changes sign each time one of the
vertices v, € G* turns around one of the vertices u, € G° (or vice versa). We call
spinors functions defined on double covers that obey such a sign-flip property.

2.2.3 . Fermions and the propagation equation

We need an additional notation. Let A(G) := G* U G° be the planar bipartite
graph (a so-called quad-graph) whose set of (degree four) faces $(G) is in a 1-to-
1 correspondence with the set of edges of G. Let Y(G) denote the medial graph
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of A(G), whose vertices are in a 1-to-1 correspondence with edges (vu) of A(G)
and are also called corners of G, while the faces of Y(G) correspond either to
vertices of G* or to vertices of G° or to quads from {(G). We denote by T*(G) a
double cover of the graph Y(G) that branches around each of its faces (e.g., see [33,
Fig. 3A] or [129, Fig. 27], [48, Fig. 6]). For a corner ¢ = (v(c)u(c)) € T*(G) (with
u(c) € G° and v(c) € G*), let

ne =1 - exp[— 5% arg(v(c) — u(c))], (2.2.9)

where the global prefactor i is chosen for later convenience. Though a priori the
sign in the expression (2.2.9) is ambiguous, it can be fixed so that 7. is a spinor
on Y*(G), called the Dirac spinor, by requiring that the values of 7. at corners
¢ surrounding each face of Y(G) are defined in a ‘continuous’ way. (In particular,
this local definition implies the spinor property of 7. on T*(G).)

Given ¢ € T*(G), one defines the Kadanoff—Ceva fermion as X 1= fy(c)Tu(c)-
More accurately, we set

Xw(c) = <:uv(c)uv1 s Moy 10u(c)Ouy - -+ Uum—1>G7 (2'2'10)

for @ = (v1,..., Vp_1,U1, ..., um_1) € (G*)" 1 x (G°)™~ L. Let TX(G) denote
a double cover of Y(G) that branches over each of the faces of Y(G) except
those corresponding to the points from w. The preceding discussion of mixed
spin-disorder correlations ensures that X is a spinor on TX(G). Finally, let

V() :=n.Xwz(c) (2.2.11)

where 7, is defined by (2.2.9). The function ¥, locally does not branch (the signs
changes of x. and 7. cancel each other). More precisely, U, is a spinor on the
double cover Y (G) of T(G) that branches only over points from w: it changes
the sign only when ¢ turns around one of the vertices v, or the faces u,.
We now move on to the crucial three-term equation for the correlations (2.2.10),

called the propagation equation for Kadanoff-Ceva fermions on T*(G), see |

, 129] or [37, Section 3.5] for more details. For a quad z. € {(G) corresponding
to an edge e of GG, we denote its vertices by vg(ze) € G*, ug(ze) € G°, v1(z.) € G,
and u1(z.) € G°, listed in the counterclockwise order. Further, for p,q € {0,1}, let
Cp,q(ze) := (vp(2e)uq(2e)). The following identity holds for all triples of consecutive
(on TX(G)) corners cp1—q(2e), ¢pq(ze) and c1—p 4(ze) surrounding the edge e:

Xe(pg) = Xa(cpi—q) cosbe + X(c1-p,q) sinbe , (2.2.12)

where 6. stands for the parametrization (3.2.3) of the Ising model weight z. of e.
In recent papers, the equation (2.2.12) is often used in the context of rhombic
lattices, in which case the parameter 6. admits a geometric interpretation (see
Section 2.5.1), but in fact it does not rely upon a particular choice of an embedding
(up to a homotopy) of {(G) into C provided that 6, is defined by (3.2.3).
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2.2.4 . Cauchy—Riemann and Laplacian-type identities on the square
grid
From now on we assume that G is a subgraph of the regular square grid Z?  C.
In this situation one can use (2.2.12) to derive a version of discrete Cauchy—
Riemann equations for the complex-valued observable ¥, defined by (2.2.11).

Proposition 2.2.1. Let c¢1,d1, co,d2 be corners of G located as in Fig. 2.2.1A
(and located on the same sheet of the double cover Y (G)). Let 61,02 be the
interaction parameters assigned via (3.2.3) to the edges ey, ea. Then, the fol-
lowing identity holds:

[Ve(c2) cosby—V(cr)sinby] = +i-[Up(d2)sinbe—V(di) cosby], (2.2.13)

where the ‘£’ sign is “+’ if the square (c1dacady) is oriented counterclockwise
(top picture in Fig. 2.2.1A) and ‘—’ otherwise (bottom picture in Fig. 2.2.1A).

Proof. Let a € Y2 (G) be the center of the square (cidacads) and let ¢1, da, c2, dy
be the neighbors of a on Y2 (G). Writing two propagation equations (2.2.12)
at a one gets the identity

Xo(eg)cosbs + Xp(da)sinby = X (a) = Xg(er)sinby + X (dy) cos 6.

Since g, = N4, = etin, (with the same choice of the sign: ‘+’ for the left
picture, ‘—’ for the right one) and 7., = n., = e Na, the result immediately
follows. O

Below we often focus on the values of observables ¥ or X at corners
¢ € T(Q) of one of four ‘types’; by a type of ¢ we mean its geometric position
inside the face of G C Z? to which ¢ belongs, see Fig. 2.2.1. For each type of
corners, the values 7). are all the same and, moreover, the branching structure of
T X (G) restricted to this type of corners coincides with the one of Y (G). In other
words, ¥, and X, differ only by a global multiplicative constant on each of the
four types of corners.

In this paper, we are interested in the following two setups:

— homogeneous model, in which all the parameters 6. corresponding to hori-
zontal edges of Z2 have the common value oh (resp., 0¥ for vertical edges);

— zig-zag layered model on the %-rotated grid, in which all interaction constants
between each pair of adjacent columns have the same value (see Fig. 2.4.1).

In both situations, one can use (2.2.13) to derive a harmonicity-type identity
for the values of X, (note however that this is not possible in the general case).

Proposition 2.2.2. In the homogeneous setup, assume that a corner ¢ €
Y= (G) is not located near the branching, i.e., that neither v(c) nor u(c) are
in w. Then, the observable X, satisfies the following equation at c:

Xw(e) = Lsind" cos 0¥ [Xo(c™)+Xw(c™)] + Scos 0" sin 6" (X () +X ()],
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where ¢t,ct ¢, are the four nearby corners having the same type as c,

located at the east, north, west and south direction from c, respectively (see
Fig. 2.2.1B).

Proof. Recall that, at corners of a given type, the values X, and V., differ
only by a multiplicative constant. Due to the symmetry of the homogeneous
model, we can assume that ¢, ¢, ¢, ¢, ¢ are located as in Fig. 2.2.1B. Let us
write four Cauchy-Riemann equations (2.2.13) between ¢ and ¢, ¢ and ¢, ¢
and ¢~, ¢ and . Multiplying the first equation by sin 8", the second by cos 6",
the third by cos 8V, the fourth by sin ¥, and taking the sum with appropriate
signs we get the result. O

Remark 2.2.1. (i) Proposition 2.2.2 can be reformulated as the massive har-
monicity condition [A(™ X_](¢) = 0, where the massive Laplacian A is
defined as

A F](c) := —F(c)+3sin 6" cos 0% [F(¢T)+F(c™)]+1cos 0 sin 0% [F () +F(c)).

It is worth noting that A(™) is a generator of a (continuous time) random walk
on Z? with killing rate 1 —sin(#"+6") ; in particular, one can easily guess from
Proposition 2.2.2 the classical criticality condition
" +60" =2 < sinh[28J"]-sinh[28JV] = 1.

(ii) The fact that the near-critical homogeneous Ising model on Z? admits a
description via massive holomorphic fermions is a commonplace in the theore-
tical physics literature. In the probabilistic community, an explicit link between
formulas for spin-spin correlations derived in [123] and the partition functions
of killed random walks was pointed out in [130]. We refer the interested reader
to the paper [14], in which the massive holomorphicity property of fermionic
observables was used for the analysis of the exponential decay rate of spin-spin
correlations E[ogo,,], n — 00, and of its dependence on the direction a in the
super-critical model on Z2.

A similar identity holds in the layered setup (see Fig. 2.2.1D for the notation).
Assume that c is a west corner of a face on the F-rotated square grid. Denote by
cﬁi, cﬁt the four nearby corners of the same type as c and let 6_, 6, and 6 be the
parameters assigned via (3.2.3) to the edges to the left of *”, to the left of ¢, and

to the left of cﬁ;b, respectively.

Proposition 2.2.3. In the setup described above (see also Fig. 2.2.1D), as-
sume that neither v(c) nor u(c) are in w. Then, the following identity holds:

Xo(c) = 3sinb_ cos b (X (P )Xo ()] + 3 sin 6, cos 04+ [X (ci)—i—Xw(ci)].
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Proof. The result follows by summing four Cauchy—Riemann equations (2.2.13)
with coefficients + cosf,, 4 sin 6, similarly to the proof of Proposition 2.2.2.
O

Remark 2.2.2. It is worth emphasizing that the harmonicity-type identities
discussed in Propositions 2.2.2 and 2.2.3 fail when c is located near the bran-
ching. The reason is that applying (2.2.13) four times and summing the results
as in the proofs of Proposition 2.2.2 and Proposition 2.2.3 one gets the diffe-
rence X (d*) — X (d) with d*, d located over the same point on the different
sheets of the double cover Y (G).

2.3 . Homogeneous model

In this section we discuss classical results on the horizontal spin-spin correlations
in the infinite volume for the homogeneous model. Namely, we assume that all
horizontal edges have a weight exp[—23J"] = tan %Hh while all vertical edges have
a weight exp[—24J"] = tan %GV, see also Appendix in which the diagonal spin-spin
correlations are treated in the fully homogeneous critical case 8" = ¥ = T- Though
these results and even a roadmap of the proofs are well-known (e.g., see the classical
treatment by McCoy and Wu [123]), we use this setup to illustrate a simplification
that comes from working directly with real-valued orthogonal polynomials instead
of Toeplitz determinants, an approach that we apply to the layered model.

2.3.1 . Full-plane observable with two branchings

Assume that the square grid on which the Ising model lives is shifted so that its
vertices coincide with Z x (Z + 1) and the centers of faces are (Z + 1) x (Z — 1),
see Fig. 2.3.1A. It is well known (e.g., see [72]) that there are no more than
two extremal Gibbs measures (coming from ‘+' and ‘—' boundary conditions at
infinity) and that the spin correlations in the infinite volume limit are translationally

invariant. Given n > 0, we define the horizontal and next-to-horizontal correlations

Dni=Bzloq n0mis-pl Dni=Ezaelo oty
DTL+1 = EZ2 [O’(iéjii)a( +%77i)] 5 D:(L—l-l = Efz2). [O-(.Oyi)o-(.n-ﬁ-l,i)] 5 (231)
Dpi1=Ez [U(_%,g 0(n+%,_i)], ﬁr*zﬂ = Efz2)°[0°0,%)0(°n+17_%)]7

where the expectations in the second column are taken for the dual Ising model
with interaction parameters tan 2 (2 —¢") and tan (% —0") assigned to horizontal
and vertical edges of the dual square grid (Z2)®, respectively. Due to (2.2.7) one
can view these quantities as disorder-disorder correlations in the original model.
Let v = (0,%) and u = (n + 3,—1). Below we rely upon the full-plane
observable X{, ,j which can be thought of as a (subsequential) limit of the similar
observables defined on finite graphs G exhausting the square grid. Indeed, since

{to(e) v Ou(eyou)c| < (tueivic = EGelogpnod] < 1, (2.3.2)
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F1GURE 2.3.1 — To derive recurrence relations on horizontal spin-spin
correlations, we consider the Kadanoff-Ceva fermionic observable X\, y
with two branchings at v = (0, 1) and u = (n+ 3, —1). The symmetrized
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sym

oy and X7 are massive harmonic in the

upper half-plane Z x Ny and solve boundary value problems [P®™], [Pa1],
respectively ; the sign N denotes Neumann boudary conditions.
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a point-wise subsequential limit exists; its uniqueness (and hence the existence of
the true limit) follows from Lemma 4.7.1 given below. Moreover, in Section 4.7.2,
we provide an explicit construction of functions satisfying the conditions listed in
Lemma 4.7.1, which allows us to identify X, ,, with these explicit functions.

Let [(Z + §) X Z;v,u] denote the double cover of the lattice (Z + 1) x Z
branching over v and u. We now introduce the following symmetrized and anti-
symmetrized versions of the observable X[, () on north-west and north-east
corners, respectively (see Fig. 2.3.1):

X(e) = 5 [Xpw(e) + Xy (@], ce((Z+ 1) x Ziv,ul, (2.3.3)
X[afﬁ]( ) = %[X[v,u](c) - X[v,u](E)L ce [(Z - i) X Z;v, u]a (2'3'4)

where the continuous conjugation z — Z on [(Z & 1) x Z; v, u] is defined so that
it maps the segment [1, 1 + 1] x {0} to itself (i.e., the conjugate of each point
located over this segment is chosen to be on the same sheet of the double cover).
Once z — Z is specified in between the branching points, it can be ‘continuously’
extended to the entire double cover [(Z+ 1) x Z; v, u]. In particular, the points ¢
located over the real line outside of the segment [i, n+ i] are mapped by z — Z
to their counterparts ¢* on the other sheet of the double cover.

Let us list basic properties of the observables X[SYIE] and Xﬁ,n'ﬁ} and show that
they characterize these observables uniquely. Due to (4.7.1) we have

X0 (k+1,5)[ <1 and ‘Xan“ —1,8)| <1 forall k,s€Z.

[v,u] [vu
Proposition 2.2.2 (see also Remark 2.2.1) ensures that the observables X[Sym]
and Xﬁ,‘fﬁ} are massive harmonic away from the branching points v, u. In par-

ticular, one has
[AXERI(k+7,5)) =0 and  [ATIXERIN((k—1,9) =0 if s#£0.
(2.3.5)

Further, the spinor property of the observable X, together with the choice of
the conjugation described above gives

X ((k+1,0)=0, k€ [0,n], [AMXI)(k+1,0)=0, k€ [1,n—1];

[v.u] [v.u]
(2.3.6)
X[avr,tﬂ}((k_%a 0)):07 ke [17 n]a [A(m)Xﬁ?E]]((k_%a 0)):07 k ¢ [07 TL—|—1]
(2.3.7)
Finally, the definition of X, ,, implies
XU ((4,0) = Day XU ((n+1,0)) = Dy (2.3.8)
XWw((=5,0) = =Du1, X ((n+3,0) = Dhuy, (2.3.9)

where we assume that these pairs of corners are located on the same sheet of the
double cover [(Z + 1) x Z; v, u] as viewed from the upper half-plane ; this is why
the value D, 1 at (—%,O) appears with the different sign.
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Lemma 2.3.1. (i) The uniformly bounded observable X[ng given by (4.7.2)
is uniquely characterized by the properties (4.7.4), (4.7.5) and its values (4.7.7)

near v and u.

i) Similarly, the uniformly bounded observable X2, given by (4.7.3) is uni-
[v,u]

quely characterized by the properties (4.7.4), (4.7.6) and its values (4.7.8)

near v and u.

Proof. (i) Let X; and X be two bounded spinors satisfying (4.7.4),(4.7.5)
and (4.7.7). Let (Zx)g>0 be the random walk (with killing) started at ¢ € [(Z+
i) X Z;u, v| that corresponds to the massive Laplacian A This random walk
almost surely hits the points located over the set {(k+7,0),k & [1,n—1]}} or
dies. Since the process (X1 — X2)(Zj) is a bounded martingale with respect to
the canonical filtration, the optional stopping theorem yields X (¢)—X2(c) = 0.
The proof of (ii) is similar. O

The next lemma allows one to use an explicit construction of functions Xy y]
given in Section 4.7.2 in order to get a recurrence relation for the spin-spin corre-
lations. For n > 1, denote

Ly =1 cos6"-[D,+cos 0". Dy, L} = 1sin0"-[D} +sin 6v-Dx]. (2.3.10)

Lemma 2.3.2. For each n > 1, the following identities are fulfilled:

—[AMXTNIG0) = Lot = [ATIXTN(45,0)) = L
(2.3.11)
—[AMXE](-1,0) = —Ln,  — [AMXEN)((n+3,0) = L}, (23.12)

with the same choice of points on the double covers [(Z+ 1) x Z;v,u] as above.
If n =0, the identities (4.7.10) should be replaced by —[A™ XM 1((1,0)) =

[v,u]
L1+ L% while (4.7.11) hold with Lo := cos ¥ and L§ := sin 0".
Proof. We focus on the first identity in (4.7.10). Let ¢o = ¢, (v) := (1,0), see
Fig. 2.2.1C for the notation. First, note that X " (c5) = 0 and hence

[v,u]

_[A(m)X[s\}//,I::]](CO) = X[v,u] (co) — %Sin 6" cos 6" X[Vvu] (Cj)
— %cos 0" sin 6" - [X[v,u] (Cﬁo) + X[Vﬂl] (Ci)] :

Recall that we deduced the massive harmonicity property of the observables X[y
away from the branchings from four Cauchy—Riemann identities (2.2.13), each
of them based upon two propagation equations (2.2.12) ; see Fig. 2.2.1B. We
now repeat the same proof but with seven three-terms identities (2.2.12) ins-
tead of eight ones required to prove Proposition 2.2.2, the one involving the
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values of X[,y at c; = (—%,0), S (v) = (—%,0) and cﬁ_(v) = (f%,%) mis-
sing ; see Fig. 2.2.1C. As a result, one sees that the value [A™ XY™ (& (v))

[v,u]
is %COS 0" times the missing linear combination of the values

Xv,ul (¢ (v)) = Dpy1 and Xivu) (" (v)) - cos ™ = Dy i1 - cos O,

which leads to the first identity in (4.7.10) (we let the reader to check the
signs obtained along the computation). The proofs of the other three identities
for n > 1 are similar. If n = 0, one should sum siz three-term identities (2.2.12)
when dealing with X [S‘},'IE] and eight ones when dealing with X f‘f‘tli] In the latter
case, the values Lo and L appear due to the presence of the branchings v, u
near the points at which A X [%jlﬁ] is computed (and due to the fact that Dy =

Dy =1). 0

2.3.2 . Construction via the Fourier transform and orthogonal po-
lynomials
In this section we construct two bounded functions satisfying the proper-
ties (4.7.4)—(4.7.8) using Fourier transform and orthogonal polynomials techniques,
the explicit formulas are given in Lemma 4.7.4 and Lemma 4.7.5. Recall that these
explicit solutions must coincide with X[sgflrll} and Xﬁ?ﬁi] due to Lemma 4.7.1. Instead
of the double covers [(Z + i) X Z;u,v], we work in the upper half-plane Z x Ny
only (see Lemma 4.7.3 for the link between the two setups).
For a function V : Z x Ng — R we use the same definition of the massive
Laplacian [A(™V](k, s) as above for s > 1 and introduce the values

INV](K,0) := V(k,0) — cos 8" sin 6" - V(k, 1)
— 1sin@"cos 0 - [V(k—1,0) + V(k+1,0)] (2.3.13)

which might be viewed as a version of the normal derivative of V" at the point (&, 0).

We now formulate two problems [P5Y™] and [P2"t] to solve. Due to Lemma 4.7.1,

these problems are equivalent to constructing explicitly the functions X[ngll] and

Xeanti respectively ; see also Fig. 4.7.2B and Fig. 4.7.2C.

[v,u]’

— [PR™] : given n > 1, to construct a bounded function V : Z x Ny — R
such that the following conditions are fulfilled:

[AMV](k,s)=0ifs>1;  [NV](k,0) =0 for k € [1,n—1];
V(k,0) =0 for k & [0, nl; V(0,0) = D,, and V(n,0) =Dy .

— [Panti] : given n > 0, to construct a bounded function V' : Z x Ng — R
such that the following conditions are fulfilled:

[AMV](k,s)=0ifs>1;  [NV](k,0) =0 for k & [0,n+1];
V(k,0) =0 for k € [1,n]; V(0,0) = =Dp41; V(n+1,0)=D; .
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Lemma 2.3.3. Assume that a function V™ (resp., V24 ) solves the problem

[P™] (resp., [Pa4]). Then, the following identities hold:

INVY™(0,0) = Lyy1,  NVY™](n,0) = Ly g (2.3.14)
INV24)(0,0) = — Ly, NV (n+1,0) = L. (2.3.15)

Proof. Consider a section of the double cover [(Z:i:%) x Z;v,u| with a cut going
along the horizontal axis outside the segment [0,n+3] for the problem [P™]
and along [0, n+3] for the problem [Pa2%]. Define two functions on north-west
and north-east, respectively, corners of the grid by
VI (h ) = Vi (h ) VRN (k1 5)) 1= VA (h, o).

These functions vanish on the cuts and thus can be viewed as bounded spi-
nors on the double covers [(Z + 1) x Z;v,u], which satisfy all the condi-
tions (4.7.4)—(4.7.8). Due to the uniqueness result provided by Lemma 4.7.1,
this implies X[ u = V[ u) and X[ u = V[aml} The identities (4.7.13), (4.7.14)
now easily follow from (4 7.10), (4. 7. 11) and the definition (4.7.12). O

Let V' be a solution to the problem [P$¥™], recall that this solution is unique
due to Lemma 4.7.1. To construct it explicitly, we start with a heuristic argument.
Assume for a moment that the Fourier series

Va(e) := Ypez V(k, s)ek, s>0, tel0,2n],

are well-defined. The massive harmonicity property [A(™V](k,s) = 0 for s > 1
can be rewritten as the recurrence relation

[1—sin 6" cos 0 cost]-Vy(e™) = %cos&hsin@v-[175_1(6“)4—‘7;“(6“)]. (2.3.16)

A general solution to the recurrence relation (4.7.15) is a linear combination of the
functions (y_(t; 0% 6V))* and (y. (t; 0% 6V))%, where 0 < y_ < 1 <y solve the
quadratic equation

[1 — sin " cos 0 cost] - y(t) = %cos 0" sin 0¥ - [(y(t))* +1].

At level s = 0 we have Vj(e) = Q,(e'), an unknown trigonometric polynomial
of degree n. Since we are looking for bounded Fourier coefficients of V,, we are
tempted to say that V;(e') = Q,(e')- (y_(t; 6" 6¥))" for s > 1. A straightforward
computation shows that

Sz NV](k, 00kt = w(t; 0" 6%)Qn(e™), (2.3.17)
w(t; 0% 0") := [(1—sin 6" cos @ cost)? — (cos " sine")Q]l/?.
(2.3.18)
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The key observation of this section is that the left-hand side of (4.7.16) should
not contain monomials e, ..., e~ which is a simple orthogonality condition
for the polynomial Q,,(e®).

We now use the heuristics developed in the previous paragraph to rigorously

identify the unique solution to [P{¥™].

Lemma 2.3.4. Letn > 1. If a trigonometric polynomial Q,(et) = Dy + ... +D}e™
of degree m with prescribed free and leading coefficients is orthogonal to the
family {e*, ..., eV with respect to the measure w(t; 6 6") dt, then the
Sfunction

Vkys) i= & 7, e HQu(e)(y-(t; 6% 6)) dt

is uniformly bounded and solves the problem [P3Y™]. Moreover,

(@n, 1>%dt =Ln+1 and (Qn, 6mt>%dt = Lo, (2.3.19)

where the scalar product is taken with respect to the same measure on the unit
circle.

Proof. The values V (k, s) are uniformly bounded as 0 < y_ < 1, the massive
harmonicity property [A(™V](k, s) = 0 for s > 1 is straightforward and the re-
quired properties of the values V (k,0) and [N F|(k,0) follow from the assump-
tions made on the polynomial @,,. The identities (4.7.13) give (4.7.17). O

A similar construction can be done for the problem [P2n], see Fig. 4.7.2C.
The only difference is that at level s = 0 we now require that Vy(e') does not

contain monomials e, ..., /"t while
SrezINVI(k,0)e = w(t; 0% V) Vo(e) = —Lp+...+ Lie Dt (2.3.20)
is a trigonometric polynomial of degree n+1. In other words, this polynomial is
orthogonal to {e®, ... e™} with respect to the weight
w (0% 0%) = (w(t;0"0")7 L, t €10, 2m]. (2.3.21)

provided that w? is integrable on the unit circle. One can easily see from (2.3.18)
that this is true if and only if 6" + 6" = 5. We discuss a modification of the next

claim required for the analysis of the critical case #" 4 ¥ = 5 in Section 4.7.4.

Lemma 2.3.5. Let n > 0 and assume that 6® + 0V # 5. If a trigonometric

polynomial Qn+1( ) = —Lp 4 ...+ LDt gs orthogonal to the family
{e', ... e} with respect to the measure w(t; 0", 9")37';, then the function
V(k,s) = o= [T e7 QI (e)(y— (0% 0V)*wH(t; 0%, 0V)dt  (2.3.22)

s uniformly bounded and solves the problem [Pi‘}ﬂ] Moreowver,

<Qﬁ+1a 1>’“5—#dt =—Dpy1 and (Q# e/t >w# o= Dny (23.23)

where the scalar product is taken with respect to the same measure on the unit
circle.

Proof. The proof repeats the arguments used in the proof of Lemma 4.7.4. [
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2.3.3 . Horizontal spin-spin correlations below criticality

In this section we combine the results of Lemmas 4.7.4 and 4.7.5 into a single
result on asymptotics of the horizontal spin-spin correlations D,, as n — co. We
assume that 0" + 6V < T and rely upon the fact that D} — 0 as n — oc. This
can be easily derived from the monotonicity of D,, with respect to the temperature
and the fact that D,, = D} — 0 as n — oo in the critical regime 0" 4+ 6% = %
which is discussed in the next section.

Theorem 2.3.1 (Kauffman—Onsager—Yang). Let 0" + 0¥ < 5. Then, the
spontaneous magnetization M (0", 8") of the homogeneous Ising model is given
by

1/8

M0 6¥) == lim DY? = [1 — (tan6" tan6")?] (2.3.24)

n—o0

(Note that under the parametrization (3.2.3) one has tan 6, = (sinh(23.J,))~!.)

Remark 2.3.2. It is worth mentioning that the value tan 6" tan 6V also ad-
mits a fully geometric interpretation as Baxter’s elliptic parameter of the Z-
invariant Ising model on isoradial graphs [12, Eq. (7.10.50)], see Section 2.5.1
for details.

Proof. Classically, the computation given below is based upon the strong Szego
theorem on the asymptotics of the norms of orthogonal polynomials on the
unit circle. Note however that we use this result in its simplest form, for real
weights w and w? given by (2.3.18) and (4.7.19).

Let ®,(z) = 2" + ... — ay—1 be the n-th monic orthogonal polynomial on
the unit circle with respect to the measure w(t; on Hv)g—;, the real number a;,_1
is called the Verblunsky coefficient, recall that |a,—1| < 1 for all n > 1. Denote
by @ := 2"®,(27!) = —a,,_12" +. ..+ 1 the reciprocal polynomial. Matching
the free and the leading coefficients, it is easy to see that the polynomial @,
from Lemma 4.7.4 can be written as

~1
ity _ it Lk (it | _ 1 —Qp—1 Dy,
Qn(e”) = cn®n(e")+c, @) (e"), where [ o ] = [ Ca 1 ] [ D,

Moreover, one has (@n,emt> = (Pr,1) = |®.]I? =: Bn = Bo [T (1 — az_l)

(e.g., see [158, Theorem 2.1]) and (®,,1) = (@}, e™) = 0, here and below

we drop the measure de—fr from the notation for shortness. Therefore, the

identities (4.7.13) imply that

Liv | _g | |- 1 apa | | D}
l Lni ] = B [ o ] = Bn-1 [ w1 1 [ D, 1 , (2.3.25)

and hence

L2, = (L) = Bubuor- (D2—(D})?) for n>1.  (23.26)
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Similarly, it follows from Lemma 4.7.5 that

[D;Jrl 1 :/B#

_Dn+1

1 af Ly
LAl E] e

n

where off and 7 stand for the Verblunsky coefficients and squared norms of
monic orthogonal polynomials corresponding to the weight (4.7.19). In parti-
cular, we have

Dy = (Dpyt)? = BB - (L — (L7)?) for n>0. (2.3.28)

The recurrence relations (2.3.28), (2.3.26) applied for even and odd indices n,
respectively, lead to the formula

Dinin = (D3s1)® = Bhi B - Bom—1Bam—2 - (Ddny = (D3r)?)
= .= IR AT TS B (L3 — (LD))
note that L2 — (L§)? = (cos0¥)? — (sin ") = cos(6™+ 0V) cos(6"— 0").
Recall that D3,,,; — 0 as m — oo. It remains to apply the Szego theory
(e.g., see [78, Section 5.5] or [158, Theorems 8.1 and 8.5]) to the weights (2.3.18)
and (4.7.19). A straightforward computation shows that

w(t; 0%60%) = Cw, (D)wg, (1), where C = (cos %Gh)2 cos 6",
1/2 % s v
we(t) = [(14+6%)? — 2gcos £)2 P = [1—g%"|, ¢} = tan(16") tan(T F 30V).

Since w¥ (t; 0% 0V) = (w(t; 6% 6V))~!, we have
limgn o0 [T BF - TG Be = C72- G2,
where

G = exp [i //D ‘%(log(l—q%z) + log(1 — qiz)‘ZdA(z)}

—1/4
= o[~ Yot (@ + 637 = [(1-¢)1 - a1 - 2¢2)?
= (cos %Oh)Q(Cos 0¥)1/2(cos 0") 12 (cos(8" + V) cos(8 — 6V)) /4.

Putting all the factors together, one gets (4.3.8). O
Remark 2.3.3. The identity (4.7.26) with n = 0 also provides a formula

D, = ﬂf - [cos 0V — a# sin 0]
for the energy density (on a vertical edge) of the homogeneous Ising model.
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2.3.4 . Asymptotics of horizontal correlations D, as n — oo at
criticality
Assume now that 6" + 0V = 5. Another classical result that we discuss in this
section is that spin-spin correlations D,, decay like m~1/4 at large distances.

ol

Theorem 2.3.4 (McCoy—Wu). Let C, := 25e
Then,

CED g =g and 0¥ = T—0.

Dy ~ C2-(2mcosf)™* as m — . (2.3.29)
Proof. A straightforward computation shows that

w(t; 0,5 —0) =2sin6 - [1 — (sinf cos %t)z]l/2 +|sin 1¢| .

! is not integrable and the arguments used

In particular, the weight w# := w™
in the proof of Theorem 2.3.1 require a modification. Also, the Kramers—
Wannier duality ensures that D, = D}, L, = L} and hence the identi-
ties (2.3.26), (2.3.28) become useless (though one still could use (4.7.25)). In
this situation we prefer to switch to the framework of orthogonal polynomials

on the real line (more precisely, on the segment [—1,1]) for computations. Let
w(z;0) = [1—(sinf-2)2]V%, zel-1;1], (2.3.30)

and let P,(x) = 2™ 4+ ... be the monic orthogonal polynomial of degree n
on [—1,1] with respect to the weight w(z,0). It is easy to check that the
trigonometric polynomial

Qu(e™) == D, - ezt . 2" P, (cos 3t)

fits the construction given in Lemma 4.7.4 to solve the problem [P;Y™]. The
formula (4.7.17) gives

1 /= i .
Ln+1 = g/_ﬁ@n(e t)w(t,@,i—e)dt

- D2t /W cos(3nt) P (cos 3t)w(t; 0, 5 —0)dt

= e —r 2" n )WY 3
D2t sing 1

= S B [ @ (e 0)de

77 -1
= 7712%sin0 - |Py||2y, - Dy, 0> 1 (2.3.31)
Moreover, a similar computation for n = 0 implies that
2Ly = 2 'sin@ [1, Po(x)w(z; 0)dz = 27 sin 6 - | Py 2 (2.3.32)

wdz

since Dyp = 1 and due to the modification required in Lemma 4.7.2 in the
case n = 0.
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We can use the same line of reasoning to construct a solution of the
problem [P2%] treated in Lemma 4.7.5 in the non-critical regime. Namely,
let P7*(z) be the monic orthogonal polynomial of degree n on [—1,1] with

respect to the weight
wh(x) = [1—(sinf-2)2]7Y2, 2e[-1,1], (2.3.33)
and
. 1 -
QF (") == Ly- (e —1)ez™ . 2" P¥(cos L1t).

It is straightforward to check that the formula (4.7.20) gives a solution to the
boundary value problem [P ] note that the product (e — 1)w# (¢;60, % — 0)
is integrable on the unit circle as the first factor kills the singularity of w#
at t = 0. Moreover, the computation (4.7.21) remains valid and reads as

Dpiy = / QF (Mt (10,5 —0)Ndt
_ Lp2m /7r sin(% (n1+1) )Pf( 1) (sin %tfdt
sin 5t w(t; 0,5 —0)
= T # *#
7rsm€/ 2"z ) P7(x)w™ (x)dx

= 7122 (sinf) ! HP#Hw#dx Ln, n>0. (2.3.34)

Recall that Ly = sinf (see Lemma 4.7.2). Taking a product of the recur-
rence relations (4.7.30), (4.7.29) for n = 1,...,m—1, and (4.7.32) for n =
0,...,m, one obtains the identity

_ _ 2
DyprDp = 72122 [T P2y [T 1B 12, (2:3.35)

where the weights w(z;6) and w? (z;6) on [~1,1] are given by (4.7.28) and
(4.7.31).

This is again a classical setup of the orthogonal polynomials theory, note
that if one now passes back to the unit circle than the |t|-type singularity of
the weights appear at the point e’ = 1. One might now use the general results
(summarized, e.g., in [51]) but we prefer to refer to a specific treatment [7].
Applying [7, Theorem 1.7] with parameters a = 0, 8 = i% and k = sin# one
obtains the asymptotics

Dyyy1Dyy ~ W[G(%)]4(1—/£2)_1/4m_1/2 ~ 2235 2mcos )2, m = oo,

where G denotes the Barnes G-function. (Note that [7] also provides sub-
leading terms of this asymptotics.) The proof of (4.7.27) is complete modulo
the fact that D,,41 ~ D,, as m — oo. This statement can be proved by
the arguments given in the next remark (or, alternatively, using probabilistic
estimates). O
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Remark 2.3.5. Due to the famous quadratic identities [111, 121] for the spin-
spin correlations (recall also the definition (4.7.9) of L,,), one can write (4.7.29)
and (4.7.32) as

A - —122n”P HQ— _ Dn+1+C089 . Dn+1 _ Dn+2
no- T n||wdx D = s
n Dpy1—cos6 - Dy
. —lo2nt2 p# |2 _ Dypia _ Dpy1—cosO- Dyyy
Bn+1 = g 2" H-Pn—‘,—l”ﬁ#dm = D +1+cos€~5 " = D, .
n n

In fact, one can also prove these identities by considering the anti-symmetrization
(resp., symmetrization) of the observable X(u,v) on the north-west (resp.,
north-east) corners of the lattice and noticing that, up to a multiplicative

constant, it solves the problem [P25%] (resp., [Py 1]). In particular, we have

Dm+1/Dm = %(Am"’Bm—s—l) = 2(A771£1+B7711)_1

so one can see that Dy, 11 ~ Dy, and find sub-leading corrections to the asymp-
totics of Dy, (and D,,) using the analysis of orthogonal polynomials performed
in [7].

2.4 . Layered model in the zig-zag half-plane

In this section we work with the (half-)infinite volume limit of the Ising model
on the zig-zag half-plane H® (see Fig. 2.4.1 for the notation), which is defined as
a limit of probability measures on an increasing sequence of finite domains exhaus-
ting H®, with ‘“+' boundary conditions at the right-most column Cy and at infinity.
All interaction parameters between the columns C,_; and C, are assumed to be
the same and equal to x;, = exp[—23.J),] = tan %Gp. The goal is to find a represen-
tation for the magnetization M,, at the column Cy,,, see (2.1.1). The uniqueness
of the relevant half-plane fermionic observable is discussed in Section 2.4.1 and
our main result — Theorem 2.1.1 — is proved in Section 2.4.2. In Section 2.4.3 we
use Theorem 2.1.1 to discuss the wetting phase transition [73, 146] caused by a
boundary magnetic field. In this case the Jacobi matrix J can be explicitly diagona-
lized and the final answer can be written in terms of the so-called Toeplitz+Hankel
determinants.

2.4.1 . Half-plane fermionic observable

Let v = (—2m—3,0). Below we work with the fermionic observable X, defined
by (2.2.10) ; comparing with Section 2.3 one can think about the spin oy := ooyt
as being attached to the vertical boundary. We are mostly interested in the values
of X[y] at west corners (see Fig. 2.4.1)

H(—k,s) = \D[V]((—k,s)) = X[v]((—k,8)>, ke€Ng, seZ, k+s¢&2Z,
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note the convention on 7. chosen in (2.2.9). By definition, one has
H(-2m-1,0) = E, [0 —am-10)] = Mm. (2.4.1)
We also need the values of X[, at east corners:
H(—k,s) = VY ((=k,s)) = Xy ((—k,s)), kEN, s€Z k+se2Z

It is convenient to set p := 0 and H°(0,s) := 0 for all s € 2Z.

The infinite-volume observable X|,; is defined as a (subsequential) limit of the
same observables constructed in finite regions. Subsequential limits exist due to
the uniform bound (4.7.1) while the uniqueness of X|,; is given by Lemma 2.4.1.
The discrete Cauchy—-Riemann identities (2.2.13) can be written as

H(—k—1,s+1)sinf41 — H(—k,s) cos by,
= +i-[H°(—k,st1)sinby — H°(—k—1,s)cosOxt1], k>1, k+s ¢ 2Z.
(2.4.2)

Near the vertical boundary, these equations should be modified as follows:
H(-1,s+1)sin0; — H(0,s) = Fi-H°(—1,s)cosb;, s¢2Z. (2.4.3)

Indeed, X[v]((—%,s +3) = Xv](0,5)) = H(0,5s) and hence (2.4.3) are nothing
but the three-term identities (2.2.12).

Lemma 2.4.1. The spinors H, H® defined in H® and branching over v are uni-
quely determined by the following conditions: uniform boundedness, Cauchy-
Riemann identities (2.4.2), boundary relations (2.4.3), and the value (2.4.1)
of H near v.

Proof. Taking the difference of two solutions, assume that H, H® are uniformly
bounded, satisfy (2.4.2), (2.4.3) and that H(—2m — 1,0) = 0. Recall that
Proposition 2.2.3 gives the harmonicity-type identity

H(—k,s) = $sinfqcosty - [H(—k—1,s+1)+ H(—k—1,5—1)]
+ Zsinfpcosby_y - [H(—k+1,s+1) + H(—k+1,s—1)] (2.4.4)

at all west corners ¢ = (—k:+%, s) with k > 2 except in the case k = —2m—1,
s =0 (i.e., at the west corner located near the branching v). Moreover, due
to the boundary relations (2.4.3), exactly the same identity holds for k = 0,1
(recall that we formally set 6y := 0). In its turn, the function H° satisfies the
identities

H°(—k,s) = ZcosOpyisinby - [H°(—k—1,s+1) + H°(—k—1,5—1)]
+ ScosOysinby_y - [H°(—k+1,s+1) + H°(—k+1,5—1)] (2.4.5)
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CZerS CQm+2 CZerl CQm e CZ Cl C0

FIGURE 2.4.1 — The zig-zag layered model in the left half-plane H®. All
the interaction parameters between two adjacent columns are assumed to
be the same. The ‘4’ boundary conditions are imposed at the column Ci,.
To analyze the ratio M,,1/M,, we consider the Kadanoff-Ceva fermionic
observable branching at v=(—2m — 2,0).

in?0yosin?0; 1 sin%6, - sin®fs sin26, sin®6;
60829k+1 cos?0), cos?0_q cos?fy cos?f, 1
00829k+2(30826k+1 cos?0;, ... cos203 cos20y cos?6; 1

AN A NN /\/\/_\@O

LCr1 < Cp 4Cr1q -+ K Cy 4@4 Co

(
(
(
(

sin?0r1 sin?6y, sin?f,_1 " sin26y  sin%6;

FIGURE 2.4.2 — For appropriately chosen prefactors g and oy, the identi-
ties (2.4.4), (2.4.5) (coming from Proposition 2.2.3) can be written as the
discrete harmonicity property of functions gpH(—k, s) and o H°(—k, s)
with respect to random walks having the indicated transition probabi-
lities in the horizontal direction (and % in the vertical one). The first
random walk (on ) is reflected from the imaginary axis while the second
(on <) is absorbed there.

99



at all east corners d = (—k + %, s), including the one located near the bran-
ching v (in the latter case the proof of Proposition 2.2.3 works verbatim due
to the fact that H(—2m—1,0) = 0). Both (2.4.4) and (2.4.5) can be rewritten
as true discrete harmonicity properties if one passes from H and H° to the
functions

H(=k,s) :=ox- H(=k,s),  H°:=g} H°(=k,s),
O = H?:l (sin Hj/COS 93'71), QZ = H§:2(COS gj /Sin 9].*1)’

recall that we set H°(0,s) = H°(0, s) := 0 on the vertical axes.
Let Z, = (K, Sy) (resp., Z; = (K;,Sy)) be the nearest- neighbor random

walk on west (resp., east) corners, with jump probabilities ( for the pro-

=
cess Sy, and (cos? 6y, sin? 0) for the process K,, (resp., (sin? «92, c2os.2 0r) for the
process K,), see Fig. 2.4.2. Note that the walk Z,, on west corners is reflected
from the vertical axes while the walk Z; on east corners is absorbed there.

It follows from (2.4.4) that the stochastic process H(Z,) is a martingale,

when equipped with the canonical filtration, until the first time when Z,, hits
the west corner (—2m—1, 0) located near the branching, recall that H (=2m —1,0) = 0.
Similarly, (2.4.5) implies that the process H °(Zy) is a martingale until the
first time when Z; hits the imaginary axis, recall that H° = 0 there. As
we show below, depending on the behavior of g, and gk as k — oo, the
optional stopping theorem allows to conclude that either H or H° vanishes
identically. Once the identity H=0 (resp., He = ) is proven, the equa-
tions (2.4.2), (2.4.3) and the fact that H® vanishes on the imaginary axis (resp.,
H vanishes at the point (—2m — 1,0)) imply that H° = 0 (resp., H = 0) too.
Recall that the functions H and H° are uniformly bounded and note that
0k0% = (cos01) " Lsin Oy, cos O = O(1) as k — oo. It follows from the maximum
principle that

— the function H is uniformly bounded unless o — 0o as k — o0
— the function H° is uniformly bounded unless o7 — oo as k — 0.
We have three cases to consider separately.

— Let liminf;_ o o = 0, in particular this implies that H is uniformly
bounded. The optional stopping theorem applied to the martingale H (Zn)
and the fact that a one-dimensional random walk on —Ng reflected at 0
almost surely takes arbitrary large (negative) values imply that H = 0.

— Let liminfy , 05 = 0. A similar argument applied to the martin-
gale H°(Z;) (recall that H° vanishes on the imaginary axis) shows
that H° = 0.

— Let both sequences o and 0y, be uniformly bounded from below as k — 0.
Since g0y, = (cos 61)~! sin 0 cos 0y, these sequences are also uniformly
bounded from above and the parameters 6y, k > 1, stay away from 0. In
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this case it is easy to see that the process K, hits 0 almost surely (i.e.,
that the random walk Z; hits the imaginary axis almost surely). Indeed,
the probability pj, to hit 0 starting from —Fk satisfies the recurrence

PR — Prs = cot? O - (Df_y — PR) = ... = 0f 71 sin® Oy - (1 — p9),

which is only possible if p§ = 1 since the factors gpi1/sinfgq are
uniformly bounded. We conclude as before by applying the optional
stopping theorem to the uniformly bounded martingale H(Z}).

The proof is complete. O

2.4.2 . Magnetization M,, in the (2m)-th column

Similarly to Section 4.7.2, below we rely upon the uniqueness Lemma 2.4.1
and aim to construct the values of X, on west and east corners (i.e., the pair of
spinors H, H°) as explicitly as possible. Note that we have

H(—2p—1,0)=0 for p>m+1, H°(—2p,0) = 0 for p<m. (2.4.6)

since the spinors defined (on the double cover branching over v) by the symmetry
Hy(—k,—s) := H(—k,s), HY(=k,—s) := —H°(—k, s) also satisfy the Cauchy-
Riemann equations (2.4.2), (2.4.3) and thus must coincide with H, H°.

Given s > 0, let Hg denote the semi-infinite vector of the (real) values H(—k, s),
k € Ng, where we assign zero values to the indices s such that s + k € 2Z. Si-
milarly, let H be the vector of the (purely imaginary) values H°(—k,s), k € N,
where we assign zero values to the indices s such that s + k ¢ 2Z. We can write
the harmonicity-type equations (2.4.4) and (2.4.5) as

Hy = 3O[Hs1+ Hoy],  HJ = 5C°[H_ |+ HJ],  s>1, (247)

where the self-adjoint operators C' and C° are given by

0 sin 64 0 0
sin 64 0 sin 05 cos 01 0
C = 0 sin 65 cos 64 0 sinfzcosfy ... |,

0 0 sin A3 cos 0 0

I 0 cos B9 sin 64 0 0

cos 5 sin 64 0 cos f3 sin 65 0

C° = 0 cos 03 sin O 0 cos 04 sin 03
0 0 cos 04 sin O3 0

Let T'(A\) := A~1- (1 — v/1—)2). Similarly to Section 4.7.2, in order to satisfy
the recurrences (2.4.7) we intend to write

Hy, = [T(C)]°Hy, H® = [T(C)°H,  s>1. (2.4.8)

s
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We now introduce an operator D, which plays the key role in the rest of the

analysis:
cos 01 0 0 0
0 cos 01 cos 05 0 0
D = i| —sin#;sinbs 0 cos 65 cos 053 0
0 — sin f5 sin 63 0 cos 63 cos 8,

A straightforward computation gives
CD=DC°, DD*=I-C? and D*D=1-(C°)% (2.4.9)

In particular, this implies that —1 < C,C° < I. Therefore, the operators T'(C)
and T'(C°) in (2.4.8) are well-defined and the vectors Hy and H_ defined by (2.4.8)
are uniformly bounded as s — oo. Still, we need to find the vectors Hy and H{
so that not only the harmonicity-type identities (2.4.7) for H and H° but also the
Cauchy-Riemann equations (2.4.2), (2.4.3) relating Hs and HY are satisfied.

Note that Ker D = {0} while the kernel of D* might be two-dimensional.
Let D* = U(DD*)'/? be the polar decomposition of D*, where

U := (D*D)"'2D* = D*(DD*)~'/? (2.4.10)

is a (partial) isometry. We are now able to formulate the key proposition on the
construction of solutions to (2.4.2), (2.4.3) in the upper quadrant.

Proposition 2.4.2. Given Hy € (2, let Hy := UHy. Then, Hy := [T(C)]*Ho
and H? := [T(C°)*H§ are uniformly bounded in ¢* and provide a solution to
the Cauchy—Riemann equations (2.4.2), (2.4.3) in the upper quadrant.

Proof. Since —1 < C,C° < I, we have 0 < T'(C),T(C°) < I. Therefore, Hy
and H? are uniformly bounded in 2. Moreover, (2.4.9) and (2.4.10) imply
that UC = C°U and hence H{ = [T(C°)|°*UHy = U[T(C)|*Hy = UH; for
all s > 0. This allows one to write

CHypy—H, = —(I-C*»Y?H, = —DUH, = —DH?, (2.4.11)
Hgpy —CHy = —(I—CHY?Hyy = —DHZ,, . (2.4.12)

It is not hard to see that these equations are equivalent to the Cauchy—
Riemann identities (2.4.2), (2.4.3). Indeed, the first entry of the vector-valued
equation (2.4.11) or (2.4.12) (depending on the parity of s) gives the rela-
tion (2.4.3) while the first entry of the other equation gives a linear combi-
nation of (2.4.3) and (2.4.2) with k& = 1. Further, each of the next entries
of (2.4.11) and (2.4.12) gives a linear combination of two identities (2.4.2)
with two consecutive k’s. Therefore, for each s > 0 one can inductively (in k)
recover all the identities (2.4.3), (2.4.2) from (2.4.11) and (2.4.12). O
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Clearly, the operators D and U can be split into independent components
indexed by odd/even indices, only one of which is relevant for the value of the
magnetization M, in the even columns C,,,, the other component is responsible
for the magnetization in odd columns. In particular, the relevant block Deyen of
the operator D is given by (2.1.2).

Remark 2.4.1. In view of the result provided by Proposition 2.4.2, the (par-
tial) isometry Ueyen can be thought of as a discrete Hilbert transform associated
with the Cauchy—Riemann equations (2.4.2), (2.4.3) in the upper quadrant: gi-
ven the values Hy of the real part of a ‘discrete holomorphic’ function (H, H®)
on the real line, it returns the boundary values Hy = UeyenHp of its imaginary
part.

We are now able to prove the main result of this section.

Proof of Theorem 2.1.1. Let H and H® be the values of the half-plane obser-
vable X[, on west and east corners, respectively. Since Hy is a finite vector
(see (2.4.6)), it belongs to ¢2. Therefore, Lemma 2.4.1 and Proposition 2.4.2
imply that

Deven HS = DevenUevenHo = JY2[% ... % M, 00 ...]7,

where we use the symbol * to denote unknown entries of the vector DeyenHo
and M, is its (m + 1)-th coordinate. On the other hand, note that

—iH®(=2m —2,0) = Xy)((—2m — 2,0)) = —Efio[0_,,,,_3] = M.

By definition of the operator D and due to (2.4.6) one sees that
Devean = COS 92m+1 COS 92m+2 . [O ... 0 Mm+1 * ok L. .]T.

Recall that we denote by P,,.; the orthogonal projection from ¢? onto the

subspace generated by the first basis vectors ey, ..., ey,41 of £2. It follows from

the considerations given above that

Pri1J VPt s =1[% ... x 11T = Bn-[0 ... 01]" = Bmemst

Bm = €08 0211 €08 Omt2 - M1/ My, ,

for a certain vector fy,+1 = Pyt1fm+1 such that (fi+1,em+1) = 1. In particu-

lar, if we denote by €], €, . . . the orthogonalization of the vectors ey, ea, . .. with
respect to the scalar product (-, J'/2.), then (€rsts Jl/Qe’mH> = (ems1, IV frnp1) =
Bm and hence

m 2m+2
deth+1J1/2Pm+1 = det[(e;,Jl/Qe;)]Z?;:ll = Hﬁk = Mpy1- H cos O, ,
k=0 k=1
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where we also used the fact that My = 1; note that this computations does

not require any modification in the case m = 0 (when dealing with the ma-

gnetization in even columns). This gives the second formula for M, in (2.1.5).
To prove that M, also equals to | det P, Ueyen Prn|, note that

(D D? )1/2 = DevenUeven and Py Deven = PriDevenPn s

even even
which implies

det Py (D oo D von) /2P = | det PoyUevenPra| - | det Py Deven P
= | det PpUeven Pl - Hi’znl cos 0.

Finally, to prove the last identity in (2.1.5), note that

det| <J1/2fpa fq) mqﬂ

det P, J'/2P,, =
" " det[{fp, fq) ]Z,qul
for all bases fi,..., fm of the m-dimensional space RanFP,,. Choosing the ba-
sis 1, A, ..., A™ 1 in the spectral representation of the operator .J in the space

L?(v;(d)\)) one obtains the identity

Hm[)‘l/QVJ]
Hm[VJ]

Hy, [Avy]

det P, J'/? P, =
Hm[VJ]

and, similarly, detP,JP, =

As det P, JP,, = [det Py, DY on Pr]? = T2, cos 0;]?, this completes the proof.

even— M
O

2.4.3 . Boundary magpnetic field and the wetting phase transition

In this section we assume that 6, = 0 < 1 for all K > 2, i.e., that we work with
a fully homogeneous subcritical model but we allow the first interaction constant to
have a different value. This can be trivially reformulated as inducing an additional
magnetic field at the first column whose strength h = 2J; corresponds to 6
via (3.2.3). The main result is the following theorem which translates the abstract
formula (2.1.5) into the concrete language of Toeplitz+Hankel determinants. Let

cos? 6,

=tanf <1, =1 e (—¢%1),
q == tan r o2y € 1)

(rz = ¢*)(¢°z — 1)
(2= (?z—r)

w(z) = |1 — ¢z, £(z) = (2.4.13)

Note that £(2)é(271) = 1.
Theorem 2.4.2. In the setup described above, the following formula holds:

M, = (1—7r)"%?det [h—n — Bron + (1 — r)3/2’yk+n}k7;:10 . (2.4.14)
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where
1

Qg i = —
2T

™ ) . 1 ™ ; . .
/ efzse,w(ez@)de7 Bs 1= 27/ 671396(629)1”(610)619’
r P —

and 75 == c- (¢2/r)%, ¢ = (r> — ¢*)r=32(r — ¢")7V/2 if r > ¢% and v, := 0
otherwise.

Proof. Denote a := sin?0cos? = (¢ + ¢~')72. The entries of the Jacobi
matrix J (see (2.1.4)) are given by

by =(1—-7)¢ 2a, alz(l—r)1/2a; bp=1—2a, ap=a, k>2.

Let o :== (1 — T(Sk,())l/Q, where dj ¢ is the Kronecker delta. The continuous
spectrum of J has multiplicity 1 and equals to [1—4a,1]. The generalized
eigenfunctions are

r(Q) =0, - [¢F—E(OCTM, MO ==1—a-(24¢+C¢TY), ¢=€", 6e0,q].

The coefficient £(¢) should satisfy the condition (by — A(¢))%o(¢) = a111(¢)
which leads to the formula (2.4.13). The matrix J also has the eigenvalue
(L—7r)(r—q")

r(1+¢?)?
since £(Co) = 0. Note that

&) = € (0,1 —4a) if ¢:=¢*/r<1

1
21

OkOn Aﬂwn(eie)wk(eie)dg —

k—n —1\ rk+n %
e fo 1 e

¢
= (1= 70kyn0) Ok — coCh™ L,

where cg = 0 if 7 < ¢? and

co = Tes g(z_l) — (1 —r)(r?—q*)

if r>q2.
z=Co 7"2(7‘—(_[4) n !

Thus, the spectral decomposition of the basis vector e,, = (dkn)r>0 reads as

1

Ok = 27T/OTrwn(e_w)l/%(ew)dé? + 0, ol - (o)

Since A(e?) = (14 ¢)~2(w(e™))?, this gives the identity

n [T — 0 w(e?)do .
ongnlen J2e) = %2 [Ty (e 29>¢k<e29>f+;2 + el (MG

= 0OkOn - [(1 + q2)_1(06k7n _ Bk+n) 4 CO()\<CO)>1/2C(I)c+n_1] .

It remains to note that the normalizing factor [[[3%; cos @]~ " in (2.1.5)
equals to (1 —7)~Y2. (1 + ¢*)* and hence (note also the two factors gy =
(1 —r)~Y2 in the first row and the first column of the matrix J'/2)

My = (1= 7)"2det [agon + Brin + (1= )2 irn1]m L
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where

(14 ¢?)eo(M(¢o)) 2 r? — ¢

g2(1 — )3/ T p2(r — gh)1/2

as claimed. O

Remark 2.4.3 (free boundary conditions). One can pass to the limit » — 1~
(which corresponds to J; — 01) in the formula (2.4.14) since a5 = a_s =
Bs+O(1 —7r)and ap = By + O((1 — r)?) as r — 17. (It is also not hard to
adapt the proofs of Theorems 2.1.1 and 2.4.2 for this setup.) In particular, one
can easily see that

E:éo[a(_g,m] = (1-¢"H'"? r=1,

where the sign ‘4’ in the supersciript indicates the boundary conditions at
infinity and 0 stands for the value of the magnetic field h at the vertical
boundary (free boundary conditions). Note that M; does not vanish at h = 0
provided that ¢ < 1: the ‘+’ boundary conditions at infinity break the spin-flip
symmetry.

Remark 2.4.4 (wetting phase transition). In fact, one can analytically conti-
nue the right-hand side of (2.4.14) to negative values of (1 —7)'/2. According
to [73, |, this corresponds to a wetting phase transition. Informally spea-
king, for small negative values —h of the boundary magnetic field, the interface
separating ‘+’ boundary conditions at infinity from ‘—’ ones on the imaginary
line iR touches the boundary infinitely often and the ‘+’ phase dominates
in the bulk of the half-plane, while for big negative values —h this interface
‘breaks away’ from <R and the ‘—’ phase dominates in the bulk. For instance,
one should have

—h h
B o) = —1=r(a0—Fo) +70 = 290 —E'o(_5 )

provided that h is small enough. Due to Theorem 2.4.2, the mismatch 2~q
disappears (which means that the boundary conditions at the vertical line
dominate those at infinity) if h > heit(q), where the critical value heig(q) is
specified by the condition r = ¢2.

We refer the interested reader to [73, | and [123, Chapter XIII] for a
discussion of this regime of the Ising model. (Note that the interpretation of
the physics behind this effect given in the book [123] differs from the later
work [73, 1416].) In particular, [123, Fig. 13.7] suggests that

lim B [0 gm_10) = (1—¢")"® forall h< hei(q)

m—00 PR

while, for all m € Ng,

,—h h .
Ef [0 o) = —Ef [0 om-10)] 1 B2 heit(q)

—2m—3,
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since 7s = 0 in the latter case. This means that the sign of the bulk ma-
gnetization should flip when the negative boundary magnetic field attains the
value —heit(q). It would be interesting to derive this fact as well as to un-
derstand the profile of the function M,,(h) in detail using Toeplitz+Hankel
determinants (2.4.14).

2.5 . Geometric interpretation: isoradial graphs and s-embeddings

2.5.1 . Regular homogeneous grids and isoradial graphs

In this section we briefly discuss the geometric interpretation of the parameters
exp[—26J"] = 2" = tan %Qh, exp[—28J"] = 2V = tan36" (2.5.1)

of the homogeneous Ising model on the square grid by putting it into a more general
context of Z-invariant Ising models on isoradial graphs. We refer the reader inter-
ested in historical remarks on Z-invariance to the classical paper [13] due to Baxter
and Enting, a standard source for the detailed treatment is [12, Sections 6 and 7].
We also refer the interested reader to the paper [6] and references therein, where
the Z-invariance was first (to the best of our knowledge) discussed in a geometric
context, as well as to the more recent work [129] due to Mercat. The latter paper
popularized statistical mechanics models on rhombic lattices G* U G° in the pro-
babilistic community ; the name isoradial graphs for the corresponding embeddings
of the graph G* itself was coined by Kenyon in [99] shortly afterwards. Below we
adopt the notation from the recent paper [28] on this subject due to Boutillier,
de Tiliere, and Raschel and refer the interested reader to that paper for more re-
ferences. The key idea of this geometric interpretation is that the combinatorial
star-triangle transforms of the Ising model (which are known as the Yang—Baxter
equation in the transfer matrices context) become local rearrangements of G*UG®,
e.g. see [28, Fig. 5].
In the notation of [28], one searches for a re-parametrization

Cn(%g\k) h

V=x0|k) = —T7—+——,
v =e(0]k) 1+sn(2£0 | k)

=z(5 —0|k), (2.5.2)
where cn and sn are the Jacobi elliptic functions, 6 € (0, %), k? € (—o0,1), and
K = K (k) is the complete elliptic integral of the first kind, see [28, Section 2.2.2].
Once such a parametrization is found, it becomes useful to replace the square grid
by a rectangular one, with horizontal mesh steps 2 cos# and vertical steps 2sin 6,
as the Ising model under consideration fits the framework of [25], with 6 and T —6
being the half-angles of the rhombic lattice; note that in [28] the Ising spins are
assigned to vertices of an isoradial graph while in our paper they live on faces.
It is easy to see that the equations (2.5.1), (2.5.2) can be written as

tan 0" = sc(20 | k), tan 0¥ = sc(K — 250 | k).
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In particular, the parametrization (2.5.2) is always possible and

tan 6" tan 0¥ = (1 — k2)1/2.

Furthermore, the criticality condition " 4+ 6V = %w is equivalent to k2 = 0, and

M@O,0Y) = (1— (tanfPtan6¥)HV® = kY4 if K2 €[0,1), (2.5.3)

a classical result of Baxter (see [12, Eq. (7.10.50)]). Moreover, the Z-invariance
allows one to treat the homogeneous Ising model on the triangular/honeycomb
lattices on the same foot with the model on the square grid, see [13, Fig. 2]: one
has

Mtri(etri) - Mhex(ehex> = k1/4 if Ttri = .’I}(% ’ k)7 Thex = x(% ‘ k), k Z 0,

where we assume that the Ising model is considered on faces of the grid and use
the same parametrization (3.2.3) of interaction constants as usual in our paper.

The importance of the particular way to draw the lattice becomes fully trans-
parent at criticality, when § = 0" = Z — ¢V (Due to Z-invariance, this condition
reads as O = § or Opex = 7§ for the homogeneous model on faces of the triangular
or honeycomb lattices.) Indeed, under the isoradial embedding, the multiplicative
factor in the asymptotics

Dy ~ C2.(2mcos®)™"* as m — oo

provided by Theorem 4.7.9 has a clear interpretation: 2m cos @ is nothing but the
geometric distance between the two spins (located at m lattice steps from each
other) under consideration.

Remark 2.5.1. Baxter’s formula (2.5.3) suggests that the spontaneous ma-
gnetization under criticality equals to ki for the whole family of Ising models
considered in [28] and not only on regular grids. Moreover, in the critical
case k = 0 the asymptotics E[o,0,] ~ C2 - |u —w|~Y/* as |u — w| — co holds
on all isoradial graphs, with the universal multiplicative constant C2 ; see [42]
for further details.

2.5.2 . S-embeddings of the layered zig-zag half-plane in the per-
iodic case
We now move on from classical rhombic lattices to more general and flexible
setup of s-embeddings suggested in [34] (see also [33] and [103, Section 7] for more
details) as a tool to study critical Ising models on planar graphs. We start with
discussing a geometric intuition behind the layered setup with periodic interaction
constants 0, = 0.9, and conclude by formulating questions on the asymptotic
behavior of the truncated determinants (2.1.5) as m — oo in this setup.
The next lemma is a simple corollary of a general result given in [52] on the
criticality condition for the Ising model on a bi-periodic planar graph.
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Lemma 2.5.1. Let 0, = Oy49, for all k > 1 and some n > 1. The layered
Ising model in the zig-zag (half-)plane with the interaction constants xy =
tan 30 between the (k—1)-th and k-th columns is critical (see [52] for a precise
definition) if and only if the following condition holds:

[12%, tanf, = 1. (2.5.4)
Proof. According to [52, Theorem 1.1], the criticality condition reads as

>opego(g) T(P) = Ypegg) T(P),

where G denotes the fundamental domain of the grid drawn on the torus, £ (G)
is the set of even subgraphs of G having the homology type (0,0) modulo 2,
and & (G) is the set of all other even subgraphs of G (i.e., those having the
types (0,1), (1,0) or (1,1) modulo 2). In our setup, the fundamental domain
consists of 2n vertices and one easily sees that each even subgraph P of G
either contains 0 or 2 edges linking the k-th and the (k + 1)-th vertices, for

all Kk = 1,...,2n, or contains exactly one of the two edges between these
vertices, for all k =1, ..., 2n. Therefore,

Y peo(g) T(P) = Xpegygy ©(P) = TIiki(1 —af) — TIi% (221).
Since tan 0y, = 2x;/(1 — 2%), the claim easily follows. O

Recall that the same condition (2.5.4) describes the fact that the spectrum of
the non-negative Jacobi matrix J begins at 0. In this case, it is easy to see that the
unique (up to a multiplicative constant) periodic solution to the equation J¢° =0
(in other words, a generalized eigenfunction corresponding to A = 0) is given by

Up = (sinfy-1)"t 1257 cot,, k>1. (2.5.5)

Our next goal is to construct a canonical s-embedding S of the bi-periodic
critical planar Ising model under consideration; see [33, Lemma 2.3] and [103,
Lemma 13] for details. For k € Ng and s € Z, let

S((_k_%vs)):(_tzas) if k+8¢227
S((—k—3,5) = (—tg,s) if k+se2Z,
where t§ <t} <t5 <t§ <...and t§ <1 <15 <t3 < ...;see Fig. 2.5.1. Since

the quadrilaterals with vertices (—t7,5), (—t3,s+ 1), (=t 1,8+ 1), (=t 1,5)
should be tangential, we have

[tan g1 + tan py],
[cot pr41 + cot ],

i — k=

1 . 1
o e — where ¢y, := sarccot(ty —t3) € (0, 37).
k+1 Uk

1
2
1
2

Moreover, the formula [34, Eq. (6.3)] for the value of the Ising interaction parameter
gives the recurrence relation

tan g1 = tan? 011 - tan gy, , k € Np. (2.5.6)
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FIGURE 2.5.1 — Canonical s-embedding of a periodic critical layered Ising
model, see [34, 33]. The slopes ¢ are uniquely determined by the re-
currence (2.5.6) and by the condition (2.5.7) coming from the required
periodicity of the function Q in the horizontal direction.

Finally, the condition that the 'origami map’ function Q associated to S (or, equi-
valently, the function Ls in the notation of [34, Section 6]) is periodic in the
horizontal direction reads as

22161 tan g = Ziﬁgl cot @y, . (2.5.7)

It is easy to see that (2.5.6) and (2.5.7) define the angles ¢ uniquely and that
the width of the horizontal period

Bs = oo —1} = fes—th kN,
of thus constructed s-embedding S of the zig-zag half-plane H® equals to

_ _ 1/2
Bs = l[Zi tan oy + Zk 0 Leot o] = [Zinol tan oy, - Ziiol cot ¢y, | /

=[SO IEL tan26, - 2O TR cot? 6, ],

A straightforward computation based upon (2.5.5) shows that this expression coin-
cides with the formula (2.1.6) for the coefficient C; in the asymptotics of the
integrated density of states of the matrix J at 0. (For completeness of the presen-

tation, we also discuss the proof of (2.1.6) in Section 2.5.3 below.) More precisely,
one has

Skt (UR)? = Yoy [(sinap—1)” H% % cot? 0,] = Z 1cot2 0y,
Sk (arhpi )™t = iy [(cos far)” H%lltan p] = il Hk:1 tan’ 6, ,
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and therefore

nBs = [n S ()? - Sioaegui) ] = 0 (258)

We conclude this section by coming back to the discussion of the link between
the spectral properties of the matrix J and the asymptotic behavior of the magne-
tization M,, as m — oo. Contrary to the classical isoradial setup, in the periodic

—1/8 uniformly

layered case we do not expect a regular behavior M,, ~ const - m
over all m. Instead, one should expect an oscillating prefactor A, depending on

the ‘type’ of the column under consideration:
Mymyq ~ Ap- 2V/8C,(Bsm)™Y8 for 1<g<n and m — oo,

where the main factor 21/8C,(Bsm)~1/® is universal and accounts the geometry
of the s-embedding, cf. (2.5.8) and the asymptotics (A.9) in the homogeneous
case. Note that such oscillating behavior of (2.1.5) is fully consistent with the fact
that Supp v; has n bands in the periodic setup instead of a single segment in the
homogeneous case. From our perspective, it would be interesting

— to justify the oscillatory behavior described above and, especially, to find
spectral and geometric interpretations of the coefficients A, ;

— to find a natural definition of the average magnetization over the period
My = My (Mpm1s - - -, My (1)) such that

M, ~ 2Y8¢,(Bsm)™"® as m — oo

(in other words, to find a natural average that makes 1 out of Ay,..., A,).

2.5.3 . Proof of the formula (2.1.6)

For convenience of the readers with a "probabilistic’ background we now sketch
a computation of the integrated density of states of a periodic Jacobi matrix (2.1.4)
at the bottom edge of its spectrum, which is assumed to be A = 0; see (2.1.6)
and (2.5.8). Though this result seems to be quite standard, we were unable to find
an explicit reference in the literature ; we thank Leonid Parnovski for indicating a
convenient way of doing the required computation presented below.

Recall that we assume that 6.5, = ) for all kK > 1 and that Hi’;l tan @, =
1. Let J1Z denote the doubly-infinite periodic Jacobi matrix whose entries —aj,
and b, k € Z, are given by (2.1.4). A straigtforward computation shows that the
n-periodic vector

2q . 0
WO = (o 0 S )T W0, = [ ity

iy cos 0y,

solves the equation JZl4° = 0; let us normalize 1° so that Z;‘:l(aq@/}g@/}gﬂ)*l =
1.
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Denote by JIN" the Jacobi matrix of size Nn x Nn with the same entries
—ay, by, and with periodic boundary conditions (i.e., we set Jl[]\]% = JJ[\],\;"% =
—ay); note that the choice of boundary conditions (being a rank two perturba-
tion) is irrelevant when computing the number of eigenvalues of the truncation
PnpnJ Py, in a small window near A =0 as N — oo.

The matrix JIV™ admits a factorization similar to that in the definition of the
original matrix .J (see (2.1.4)); in particular, JIN™ > 0. Clearly, JIV™y° = 0 and
(small) eigenvalues of JIV™ correspond to quasi-periodic eigenvectors 1, = e},
where t N € 27Z. Let us now introduce an auxiliary function

9s(t) == explit 51 (agghy 1) '] (2.5.9)

and denote
JINAL() = (GINTI ()1 g NPl GINT (1)
where G[N”](t) = diag{gs(t) }s=1,...Nn-

Due to the choice of the multiplicative normalization of the vector 1° made above,
we have goi1n = e'lg,. Therefore, studying eigenvalues of the matrix JIN cor-

(2.5.10)

responding to quasi-periodic (i.e., Y51, = €e'1)s) eigenvectors is equivalent to
studying eigenvalues of the family of self-adjoint matrices JIV™ () corresponding
to periodic (i.e., ¥s+n = 1)s) eigenvectors, which are nothing but the eigenvalues
of the n x n matrices J[(t) with tN € 27Z.

The question is now reduced to the standard setup of the perturbation theory
of (simple) lowest eigenvalues of matrices J™(t) as t — 0. It is well known
that both these eigenvalues A(t) — 0 and the corresponding, properly normalized,
eigenvectors ¢ (t) — 1¢° admit asymptotic expansions

At) = XD A2 4
w(t) = o+ W+ 4

as t — 0,

where ((1;4°) = 0 and (y2);9°) = —L(ypM); (). Moreover, it is easy to see
from (2.5.10) that JIM(t) = Jinl 4 J[”] <1>t + J["H 42 + ... as t — 0, where
JM) and J2) are two-diagonal matrices with entries

nl,(1 n nl, nl,(2

IR ==t =i g™ IR = Il = et i)
In particular, we have J"(1y° = (; note that this is exactly where a special choice
of the function (2.5.9) plays a very important role by simplifying the computations.

Considering the linear (in t) terms in the identity JI™ (t)h(t) = A(t)t(t), we
see that JIMy() = AX(Wyp° which yields A1) = 0 and () = 0 since ((V;1°) = 0
and ¥° is an eigenvector of JI" corresponding to the simple eigenvalue \° = 0.
Therefore, expanding the same identity up to the second order in ¢ we obtain the
equation

Jry@ gl @y = \@ye,
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Since (JMyp2) o) = (42, Jye) = 0, this allows us to compute the required
coefficient
\@ _ (J: @y, yo) _ =1 (agggi) !
(e, 9°) a=1(19)?
n n -1
= [ Y| = mon

q=1 q=1

where in the third equality we used the prescribed multiplicative normalization of
the vector ¢°; note that the final expression for C; is invariant with respect to
the choice of this normalization.

Therefore, we arrive at the asymptotics A(t) = (nCy) 2t2 + ... as t — 0,
which means that, for small enough Ao and N — oo, the Nn x Nn periodic
Jacobi matrix JIV" has approximately NnCy - 7= /Ay eigenvalues At) < Ao
with tN € 27Z. In other words, the integrated density of states of J behaves like

Cy -7~ 1/ X as A — 0, where the constant C is given by (2.1.6).

A . Appendix. Critical Ising model 6" = " = %+ diagonal corre-
lations
and the half-plane magnetization via Legendre polynomials

In this appendix we work with the fully homogeneous critical (i.e., " =6v=1)
Ising model on the %-rotated square grid of mesh size v/2. (Note that this setup
is actually more similar to Section 2.4 rather than to Section 2.3.) We begin with
a discussion of the famous result of Wu (see Theorem A.2 below) that provides
an explicit expression of the diagonal spin-spin correlations in terms of factorials.
Using the same approach as in the core part of our paper, we give a short proof of
this theorem by reducing the computation to the norms of the classical Legendre
polynomials. (As communicated to the authors by J.H.H. Perk, a similar link with
Legendre functions and Wronskian identities was the starting point of their joint
with H. Au-Yang treatment [143] of the two-point correlations at criticality via
quadratic identities from [141]; see also Remark 2.3.5.) After this, we move to the
magnetization M, in the (2m)-th column of the zig-zag half-plane H® and note
that it admits a similar explicit representation via factorials (see Theorem A.3) due
to a simple Schwarz reflection argument, an identity which appears to be new.

Remark A.1. The interested reader is also referred to [32, Section 3] where
the non-critical case § = 6" = §V < iﬂ' is handled in the same way, via the
OPUC polynomials corresponding to the weight w,(t) = |1 — ¢?e%| with ¢ :=
tanf < 1. It would be interesting to understand the precise link between
asymptotics of these orthogonal polynomials obtained by Basor, Chen and
Haq in [7] and asymptotics of the diagonal Ising correlations obtained by Perk

and Au-Yang in [144].
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Let n € Ng and assume that the 7-rotated square grid is shifted so that its
vertices (resp., centers of faces) form the lattice (—n—2+k, s) (resp., (n+1+k, s))

with k,s € Z and k+ s € 2Z. Let

Dy, = E[O—(—n—l—%,O)U(n—I—%,O)]

be the (infinite-volume limit of the) diagonal spin-spin correlation at distance of n
diagonal steps. Denote v := (—n — 3,0), u:= (n+ 3,0) and let

V(k,s) == Xul(k,s)), k,s€Z, k+s+n € 2Z,

recall that V' is a spinor on the double covers branching over v and u. It follows
from Proposition 2.2.2 (or, equivalently, Proposition 2.2.3) that V satisfies the
standard discrete harmonicity condition [AV](k,s) = 0 for all k, s except at the
points (£mn,0) near the branchings, where

[AV](k,s) = —V(k,s)
+ HV(k—1,s—1) + V(k+1,s—1) + V(k—1,s+1) + V(k+1,s+1)].

It directly follows from the definition of the observable X[, ., and the self-duality
of the critical model that

V(—n,0) = V(n,0) = D,. (A1)

Moreover, a straightforward computation similar to the proof of Proposition 2.2.2
implies that
[AV](£n,0) = —1D,q fn>1,
[AV](0,0) = —Dy ifn=0.

Applying the optional stopping theorem as in the proof of Lemma 4.7.1, it is
easy to see that the wniformly bounded discrete harmonic spinor V is uniquely

(A.2)

defined by its values (A.1) near the branchings. Following exactly the same route
as in Section 4.7.2 we now construct V' explicitly; a similar idea was used in [76,
Appendix A] to construct the harmonic measure of the tip in the slit plane, which
can be viewed as an analogue of the function V(k —n, s) for n = co.

Lemma A.1. Let P,(z) := (2"n!)"'L[(22 —1)"] be the n-th Legendre poly-
nomial. Then, for all k € Z and s € Ng such that n+k+s € 2Z, one has

V(k,£s) = gn/ e M (y(t))* Py(cos t)dt, (A.3)
T J—7m
where y(t) = (1 — |sint|)/ cost and Cy, is chosen so that V(£n,0) = D,,.

Proof. It is easy to see that
— the values V(k, s) defined by (A.3) are uniformly bounded since |y(t)| <
1 .

)
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— [AV](k,s) =0 if s # 0 since y(t) = %COSt (14 (y(1)?);

— V(k,0) = 0 if |k| > n, thus one can view (A.3) as a function (spinor)
defined on the double cover branching over v and u and vanishing over
the real line outside the segment [v, u], this spinor satisfies the discrete
harmonicity property at (k,0) with |k| > n due to symmetry reasons.

Moreover, the orthogonality in L?([—1, 1]) of P,(z) to all monomials 1, z, ..., z" !
gives

—[AV](k,0) = V(k,0) — 3[V(k—1,1) + V(k+1,1)]
Cn

= 27/ e (1 — y(t) cost) P, (cost)dt
™ J—m

Cn [T . Cn (1
= —/ cos(kt)|sint| P, (cost)dt = —/ T (z) Pp(z)dr = 0
2r J_r T Jo1

for all |k| < n, where Ty (x) := cos(k arccos ) are the Chebyshev polynomials.
Therefore, the Kadanoff-Ceva fermion X[, y((k,s)) must coincide with the
right-hand side of (A.3) up to a multiplicative constant. O

The following theorem can be obtained as a simple corollary of Lemma A.1.

Theorem A.2 (Wu). The following explicit formula is fulfilled:

D, — (i)n . nff(1 _ 422)“ n>0. (A.4)

k=1

Proof. Denote by p, := (2"n!)~1 - (2n)!/n! the leading coefficient of the Le-
gendre polynomial P, and let ¢, := 2"~ n > 1 be the leading coefficient of
the Chebyshev polynomial T}, note that the value ¢ty = 1 does not match the
general case. It follows from (A.3) that D,, = C,, - 27 "p,. On the other hand,

Chtn

Cn (! 9 2Cty
—[AV](£n,0) = 7/_1Tn($)Pn($)dﬂf = NPallzo =11y = @t pn

Due to (A.2), we conclude that for all n > 0 the following recurrence relation
holds:

Dpyy  27c, o 2l 9 ((2n)!)?
D,  w@2n+lp,  72n+)pz 7 n-DNE2n+1)I°
This easily gives (A.4) by induction. O

We now move on to an explicit expression for the magnetization in the (2m)-th
column of the zig-zag half-plane H® with ‘+' boundary conditions:

My, = E—I:O[U(—Qm—%,o)]'
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Theorem A.3. The following identities are fulfilled for all m € Ng:

_ E_
M1 _ Do 12 M. — <2>m Qﬁl(l _ 1>L2J " (A.5)
My, Domy1’ " ™ Pt 4k? ' '

Proof. Similarly to Section 2.4.1, let v = (—2m—3,0) and
H(—k, S) = X[V]((—k,s)), k€Ng, seZ, k+s¢2Z

be the half-plane fermionic observable. This is a bounded discrete harmonic
(except at (—2m—1,0)) spinor on the double cover of H® branching over v
which satisfy the boundary conditions

H(0,s) = 27Y2 . [H(=1,s—1)+ H(—1,s+1)], s¢2Z, (A.6)
on the imaginary line (see (2.4.3) and (2.4.4)). Denote

V(tk,s) := CH(k,s) if K €N,

V(()’ 8) = 2_1/2 . OH(O’ S) lf k — O7 s € Z7 k+5 ¢ 22, (A?)

where C := Dy, 11/M,, ; up to a change of the multiplicative normalization,
this is nothing but the extension of H from the left half-plane to the full plane
via the discrete Schwartz reflection. By construction, V is a spinor on the
double cover of the full-plane branching over v and u := (2m—i—%, 0) which is
discrete harmonic everywhere (including points on the imaginary line) except
at points (£(2m+1),0) near the branchings, where one has V(£(2m+1),0) =
D2y 11. Therefore, it coincides with the full-plane observable X[y ((k, 5)) dis-
cussed above. In particular, (A.7) implies the identity

3Dtz = —[AV](=2m—1,0) = —C-[AH](=2m~1,0) = C-3Mp41

which is equivalent to the first identity in (A.5). The explicit formula for M,,
easily follows from the explicit formula (A.4) by induction. O

Remark A.4. Similarly, let Mm_% denote the magnetization in the (2m—1)-th
column of the critical homogeneous Ising model in the zig-zag plane. It is not
hard to repeat the proof of Theorem A.3 in this situation and to obtain the
identity

Mm+% /Mmf% = Domi1 /ng, m € No,

where we formally set M_1 := V2 , this convention is the result of the additio-
2

nal factor relating the values of the half-plane and the full-plane observables

on the imaginary line via (A.7). By induction, one easily gets the identity

My, 1M, = V2 Dami1,  me 5N, (A.8)
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and an explicit formula for M, . 1, which is similar to (A.5). Finally, a straight-
2
forward analysis gives the asymptotics

D, ~ C2.2n)™ Y4 M, ~ 2Y8%C,-2m)™V8, n,m— o0,  (A.9)

where C, = Q%egcl(_l) is the same universal constant as in Theorem 4.7.9. Note
that we prefer to encapsulate the factors 2n and 2m (rather than simply n
and m), respectively, as they are equal to the geometric distance between the
two spins under consideration and the distance from the spin T(_o
the boundary of the half-plane H®, respectively.

mf%,O) to
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3 - Universality of spin correlations in the
Ising model on isoradial graphs

This chapter corresponds to the article [43], written with Dmitry Chelkak and
Konstantin lzyurov, and is currently under revision for The Annals of Probability.

Abstract :

We prove universality of spin correlations in the scaling limit of the planar Ising
model on isoradial graphs with uniformly bounded angles and Z-invariant weights.
Specifically, we show that in the massive scaling limit, i.e., as the mesh size tends
to zero at the same rate as the Baxter elliptic parameter tends to 1, the two-point
spin correlations in the full plane converge to a universal rotationally invariant limit.
These results, together with techniques developed to obtain them, are sufficient to
extend to isoradial graphs the convergence results for multi-point spin correlations
in bounded planar domains, which were previously known only on the square grid.
We also give a simple proof of the fact that the infinite-volume magnetization in
a subcritical Z-invariant Ising model is independent of the site and of the lattice.
As compared to techniques already existing in the literature, we streamline the
analysis of discrete (massive) holomorphic spinors near their ramification points,
which also provides a solid ground for further generalizations.
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Table des matieres

3.1 . Introduction

3.1.1 . General context

Isoradial graphs, or, equivalently, rhombi tilings, were introduced by Duffin [59]
as a natural family of embedded planar graphs admitting a nice discretization of
complex analysis and potential theory. They latter attracted considerable attention
both in the physics and the mathematics communities in connection with lattice
models of two-dimensional statistical mechanics. Although the latter live on abs-
tract planar graphs with some additional structure, e. g., weights on edges, it often
turns out that embedding the graph isoradially sheds light on the behavior of the
model at or near criticality. By now, there is an extensive literature on statistical
mechanics on isoradial graphs; e.g., see [26, 24, 25, 63, 66, 50, 51, 57, 80, 99,

, ] and references therein. Apart from being a natural framework for esta-
blishing universality, an additional motivation to study models on isoradial graph
is that they form a flexible family to approximate arbitrary Riemann surfaces [129,

, 50], for which regular lattices are too rigid.

A relevance of rhombi tilings for the two-dimensional statistical mechanics can
be described as follows. As uncovered by Baxter [10, 8, 12], many models of statis-
tical mechanics with local interactions have Z-invariant weights. The “invariance”
here refers to the fact that the Y-A transform of the graph on which the model is
defined leaves unchanged the partition function and many (if not all) observables
of interest. As Baxter has shown, the flexibility this entails allows one to solve
many such models exactly. Although these algebraic techniques does not directly
rely upon embedding of graphs into the complex plane, it turns out that represen-
ting them as isoradial grids allows one to give a direct geometrical meaning to the
parameters of the corresponding R-matrices. This is more than a numerical coin-
cidence as the small mesh size limits of critical 2D lattice models are expected to
have more symmetries than just the symmetries of the lattice : e. g., in this setup
one expects the scaling, rotational and even conformal invariance. To exhibit such
a symmetry, one needs to pick embeddings of graphs and the isoradial /rhombic
lattices are known to be the correct choice provided that one can reformulate the
lattice model under consideration using this geometric framework. For rhombic lat-
tices, the Y—A moves are nothing but the so-called cube flips, which allow one to
transform (big pieces of) different lattices into each other without affecting quan-
tities of interest. Apart from being at the heart of physicists’ predictions of the
universality for Z-invariant lattice models, this idea also recently led to a rigorous
proof of the rotational invariance of several Z-invariant lattice models; we refer
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the interested reader to [66] for further details.

In this paper we consider the critical and near-critical (aka massive) Ising model
on isoradial graphs with Z-invariant weights. Before discussing our main results,
let us first briefly mention the results available in the square grid setup. For the
critical model (see also [32, 34] for more details), the convergence and conformal
invariance was proven by Smirnov [160] for basic fermionic observables ; by Hongler
and Smirnov [87, 84] for the energy density correlations; and by the first two
authors and Hongler [38] for spin correlations. Gheissari, Hongler, Park, Viklund
and Kytola studied more general local fields in [76, 85] and a unified framework
to treat mixed correlations of all primary fields (i.e., fermions, energy densities,
spins and disorders) was recently developed in [39]. Another aspect of conformal
invariance is the convergence of interfaces and loop ensembles in the domain walls
representation of the model to SLE3 and CLE3; see [49] and [18], respectively.
Beyond the critical case, the massive limit of spin correlations in smooth domains
and of fermionic observables in general (i.e., not necessarily smooth) ones was
recently treated by S. C. Park in [137] and [138], respectively.

The universality — within the isoradial family — of basic fermionic observables
was shown in [48] for the critical model and, very recently, in [138] for the massive
one. These results admit a direct extension to the energy density correlations as
the energy density field — in sharp contrast to spins themselves — can be directly
expressed via fermions. However, the analysis of spin correlations is considerably
more subtle. Of the aforementioned work, the proofs given in [38, | relied
especially heavily on the properties of the square lattice, and hence they did not
admit a simple generalization to the isoradial case. In this paper, we provide the
missing ingredients and prove the universality for spin correlations on isoradial
graphs, both in the critical and in the massive setup. This also paves a way to a
proof of the universality of correlations of all primary fields [39] on isoradial graphs
and possibly beyond, although we do not discuss it here.

3.1.2 . Main results

We work with the Z-invariant Ising model defined on (subsets of) an infinite
planar isoradial grid T'>9; note that the dual grid I'*° is also isoradial with the
same radii, and A% := T'°® UT"*9 forms a rhombi tiling of mesh size 6. Throughout
the paper, we assume that all rhombi tilings satisfy the following bounded angle
property for some (fixed) 6y > 0 :

BAP(fy) : no rhombus has an angle smaller than 26,.

The Z-invariant weights (per edge in the low-temperature — aka the domain walls —
expansion of the model on I'*? or, equivalently, in the high-temperature expansion
of the dual model on I"*%) are given by

xe = exp[—24°J7] = tanh[5*J]] = tan %56, sinf, = sn (%@e | k) ,
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where 0, is half of the angle of the rhombus containing e adjacent to a vertex of I'*
(see Fig. 3.2.2), and K = K (k) is the complete elliptic integral of the first kind;
see [134, Eq. 19.2.8] (we routinely refer to the Digital Library of Mathematical
Functions [134] in the above format). Thus, the edge weights are determined by
the isoradial embedding of the graph plus a single temperature-like parameter, the
elliptic modulus k € (0,1) U iR, or equivalently the nome ¢ € R; see [134,
Eq. 22.2.1]. We refer the reader to a recent work of Boutillier, de Tiliére and
Raschel [27, 28, ] for an extensive discussion of thus defined Ising model and
its links with dimers and uniform spanning trees. Note that (3.1.1) agrees with
the parametrization used in [28] for the interaction parameters 3°*J2 while we will
typically work with the dual model defined on I'° (i.e., we usually assign spins to
faces of 'V = T'*9).

The critical point is k = ¢ = 0, in which case 8, = 0,. The case ¢ > 0 and
k € (0,1) gives rise to a sub-critical model on T'*? and a super-critical model
on I'>% while ¢ < 0 and k € iR correspond to the opposite situation. (Thus, the
nome ¢ has the same monotonicity as the temperature in the model on I'°%.) Also,
note that the parametrization (3.1.1) is symmetric with respect to exchanging the
roles of I'*% and I"> in the following sense : one also has

tanh[8°J¢) = exp[~28°J¢] = tan}0r,  sind = sn(ZG;|k),

where 0, + 5: =5 = 0. + 0% and the dual elliptic parameter k* is given by

kE* = \/11571{72 & ¢ =—q. (3.1.2)
This transform is nothing but a simple way of writing the Kramers—Wannier dua-
lity (e.g., see [60, Section 7.5] and [28, Section 4.5]) in the elliptic context. In
particular, if one plugged the dual elliptic parameter k* instead of k into the pa-
rametrization (3.1.1), this would simply exchange the roles of I'*% and I ; e.g.,
see Proposition 3.1.3 below.
The main purpose of our paper is to study the massive scaling limit, as 6 — 0
and simultaneously ¢ — 0, with the relation

q=3mé (3.1.3)

between the two, where the parameter m € R is called mass, alluding to a massive
field theory conjecturally describing this limit. As a particular case, we study the
scaling limit at criticality, m = 0. Our results are uniform with respect to lattices
satisfying the uniformly bounded angles assumption BAP(6y) for a fixed 6y > 0,
hence we do not assume that A° at each scale are related to each other in any
way.

Throughout our paper, we use the notation E(™ to denote the expectation
in the Z-invariant Ising model defined on the isoradial grid of mesh size § with
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the elliptic parameter obtained from § via (3.1.3). We write E(™):W and E(m)-f
for expectations considered in finite domains in order to specify the wired and
free boundary conditions, respectively. (Recall that in our convention the spins are
assigned to vertices of the dual lattice T°9, i.e., to the faces of I = I'*°. The
wired boundary conditions mean that all spins at the boundary of a discrete domain
have the same value.) Also, in Proposition 3.1.3 we use the notation E™ for the
infinite volume limit of the sub-critical model with plus boundary conditions.

Theorem 3.1.1. For each m € R there exists a function Z(-,m) : Ry — Ry
such that the following holds in the massive scaling limit ¢ = %m& —0:

6B (0w, 0] — C2-E(|ug —u1|,m) as §— 0, (3.1.4)

where the constant C, = 25361 s independent of both the rhombic lat-
1 1

tice A® and the mass m. One has Z(r,0) = 7 and Z(r,m) ~ "7 as r — 0

for all m.

Proof. See Section 3.4.4 for the case m = 0 and Section 3.4.6 for m #0. O

Remark 3.1.1. The explicit expression for Z(r,m) in terms of Painlevé III
transcendents is given by a celebrated formula of Wu, McCoy, Tracy and Ba-
rouch [1606, , 91] for the massive model on the square grid; see also [137,
Corollary 1.2 and Section 4.2]. The main content of Theorem 3.1.1 is that this
result holds universally within the class of isoradial graphs; note in particu-
lar that the constant C, does not depend on the local geometry of A® near
u1,2. A similar result was hinted by Dubédat [57, Proposition 27] for magnetic
correlators of the Gaussian free field; presumably, at criticality the conver-
gence (3.1.4) can be alternatively derived therefrom via the combinatorial
bosonization correspondence [55].

The left-hand side of (3.1.4) is a correlation in the infinite-volume thermody-
namic limit, i.e., the limit of correlations in increasing finite domains Q§ C Q3 C
... C I for a fixed temperature parameter q. The existence of such a limit can
be shown by standard monotonicity arguments and RSW bounds at criticality ; see
Section 3.2.3 for details. Theorem 3.1.1 then concerns another limit as one lets
both ¢,6 — 0 so that ¢ = %mé. In fact, to prove Theorem 3.1.1 we rely upon the
fact that the RSW bounds are uniform with respect to ¢ and ¢, which allows us to
work in (sufficiently large) finite domains Q° instead of I'%. In particular, along the
way we prove the convergence and universality for spin-spin correlations in smooth
simply connected domains with appropriate boundary conditions : wired if m <0
and free if m > 0. Our analysis also implies the following :

As in [38] and [137], one of the key ingredients of our proof in the case m < 0
is a (uniform) convergence result for the “discrete logarithmic derivatives”

glm)w Oy O
log W = Re[(u) — ul)Agn) (u1,u2)] + o(9) (3.1.5)

Qs 0w Uuz]
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where 1/ ~ u; are nearest neighbors on the lattice "> and the quantity Agn) (u1,u2)
is expressed via the scaling limit of spinor fermionic observables; see Section 3.1.3
for a more detailed discussion. This result extends without any effort to multi-spin
correlation, leading to convergence results for ratios of such correlations :

E(m)’w[(f/o‘/...o‘/] <O’/O’/...O’/>(m)’w

Qs w Ou ul, u!%u Up, /)

) L2 — 12 ) as 6 — 0, (3.1.6)
Eqs'" [OuOus - - - Ou,] (OurOus -+ Oup )y

where the “continuum correlation functions” in the right-hand side are defined as

(Ouy Oy - - - Uun>§2m)’w = exp [Re [ Y1, Agn) (Usy ULy e vy Us—1, Ust 1,y - - -y Uy )dUs)
with an appropriate multiplicative normalization. Once the convergence (3.1.6) is
established, the asymptotics (3.1.4) together with usual decorrelation arguments
coming from RSW-type estimates for the random cluster (or Fortuin—Kasteleyn)
representation of the model are enough to fix the explicit multiplicative normali-
zation of the correlation functions. Thus, our analysis also implies the following :

Theorem 3.1.2. The results of [38, Theorem 1.2] for m = 0 and [137, Theo-
rem 1.1] for m < 0 asserting convergence
5_%Eg?)’w[aulau2 ceiOy,] = CY oy, 0w, - ..O'un>§2m)’w as 0 =0

of multi-point spin correlations in discrete approximations Q° of bounded sim-
ply connected domains Q (with smooth boundaries if m < 0), hold true,
without any change, for the massive Ising model on isoradial grids with Z-
invariant weights.

We stress once again here that not only the continuous correlation functions
are universal within this class of the lattices/weights, but also the constant C, in
front.

Proof. The proof of (3.1.6) in the case n = 2 is given in Corollary 3.4.10 for
m = 0 and in Corollary 3.4.16 for m < 0. Since the analysis is local, it extends
without any change to the case n > 2. Given (3.1.6), the rest of the proofs
in [38] and [137] amount to fixing the overall normalization by sending the
points us pairwise to each other or to the boundary of 2, and the only part
of that argument that relied on the specific properties of the square lattice
was the computation of the full-plane two-point correlation. This ingredient is
now supplied by Theorem 3.1.1. ]

Remark 3.1.2. In order to prove Theorem 3.1.1 for m > 0 we rely upon
an analogue of [38, Theorem 1.7] which gives the convergence of the ratio
of the two-point correlations in dual Ising models. Thus, similarly to a work
of S. C.Park [137], our methods do not directly imply an analogue of Theo-
rem 3.1.2 for m > 0. However, we believe that the techniques developed in
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this paper for the analysis of spinor fermionic observables near their branching
points allow to prove such a convergence, at least in smooth simply connected
domains, following the framework of [39].

A sharp control of the discrete logarithmic derivative (3.1.5), in principle, suf-
fices to recover the scaling function =(r,m) in the statement of Theorem 3.1.1,
but not the fact that the constant C, is lattice-independent. In order to complete
the proof, we use an additional gluing argument (see Section 3.2.4 for details),
showing that a finite piece of an arbitrary isoradial grid can be glued, staying wi-
thin the same family, to a piece of a regular (rectangular) lattice, so that the sizes
of these pieces and the distance between them are comparable. Then, we can move
the spins from the irregular part to the regular one, controlling how the correlation
changes in the process, and establishing universality.

A similar argument can be applied to analyze the magnetization in the infinite-
volume limit of the sub-critical model on a fixed isoradial grid T'°, say, with § = 1.
As a by-product of our analysis of the massive model, we also get the following
result. We are not aware of its detailed proof in full generality in the literature,
although it was probably known, at least for some particular lattices, in the folklore.

Proposition 3.1.3 (Baxter’s formula). For ¢ < 0, the infinite-volume ma-
gnetization in the sub-critical Ising model on I'° with Z-invariant weights is
universal :

ES [ow] = (B)3 as Q,1T° and  Epe[oy,00,] = ()2 as |ug —us| — oo.
For ¢ > 0, similar results hold for the model on I'* with k* replaced by k.

Proof. See Section 3.4.1. As in the case of Theorem 3.1.1 and the constant
C,, we do not compute these limits explicitly, but rather show that they are
universal. To this end, we glue a large enough piece of a given isoradial grid to
a piece of a rectangular lattice, on which we can apply the celebrated Onsager—

Yang result [167, 123] in the form given by Baxter [12, Eq. 7.10.50] ; see also [10,
Section 3] for a simplified derivation. (Note that the elliptic parameter k in
[28] corresponds to k' of Baxter ; see footnote in [28, Section 2.2.2].) O

3.1.3 . Techniques and related projects

The general strategy of our proof of the key convergence result (3.1.5) fol-
lows that of [38, ]. One introduces an observable, a properly normalized spin-
fermion-disorder correlator, which, as a function of the position of the fermion, is
a massive s-holomorphic spinor living on a double cover of the original discrete do-
main ramified at the positions of the spin and the disorder. (The notion of massive
s-holomorphic functions on isoradial graphs and the regularity theory thereof were
independently developed in a recent work of S.C.Park [138]; see Section 3.3.1
for more details.) We then prove the convergence of this observable to a massive
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holomorphic (i.e., satisfying the Dirac equation df + imf = 0) limit as § — 0;
uniformly away from the boundary and from the branching points.

After this is done, one uses the fact that both spin-spin correlations in (3.1.5)
can be recovered from the values of the observable by placing the fermion next to
the disorder. We thus need a way to express a value of a massive s-holomorphic
spinor next to its ramification point in terms of its values at a definite distance the-
refrom. This is where our main technical innovation comes into play : we introduce
a very simple version of the Cauchy integral formula for spinors that allows one to
do such a reconstruction using an explicit full-plane kernel, the discrete analogue of
a spinor eT'1 - 27 3e*2mI2l Such kernels were essentially constructed by Dubédat
in [57] for the critical case m = 0; we extend his construction to the massive setup
using the theory of massive discrete exponentials, recently developed by Boutillier,
de Tiliere and Raschel in [27, 28]. The construction and the asymptotic analysis
of the required branching kernels are presented in Section 3.5.

Recall that in [38, | a considerably more complicated reconstruction proce-
dure was employed. In particular, it also required an explicit construction of discrete
analogs of the kernels eFitze (or their massive modifications) and an argument
based on the symmetrization procedure and the discrete Beurling inequality ; this
technique is unavailable in the isoradial setup due to the lack of symmetries of the
lattice. Thus, not only our new argument enables generalization of the results to
the isoradial setup, it also leads to a much simpler proof in the square lattice case.
In particular, the companion paper [39] devoted to a unified treatment of mixed
correlations of primary fields, borrowed the arguments of the present paper in what
concerns the analysis near the branching points. Moreover, this Cauchy formula
can be written in a purely abstract form without any assumption on the embed-
ding or weights of the model under consideration (see Lemma 3.3.14), which paves
the way for further generalizations of the convergence results for spin correlations
beyond the Z-invariant setup; cf. recent results on the convergence of fermionic
observables on the so-called s-embeddings of planar weighted graphs [33].

Another — though not strictly necessary for our analysis — new idea implemented
in this paper is a re-embedding of the massive Z-invariant Ising model on A% into
the complex plane using the aforementioned s-embeddings S? ; see Section 3.3.3
for more details. This allows us to benefit from a general regularity theory developed
for s-holomorphic functions on s-embeddings in [33, Section 2] and [45, Section 6].
Under this procedure, the original massive s-holomorphic observables on A® and
new s-holomorphic observables on S? are linked by a simple explicit formula given
in Proposition 3.3.19, which immediately allows us to deduce the a priori regula-
rity of massive s-holomorphic functions on A% from the results of [33, 45]. Also,
this provides a concrete illustration of a general phenomenology, which says that
the mass in a planar Ising model manifests itself as the mean curvature of an s-
embedding of the model into the Minkowski space R ; see [33, Section 2.7] for
a discussion. Though, as already mentioned above, these re-embedding techniques
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are not necessary for the analysis of the Z-invariant model (e. g., see [138], where
the relevant a priori regularity estimates developed directly on A?%), we believe that
they are flexible enough to be applied to less rigid setups.

Recall that throughout this paper we assume that all isoradial grids satisfy
the uniform bounded angles property BAP(6y), which plays an essential role in
several places of our analysis as we frequently use the fact that the graph dis-
tances on rhombic lattices are comparable with Euclidean ones : e. g., when passing
from (3.1.5) to (3.1.6). However, there are certain indications that this assump-
tion is not strictly relevant, at least at criticality. Notably, similar techniques can be
applied to a 2D graphical expansion (e.,g., see [39, | and references therein) of
the quantum 1D Ising model, leading to similar convergence results for correlation
functions; we refer the interested reader to a forthcoming paper [110] for more
details. This expansion can be thought of as a 2D Ising model on a rectangular grid
with an infinitesimally small aspect ratio, a limit that obviously cannot be achieved
under BAP(6y).

Finally, in terms of a framework developed in the companion paper [39] for
the analysis of mixed correlations of primary fields in (possibly) multiply connected
domains, this paper provides the following “building blocks" :

— an explicit construction and asymptotic analysis of required infinite-volume
kernels Glu)r G and Ga) (see Section 3.5 for more details) ;

— analysis of the two-point spin correlation in the full plane (Theorem 3.1.1).

Note that a work [138] of S.C.Park contains two more such “building blocks”,
namely

— a "quantitative convergence” of basic fermionic FK-Ising observables;;
— uniform RSW-type estimates for the massive FK-Ising model; cf. [61].

Thus, the only remaining input required to extend the results of [39] to the massive
Z-invariant model on isoradial grids is the analysis of solutions to certain Riemann-
type boundary value problems for massive holomorphic functions in continuum
(which is considerably more complicated for m # 0 than at criticality, cf. [138]).

Organization of the paper

We start Section 3.2 by fixing the notation and recalling the definition of the
Z-invariant Ising model. We then recall the construction of fermionic observables
via Kadanoff-Ceva order-disorder formalism, the propagation equation, and Smir-
nov's “integrating the square” procedure. We also recall a construction of the
infinite volume limit of the model and describe the “star extension” procedure,
which allows to glue a big piece of a given rhombic lattice to a regular one. In
Section 3.3, we review the “massive discrete complex analysis” techniques, namely,
the a priori regularity of “massive s-holomorphic functions” constructed from so-
lutions to the spinor propagation equation, and the fact that subsequential limits
of such functions satisfy the Dirac equation. We also state the properties of the
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massive discrete holomorphic full-plane “kernels” used in our proofs, and introduce
the aforementioned Cauchy integral formula. In Section 3.4, we prove the main
results of the paper. For convenience of the reader we start with the critical case
and then refer to it when discussing the massive setup. In Section 3.5, we construct
the required full-plane kernels and perform the asymptotic analysis thereof, using
the “massive discrete exponentials” of Boutillier, de Tiliére, and Raschel [27].
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3.2 . Preliminaries and basic facts

3.2.1 . Notation : graphs, double covers, spin-disorder correlations
We rely upon the spin-disorder formalism of Kadanoff and Ceva [93]; e.g.
see [34, Section 2] or [39, Section 2] for more details and [37] for links of this
approach with other combinatorial formalisms used to study the planar Ising model.
For a planar graph G = G*, let
— G° be the graph dual to G* (note that we typically work with the planar
Ising model defined on G° and not on G*);

— A(G) be a planar graph whose set of vertices is the union of G* and G°,
with edges connecting adjacent vertices v € G* and faces u € G° of G;

— {(G) be the graph dual to A(G), we often call its vertices z € A(G) quads
referring to this duality (note that all faces of A(G) have degree four);

— Y(G) be the medial graph of A(G) (i.e., vertices of T(G) are in a bijective
correspondence with edges (uv) of A(G)), we often call its vertices ¢ € T(QG)
corners referring to the fact that they are in a bijective correspondence with
corners of faces of G° (or of G = G*, note that faces of T(G) correspond
either tov € G* or to u € G° or to z € $(Q));

— YT*(G) be a double cover of YT(G) that branches around each of its faces
(e.g., see [129, Fig. 27] or [48, Fig. 6] or [33, Fig. 3]);

— more generally (e.g., see Fig. 3.2.1 for an example with w = [v, w]), given
a subset w of vertices of A(G) = G* UG® let
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FIGURE 3.2.1 — Left : local structure of a double cover T[fw] of the
medial graph T ; vertices v € I'* and w € I'° are marked in gray. Right :
local structure of the corresponding double cover Ty, ..

— Y4 (G) be a double cover of T(G) branching only around w € w,
— TX(G) be a double cover ramified at all faces of Y(G) except w.

In our paper the graph G is usually a discrete domain on an isoradial grid I'® = I'*
of mesh size § — 0, which approximates a planar bounded simply connected domain
Q) C C. We use the notation Q° C T for such approximations. We will often view
vertices (dual vertices, etc.) as complex numbers giving their position in C.

We often speak about spinors defined on double covers of graphs, which are
functions on the double cover in question whose values at two lifts of the same
vertex differ by the sign. Provided that an embedding of all these graphs into the
complex plane is fixed, an important example of a spinor on T*(G) is given by

Ne = s-exp [ — Larg(v(c) — u(c))], ¢i=e'q, (3.2.1)
where u(c) € G° and v(c) € G* are endpoints of the edge (u(c)v(c)) correspon-
ding to the corner c. A particular choice of the prefactor ¢ is unimportant but
influences the notation in what follows ; we choose the value ¢'7 in order to keep
the presentation consistent with [48] and [138] (note however that [38] and [137]
use another convention ¢ = 7).

The (ferromagnetic) nearest-neighbor Lenz—Ising model on the dual graph G°
is a random assignment of spins o, € {£1} to the faces u of G such that the
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probability of a spin configuration o = (o) is proportional to
Palo] ccexp [ B° D yow JS0u0w | s e = (uw)*, (3.2.2)

where a positive parameter 3° = 1/kT is called the inverse temperature, the sum
is taken over all pairs of adjacent faces u,w of G (equivalently, edges e of G or
quads z € A(G)), and J° = (J?) is a collection of positive interaction constants
indexed by edges of GG. Below we use the following parametrization of 5°J¢ :

T, = tan %56 = exp[—28°J7]. (3.2.3)

Note that the quantities . € (0,1) and 6, := 2arctan z, € (0, %\ﬂ') have the same
monotonicity as the temperature (3°)~!. We also often write 6, instead of 0, if
a quad z € A(G) corresponds to an edge e of G. On isoradial graphs, we depart
from arbitrary parameters §Z and restrict to Z-invariant weights given in terms of
a global elliptic parameter k and geometric angles 6, of the embedding by (3.1.1).

Note that tanf, = (1 4 4q) - tan 8, + O(¢2) as ¢ — 0, which implies that
0, -0, = 4q -sinf, cos @, + O(q2) = 26msin@, cosf, + 0(52) (3.2.4)

in the massive limit ¢ = %mé — 0. In particular, 8, = 8, at criticality.

We denote by Eg?)’w the expectation under the measure (3.2.2) with Z-
invariant weights given by (3.1.1), with ¢ = %mé. We will omit 6 when we consider
a fixed lattice of mesh 6 = 1. The superscript w stands for wired boundary condi-
tions : since we use the convention that spins o, are assigned to faces of €7,
instead of considering a single outer face ugy; of 229 one can think about all boun-
dary points u € T° as being wired to each other. Sometimes, we also fix the spin
of ugyt to be +1 (i.e., impose ‘+' boundary conditions) and write Egé instead
of Efs.

The Kramers—Wannier duality (e.g., see [60, Section 7.5]) provides a link
between the Ising model (on faces of 9) described above and another nearest-
neighbor Ising model defined on vertices of Q9 with interaction parameters [3°J°
such that tanh[3°J?] = exp[—25°J¢] or, equivalently, sinh[28°J7] sinh[28°J2] =
1. In terms of the parametrization (3.2.3) this duality reads as

1/\ -~ ~

exp|[—24°J7] = tan %gz, exp[—24°J7] = tan 50

z

The angles @\;‘ also admit parametrization (3.1.1) with a dual elliptic parameter £*;
the relation is simplest in terms of the nome ¢* = —¢; see (3.1.2). We denote
the expectation in this dual model (defined on vertices of Q7) as Eéz:?)’f

the superscript f stands for free boundary conditions and emphasizes that no

, where

restrictions on the boundary spins are imposed.
We use the Kadanoff-Ceva disorder variables : for a subset v of edges of G*,

put
72,60JO

(uw)* Oulw )

Hy = Huww:(uw)ﬂ’y;ﬁge
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Up to the sign, the correlations of these variables with spins only depend on 0~
viewed as a chain modulo 2. Hence, we will simply write

Py = floy - - Phv,,, Where Oy = {vi,...,on}

inside such correlations. We have the following identity :

fi
Eds [ fvr -+ Mo Tuy - Oun | = ESS [ Bouy - - - My Oy -+ - Owy |, (3.2.5)
where uq, ..., up € Q%9 vy, ..., v, € Q%9 and both n, m are assumed to be even

(otherwise, these correlators do not make sense) ; in fact, both sides of (3.2.5) lead
to the same sums over subgraphs of Q° = Q®9 if one uses the low-temperature
expansion for the left-hand side and the high-temperature expansion for the right-
hand one. In particular, the disorder variables . are dual objects to spins o under
the Kramers—Wannier duality. We refer the reader to [93, 37, 34, 39] for more
details on the Kadanoff-Ceva formalism.

Remark 3.2.1. Recall also that under a natural rule for tracking the signs [39,
Section 2.2], both sides of (3.2.5) change the sign when one of the vertices v,
makes a turn around one of u,; in other words one should view (3.2.5) as a
spinor defined on an appropriate double cover of the set (2%0)*™ x (Q°9)xn
with the removed diagonal (v, = vy or uy = uy for some p # p’ or g # ¢).
In full generality, the extension of (3.2.5) onto the diagonal requires certain
technicalities in fixing the signs. However, no problems of that kind arise in

the simplest setup m = 2 that we only need below.

3.2.2 . Fermionic observables and functions Hx

The Kadanoff-Ceva fermionic variable x. is formally defined as x. := py(c)0u(c)
and the corresponding fermionic observables read as

Xo(e) == E&[Xc oy - - o 10us -« Oup 1], €€ TI(Q),
where w = {v1,...,Um—1,U1,...,Upn—1} and we assume that both n, m are even.

Remark 3.2.2. Due to Remark 3.2.1, X is a spinor on the double cover
YT X (G). This implies that the product n.Xx(c), where 7. is given by (3.2.1), is
a spinor on the double cover Y (G), which branches only over points from w ;
see Fig. 3.2.1.

It is well known (e. g., see [129] or [37, Section 3.5] and references therein) that
Kadanoff-Ceva fermionic observables satisfy the so-called propagation equation

X(coo) = X(co)cosb + X (c10)sinf, (3.2.6)

which holds for each corner ¢y, and its neighbors ¢, c,, on the corresponding
double cover YX(G) such that all three are incident to the same quad z; see
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FIGURE 3.2.2 — Left : Local notation at a quad z = (vougviuy) € <.
Identity (5.2.6) expresses the value X(cgo) of a Kadanoff-Ceva fermio-
nic observable as a linear combination of X(cp1) and X(c19) with co-
efficients cosf, = cn (%@ | k) and sinf, = sn (%?Z | k:), respectively.
Right : Following [137, 138], to define the value F(z) € C of the corres-
ponding massive s-holomorphic function (aka Smirnov’s fermionic obser-

vable) at z € {, we imagine a tilted rhombus with edges eﬂ@*gz)(vp—uq)
centered at z and then apply the usual definition 18] of s-holomorphic
functions to this ‘virtual’ rhombus.

Fig. 3.2.2 for the notation. A consequence of this identity is that, given a fermionic
observable X', one can define (up to an additive constant) a function Hx on the
graph A(G) by prescribing its increments between neighboring vertices u, € G°
and v, € G* as

Hx (vp) — Hx (uq) := (X(Cpq))2~ (3.2.7)
(Note that for the critical Ising model on Z?, this is nothing but Smirnov's definition
from [160, Lemma 3.6]; see also Section 3.3.1 below.) More generally, if two

observables X7, X are (locally) defined on the same double cover TX (G), then
one can extend the above definition and introduce a function H|[X;, X5], also
defined up to an additive constant, by setting

H[X1, Xo](vp) — H[X1, Xo](ug) = Xi(cpg)X2(cpq) (32.8)
(this quantity does not depend on the lift of ¢, onto TX(G); cf. Lemma 3.3.14.)

Remark 3.2.3. From the combinatorial perspective, considering a discrete
simply connected domain Q9 C I'’ with wired boundary conditions boils down
to identifying all ‘white’ vertices along the boundary with each other. In
particular, all the values of Hx (or of H[Xj, X5]) at ‘white’ boundary ver-
tices u € 92 N G° are the same, i.e., the function Hx|go always has Dirichlet
boundary conditions in this case. However, note that this is not the case for
boundary values of Hx on ‘black’ boundary vertices. Nevertheless, there exists
a trick (originally suggested in [18, Section 3.6] in the critical setup) which al-
lows to modify the grid A® near the boundary of Q7 staying in the isoradial
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family and artificially define Hx on new obtained ‘black’ vertices so that it
also has Dirichlet boundary values and all required ‘discrete complex analysis
estimates’ hold true; see Remark 3.3.10 below.

It is also convenient to extend the definition of Hx to the set {)(G) as follows :

Hx(vp) —Hx(z) := X(cpo)X(cpl)cosgz,

Hx(z) — Hx(uq) = X(cog)X(c1q)sind, (3.2.9)

where ¢, and ¢, are assumed to be chosen as neighbors on T (G) to avoid the
ambiguity in the sign; note that this definition is consistent with (5.2.16) due to
the propagation equation (5.2.6). Let A(G) U {(G) denotes a planar graph whose
edges consist of all edges of A(G) and edges linking each vertex z € $(G) to its
four neighbors z ~ w € A(G).

The following lemma holds for all planar graphs and all interaction parameters.

Lemma 3.2.4. Let a function Hx be (locally) constructed via (3.2.9) and (5.2.16)
from a fermionic observable X defined on a double cover Y2 (G). Then, Hx
satisfies

— the maximum principle on A(G) U $(G) except at points of w N G*;
— the minimum principle on A(G) U {(G) except at points of w N G°.

Proof. See [33, Proposition 2.10], which proves both the maximum and the
minimum principles for Hx in absence of (non)branching vertices, i.e., if w =
@. If w # &, note that the value at a vertex u € w N G° is always smaller
than the values at neighboring vertices from G*® due to (5.2.16), thus Hx
cannot attain a maximum at w. Similarly, Hx cannot attain a minimum at a
point v € w N G*°. O

Remark 3.2.5. Let w € w be an isolated point of @ and assume that X (c) =
0 at one of the nearby corners w ~ ¢ € TX(G). Then, it is easy to see that the
function Hx satisfies both the maximum and the minimum principle near w
as its values at two neighboring vertices (one from G°, the other from G*®) of ¢
are the same.

3.2.3 . Infinite-volume of the Ising model with ¢ # 0 and RSW
estimates

Given an isoradial grid A° of mesh size § and a point u € C we denote by A% (u)
a discretization of the square box

[Reu — R,Reu+ R] X Imu — R,Imu + R]

on A% with appropriate boundary conditions which can vary depending on the
context. We write A5R instead of A‘;%(O) if u =0 and skip the superscript if § = 1.
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It is well-known that spin-spin correlations Eg[o,04,] in the Ising model on a
finite graph can be written as the probability that « and w are connected in the
so-called Fortuin—Kasteleyn (or random cluster) representation of the model; e. g.,
see [60, Section 7] for more details.

For the critical (i.e., m = 0) Ising model on isoradial grids it is well known that
the following Russo—Seymour—Welsh-type estimate holds uniformly with respect to
boundary conditions :

P [ there exists a wired circuit in the annulus Azg(u) ~ Ar(u)] > po > 0.

(For a proof, one can, e. g., use [48, Theorem C] to show that crossings of rectangles
with self-dual (i.e., wired/free/wired/free) boundary conditions have probability
uniformly bounded away from zero, and then apply the proof of [61, Proposi-
tion 2.10] ; see also [33, Section 5.6].) In particular, the existence of such circuits
implies the uniqueness of the infinite-volume Gibbs measure in the critical FK-Ising
model and allows one to speak about infinite-volume correlations E [0,04,].

Assume now that ¢ = %mé < 0. By monotonicity with respect to interaction
parameters, the (uniform with respect to boundary conditions) existence of wired
circuits in annuli Asr(u) ~ Ar(u) also holds in this case. This allows one to define
the infinite-volume limit of the sub-critical FK-Ising model on A and, moreover,
implies the following uniform estimate :

for each € > 0 there exists A = A(e) > 1 such that for all m < 0
and all D > 1 one has

(1—e) BV [ouow] < BV ouow] < EYOY, [ouow] (3.2.10)

Aap = TAap(u
provided that |w — u| < D.

Indeed, the latter inequality in (3.2.10) is trivial due to the monotonicity with
respect to boundary conditions. The former follows from the fact that

f f : : N ,
EE\TZ)D(U) [ouow] > PXZ)D(u)\AD(u) [ there exists a wired circuit | x Esxnz),;,‘z/u) [0uow],
which holds due to the FKG inequality and the monotonicity of the probability
that w and w are connected with respect to a domain. (Note that the first factor
can be made arbitrary close to 1 by choosing A > 3lloge/log(1—po)l+1 )

Remark 3.2.6. One can similarly use dual-wired circuits in order to define the
infinite-volume limit of the off-critical FK-Ising model on A and the infinite-
volume spin-spin correlations for m > 0. It is also worth noting that in the
massive regime q = %mcs , 0 — 0, one also has uniform RSW-type estimates for
both primary and dual crossings/circuits on scales R < 1; see [01] and [138]
for more details. Of course, this is a much deeper property of the massive Ising
model as compared to the simple monotonicity with respect to m discussed
above.
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3.2.4 . ‘Star extension’ of a finite box on an isoradial grid

In order to prove the universality of spin-spin correlations with respect to a grid,
i. e., the fact the correlations on two isoradial grids F(l)’(s and F;“S behave in a similar
way, we typically consider a ‘mixed’ rhombic lattice that contains large pieces of
both A and Aj and analyse the Ising model on this lattice. This strategy relies
upon a possibility to ‘glue together' boxes of size R cut from different isoradial
grids, with an additional requirement that these two pieces are located at O(R)
distance from each other.

Clearly, no problem arises if AJ comes from a rectangular lattice while A = 622
(or, more generally, if both A‘iQ are obtained from rectangular lattices) ; see Fig. 3.2.3.
Consider now an irregular rhombic lattice A satisfying the bounded angles pro-
perty BAP(6p). In this section we show that one can construct a new rhombic
lattice [Ar(u)]* satisfying the property BAP(6y) such that

— A and [Ar(u)]* have the same box Agr(u) of size R centered at u;

— the modified lattice [Ag(u)]* contains infinite wedge-shaped subsets of rec-
tangular grids located at distance at most O(R) from the point u; here and
below the implicit constant in the estimate O(R) depends on 6 only.

It is worth noting that these properties are scale invariant and thus the same
procedure can be applied to rhombic lattices A° (with mesh size § < R) instead
of A.

Recall that a train-track on A is a (infinite) sequence of adjacent rhombi such
that they share a common direction of edges, called the transversal direction of
the train-track (e.g., see [102] for a discussion of this notion). The construction
of [Ar(u)]* goes in two steps, see also Fig. 3.2.3 :

— Step 1. Let Op(u) D Agr(u) be the connected component of the set of
quads z € { such that both train-tracks passing through z intersect Ar(u).

Lemma 3.2.7. The set ©r(u) has diameter O(R) and is train-track-convex,
i.e., if two rhombii lying on the same train-track belong to the set © g(u), then
the whole segment of the train-track between these rhombi belong to O (u).

Proof. Let Tr(u) denote the set of all train-tracks that intersect the box Ar(u).
It is easy to see that for each ¢ € Tr(u) the set of all thombi z € ¢t N Or(u)
is a segment. Indeed, if 2,2’ € t are two consecutive rhombi on ¢ such that
z € Or(u) but 2’ € Or(u), then the second train-track ¢’ # ¢ passing through
2z cannot intersect Ar(u). Hence, t'NOg(u) = &, which implies that all further
rhombi lying on ¢ beyond 2’ cannot belong to the connected set O g(u) as they
are separated from z € Op(u) by t'. Thus, Or(u) is train-track-convex.

To estimate the diameter of O r(u), note that for each t € Tr(u) the num-
ber of quads in t N Or(u) cannot exceed the total number |Tr(u)| of train-
tracks in Tg(u) (since each of the remaining train-tracks ' € Tr(u) can in-
tersect t at most once). Thus, the estimate diam Or(u) = O(R) follows from
[ Tr(u)| < 2[0AR(u)| = O(R). O
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FIGURE 3.2.3 — ToP : the ‘star extension’ procedure for a rectangu-
lar box on a Penrose rhombic tiling. The box itself is colored dark gray
and the rest of the corresponding set © is shown in gray. The boun-
dary of © consists of nine train-tracks, extended infinitely outwards, the
wedge-shaped parts of regular lattices are highlighted in light gray. The
opening angles of the wedges are bounded from below by 26, of the
BAP(0) property. For Penrose rhombic tilings, 20y = % ; thus, in this
case the boundary of © could not consist of more than ten train tracks.
BoTrToM : a gluing of a regular rhombic lattice corresponding to a rec-
tangular grid A™* (on the left) with the square one (on the right).
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The train-track convexity of ©r(u) implies that it is simply connected and
its boundary 9O gr(u) is a simple closed broken line such that no quad adjacent
to it from outside can have two sides on 0O Rr(u). Let us divide these adjacent
quads into (maximal) arcs 7y, each of which is a part of a single-train track .
The above observation means that as we follow the boundary counterclockwise,
the transversal directions of these train tracks also rotates counterclockwise, and
the bounded angles property BAP(6y) implies that it rotates at least 26, between
two consecutive arcs; in particular, there are at most /6y arcs. The construction
of [Agr(u)]* concludes as follows :

— Step 2. Duplicate (infinitely many times) each of the boundary arcs 7, C t;,
of ©r(u) in the transversal direction of ¢; and fill the remaining wedge-
shaped regions (of angle at least 26)) by regular rhombic tilings ; see Fig. 3.2.3.

We call [Agr(u)]* a star extension of Ag(u). (In fact, we slightly abuse the notation
since [Ar(u)]* is not defined only by Ar(u) and also depends on the structure of A
near this box. However, this does not create any confusion in what follows.)

3.3 . Discrete complex analysis techniques

3.3.1 . Massive s-holomorphic functions on isoradial grids

In this section we discuss the notion of massive s-holomorphic functions on
isoradial grids; see also a recent paper [138] where this notion is discussed in
more detail. Similarly to the critical case (see [48, Section 3.2]), given a real-
valued Kadanoff-Ceva fermionic observable (i.e., a real-valued spinor on a sub-
set of T*(A°) satisfying the propagation equation (5.2.6)) one can construct a
complex-valued Smirnov fermionic F(™):9 observable (defined on a subset of <)
in such a way that the propagation equation (5.2.6) for X (™9 is replaced by the
identities between projections of F(m)8 onto certain directions : see Definition 3.3.1
below.

The 'abstract’ definition (5.2.16) of functions H&m can be then — again,
similarly to the critical case — thought of as considering the primitive of a discrete
differential form 1 Im[(F(™)-%(2))2dz], which turns out to be closed on both I'*
and T up to certain local multiples that disappear in the limit 6 — 0; see
Lemma 3.3.3 and Remark 3.3.4 below. In Proposition 3.3.8 (see also 3.3.10) we
prove (at least, for small enough §) that the function H("™) is subharmonic on I'*
provided that m < 0 and superharmonic on I'*? provided that m > 0, thus gene-
ralizing to the massive setup a (rather mysterious) observation made by Smirnov
in [160] for the critical Ising model on the square grid.

),8

Further, we briefly discuss the a priori regularity properties of massive s-holo-
morphic functions; see Proposition 3.3.11, this statement was obtained in [138].
We also suggest an alternative approach to this regularity theory, which relies upon
a general framework developed in [33] and uses an s-embedding of the massive
Ising model on A% into the complex plane; see Section 3.3.3 for more details.
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Finally, this reduction to the framework of [33] also directly implies that massive
s-holomorphic functions on A? satisfy the discrete maximum principle (up to a
multiplicative constant); see Lemma 3.3.12 below.

Recall that we use the notation 7. = < - exp[—% arg(v(c) — u(c))] for ¢ €
T*(A%), where ¢ = €'7 ; see (3.2.1). The following definition is adopted from [138].

Definition 3.3.1. Let z € ¢’ be a quad of a rhombic lattice A° with mesh
size 6. Given a real-valued spinor X (™) satisfying the three-terms identity (5.2.6)
on corners adjacent to z we define a complex value F' (m)"S(Z) by requiring that

Pr[F™4(2);5,.R] = 672 - 5,.X(c) forall c~ z, (3.3.1)

where

. ~

Nex = Me-exp|F %(52 —0.)] = c-exp[— S(arg(v(c) — z) £ 6.)]

and the 4 sign is chosen so that arg(v(c) — u(c)) = arg(v(c) — z) £ 0, ; see
Fig. 3.2.2.

Remark 3.3.2. Functions F(™) . (9 — C satisfying the condition (3.3.1)
were called massive s-holomorphic in [138] by analogy with more common s-
holomorphic functions that appear in the case m = 0 (and hence @Z =90,);
see [160, 18]. However, note that the values 7.X (™) (¢) differ from the va-
lues F(™):9(¢) used in [160, 48, 138] and other related papers by the factor 3.
We adopt this convention on different scalings of Kadanoff-Ceva (real-valued)
and Smirnov (complex-valued) fermionic observables as it better fits the ge-
neral framework developed in [33].

Lemma 3.3.3. Let H&m)’é and F(™)9 be constructed from the spinor X (™)
via identities (5.2.16) and (3.3.1), respectively. Then (see Fig. 3.2.2 for the
notation),

” m cos @Z
H{ (1) = B (v) = ===+ I [(F(2))?- (11 — vp)] ,
cos 6,
m m sin 52
H () = B (uo) = =2 5 Im [(P(2))? - (wn — wo)]
sin @,
Similar identities hold for functions H[X §m)’6, X ém)’é] = %(H )((TEXQ _Hg(n:l%)‘

Proof. Both formulas easily follow from a similar computation for m = 0 (e. g.,
see [18, Proposition 3.6]) performed for a ‘virtual’ rhombus with half-angle 6,

instead of 6, ; see Fig. 3.2.2 and [138, Lemma 2.5]. (The additional factor %
appears due to a tiny mismatch between the notation used in our paper and
that in [160, 48, 138].) O
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Remark 3.3.4. Below we often refer to the identities from Lemma 3.3.3 by
writing

m).o 1 lm)d] "
HE? = 2 [T (P9 ()R]

(or simply [ 6L i m = 0). Though this identity is not true ‘as is’ even for
discrete contour integrals due to the presence of additional factors cos §z /cosf,
and sin gz /sin@, in one-step increments, these factors (uniformly under the
assumption BAP(p)) disappear as § — 0. In other words, if functions F("):0
converge to a continuous function f, then the corresponding functions H("):0

converge to the function h := % [Im[(f(z))%dz].

The following lemma and its corollary are adopted from [138, Section A.1].
They imply that limits of massive s-holomorphic functions on refining isoradial
grids A%, if they exist, are massive holomorphic, i. e., satisfy the equation (3.3.2).

Lemma 3.3.5. Let v~ vut be a half-rhombus of an isoradial grid A? oriented
counterclockwise (i.e., either = = ug, v = v, u™ = uy or u~ = uy, v = vy,
ut = ug in the notation of Fig. 3.2.2) and X ") satisfies the identities (5.2.6).

Then,
in1(0. + 0.
Sm;im;) FMO () (u—ut) + FOO () (v —u™) + FO9(c) (ut - v)

i l é\Z - gZ Ao S/ N\
= M Fm)5(2) . Area(u”vu™),
0sinf, cosf,
where the value F(™)9(2) is defined by (3.3.1) and F(™0(cF) := n,+ -5_%X(m)"s(ci).
A similar identity (with the prefactor cos (6, 4 6.)/2cos 0, in the first term)
holds for half-rhombi of the form v~ uv™.

Proof. Let v—u® = §-e/#F0:) where ¢, = arg(v—z). It follows from (3.3.1)
that

F(m),&(cﬂ:) — ge_%(ﬂpv:!:gz) . %[F(m)vé(z) . feé(WUZFé\z) + F(m),§(z) . ge_%(@v:l:/e\z)]

= L[ Fm3(5) . E50:=02) { Fm)a(z) . jemienE5:40:) |

)

recall that ¢ = ¢’7. The desired identity follows by a straightforward compu-
tation as

ut —uT =20-ie"sinf, and Area(u vu®) = 62sin 6, cos0,. O

Corollary 3.3.6. Let F("™):% be massive s-holomorphic functions on isoradial
grids A° satisfying the uniform bounded angles condition BAP (). Assume
that F(™)9 converge (on a certain open set U C C) to a function f(™ : U — C
as § — 0. Then, (™) is differentiable and satisfies the massive holomorphicity
equation

af™ imfm) = 0. (3.3.2)
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Proof. Tt follows from the asymptotics (3.2.4) that

0.+0. inl(6, -0,
sin 5 (0 +02) 5(0: + )—>1, —s1n2( )—>m as 0 =0,
2sin b, 2 dsinf, cosh,

uniformly with respect to z (provided that the condition BAP(6y) holds).

Therefore, summing the identity of Lemma 3.3.5 over any subset V' C U with
smooth boundary, and passing to the limit, leads to the identity

1 (

- m) — £(m) ()
5 avf (2)dz = m//vf( )(2)dA(z

which is nothing but the weak form of the equation i@ f(™ = m f(m). A massive
version of Morera’s theorem (or Cauchy integral formula) then implies that
any weak solution is differentiable. O

Remark 3.3.7. It is easy to see that, if (") satisfies the massive holomorphi-
city equation (3.3.2), then the prlmltlve A = 1 [Tm[(f™)(2))%dz] is well
defined and Ah(™ = —4m|f(™ |2, In particular, the function h(™ is subhar-
monic if m < 0.

In the next proposition we show that the subharmonicity property mentioned in
Remark 3.3.7 also holds for discrete primitives of massive s-holomorphic functions
on isoradial grids; a property that we need in the proof of Proposition 3.4.7. Note
that the paper [138] also contains estimates of the discrete Laplacian

(A HM9) () = Ztan@ (HT™S (p) — HMO (1)), (3.3.3)

where vy, ..., v, € ['* are the neighbors of v € I'*? and pi° (v) = 362 37, sin 26,
is an appropriately chosen normalizing factor, which plays no role in the following
inequality.

Proposition 3.3.8. Let m < 0and § < dp(p) be small enough. Then, for each
isoradial grid A° satisfying the condition BAP(6y) and for each spinor X (m).d
satisfying the propagation equation (5.2.6) near v, we have

(A H™?)(0) > 0, vel™’,

where the function H(™ is constructed from X (™9 via the identity (5.2.16).
In other words, H'\"™ (m). is discrete subharmonic on I'*Y if m <0.

Remark 3.3.9. Similarly, the function H (™ is superharmonic on ' if m >
0. If m =0, then both these properties hold (see [160, Lemma 3.8] and [18,
Proposition 3.6]), which considerably simplifies the analysis at criticality.
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Proof. We adopt the notation used in the proof of [13, Propostion 3.6]. Let =5 €
R, s = 1,....n, be the values of the spinor X (") at corners surrounding v.
Then,

(AP HMO) () = (4% (0) 1Y tan b cot? O, (22 +a2, F2(cos ) Lrswsi],

s=1

where the sign F stands for — if s = 1,...,n — 1 and for + if s = n (this
convention corresponds to the fact that the double cover T*(A?), on which
the spinor X (™) ig defined, branches around v). We now expand this quadratic
form in the parameter ¢ — 0. Since tanfy = (1 + 4q) tan 8, + O(¢?) for all
s=1,...,n, this leads to the expression

(1= 89)Q & (w1, wn) =8B (@1, w0) + O(?),

where the leading term

sin 6

" cosOg - (22 + 22 2x X
Qg) o (@, mn) = Y —— (s T 7o) F 201,
seeUn —1

corresponds to the critical case m = 0 and

n—1
(n .7 .7
R§1) 3 (T1y.. ) = E TsTsi1 SN0 — w12, SIn O,
seeUn
s=1

From the proof of [, Proposition 3.6] it is easy to see that the (two-dimensional)

kernel of the form Qén) 3 consists of vectors xs = cst - cos xs, where ys11 =
1---,Un

Xs — 0 forall s =1,...,n — 1. A straightforward computation shows that

(n) 3 . (n—1)
R51,-..,5n (cosx1,...,co8Xxn) = R 1,...,5n72,§n71+5n(cos X1, --5COS Xn—1)

0
+ RW ~ — - (cosxi,cos COS Xn)
TG 1O B X COP A= COS X

®3)
and that R51 92,55
Therefore, the form Rén? — is strictly positive definite on the kernel
15--3Un
of Qén? 7 which proves the required positivity property for small enough 9.
15:-3Un

O

(cos X1, cos X2, cos x3) = sin 1 sin Oy sin 3 if G1 + 0+ 03 = 7.

Remark 3.3.10. It is worth noting that the so-called ’boundary modification
trick’ (used in [18, Section 3.6] to control the boundary values of the func-
tion Hg(m)’é) admits a straightforward generalization to the massive setup. By
definition, on the wired boundary of a discrete domain the function H)((m)’(s
satisfies Dirichlet boundary conditions H (m)’6|8Qo,6 = 0 on ’white’ boundary

vertices. Following [18], in order to fit these boundary conditions and the
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subharmonicity of Hg?)’m on ’black’ inner vertices, one replaces each boun-
dary half-rhombus by two rhombi with twice smaller angles and formally de-
fine Hg?)’m(v) := 0 on newly constructed ’black’ boundary vertices; see [18,
Fig. 7]. For m < 0, such a modification increases the Laplacian (3.3.3) evalua-

ted at near-to-boundary vertices since
tan @, cot? 52-[2$2—2(cos @)71532] = —22°tan 0, cot 52 tan %52 < —2z%tan %@z

due to , < 0, and the monotonicity of the function 6 — cot 6 tan 36 on (0, 37).
In particular, after the ’boundary modification trick’ from [18, Section 3.6]

(m):3 remains subharmonic on *black’ vertices and

is performed, the function H
has Dirichlet boundary conditions; similarly to the critical setup discussed

in [48].

Proposition 3.3.11. Let refining isoradial grids A% satisfy the property BAP (6y)
and F(™9 be massive s-holomorphic functions on {® N U. Assume that the
functions H(™0 = %f[(m)"ﬂ Im[(F (™) (2))2dz] remain uniformly bounded on
compact subsets of U as § — 0. Then F(™)9 are also uniformly bounded and,
moreover, (Holder-)equicontinuous on compact subsets of U as § — 0.

Proof. Without loss of generality assume that m < 0, the other case follows
by exchanging the roles of I'*? and I'°°. There are two different proofs of
the required regularity estimates. For the first one — which actually gives the
uniform Lipschitzness of functions F(™9 — we refer the reader to [138, Sec-
tion 4.2] and notably to [138, Propositon 4.6 and Proposition A.7]. In this

approach, one first estimates the L2 norms of functions F(™):

d),m

on compacts via
the maximum (or oscillations) of H®)™, Then, the pointwise estimate and the
Lipschitzness of F(™-9 can be obtained by applying an appropriate discrete
massive Cauchy formula and using asymptotics of the massive s-holomorphic
Cauchy kernel G, discussed in Section 3.5 : see definition (3.5.15), Propo-
sition 3.5.8 and asymptotics (3.5.30). Note also that one can give a similar
proof by first estimating the L* norm of F(™)9 (i.e., the L? norm of the gra-
dient of H (5)77”) via a discrete version of the Caccioppoli inequality applied to
bounded subharmonic (on I'*® N U) functions H ™),

The second proof relies upon an s-embeddings framework developed in [33]
and related to the context of this paper in Section 3.3.3 below. In this approach,
one re-embeds the isoradial grid A? carrying the massive Ising model so as to
obtain the Ising model on an appropriate s-embedding S® While the (real-
valued) Kadanoff-Ceva fermionic observables X (") and the functions H ()
do not depend on a particular way in which the graph is embedded into C, the
complex values (Smirnov’s observables) F(O)(z) change to new values Fgs(2)
under this procedure ; the relation between the two is given by

FOM9(2) = DY (2)- Fos(2) + D’ (2) - Fas(2), 2 €O (3.3.4)
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see Proposition 3.3.19 for the definition of coefficients DI, (z).

The Holder regularity of massive s-holomorphic functions F™: on (sub-
sets of) A% now follows from the regularity of s-holomorphic functions Fls
on 8% (see [33, Section 2.6]) and from the fact that the mappings z — S%(2)
and z — D) (z) are uniformly Lipschitz on compact subsets of A% due to
Theorem 3.3.2. O

Lemma 3.3.12. Let A’ satisfy the property BAP(6p), F("™) be a massive
s-holomorphic function defined inside a nearest-neighbor contour C° c ?°.
Then, provided that § is small enough (depending on diam(C?) and m only)
we have

|FMS()] < est(f, m, diam(C?)) - max, s |[F2(2)] (3.3.5)
at all points lying inside C°, where the constant does not depend on & and /or A°.

Proof. Without loss of generality, assume that 0 lies inside the contour C? and
consider an s-embedding S? of the massive Ising model on A? (see Section 3.3.3)
below. Recall that the values F(™9(2) and Fgs5(S°(z)) are related to each
other by the formula (3.3.4). The s-holomorphic (on S°) function Fgs satisfies
the maximum principle ; see [33, Remark 2.9]. Therefore, a similar statement
for F(™)-9 follows from the (uniform on bounded subsets) estimates

D% (2)]/ID%(2)| <est <1 and |D(z)] < cst < +oo.

In their turn, these estimates follow from the identities D). = %(]—"f FiF?) and
asymptotics of the functions ]:f , .7:1-5 given in Theorem 3.3.2. 0

Remark 3.3.13. It is worth noting that the massive holomorphicity equa-
tion (3.3.2) implies that Af = 4m?f and thus a usual maximum principle for
| |- The same holds for massive s-holomorphic functions F(™-9 defined on the
square grid §Z2. Thus, it seems plausible that the constant prefactor in (3.3.5)
is unnecessary at least as 6 — 0. However, we do not know a proof of such a
statement for irregular A°.
3.3.2 . Full-plane branching discrete kernels and their asymptotics
In our paper we very often use functions H|[X;, X3] constructed from two
spinors X1, Xy satisfying the propagation equation (5.2.6), which are (locally)
defined on slightly different double covers T[f)}(G) and T[Xu](G), where v € G*
and u € G° are neighboring vertices. Let the corner ¢ € Y(G) be adjacent to
both w and v. These two double covers (non-branching over u and non-branching
over v) can be naturally identified with each other everywhere except the two lifts
of c. Let 2% € {(G) be two quads adjacent to the edge (uv) of A(G) so that u
is the next vertex to v when going around 2T counterclockwise ; see Fig. 3.3.1. In
what follows we assume that
the lifts of ¢ = (uv) onto T[:] and 'I‘[Z] are identified in such a way that

the structure of these double covers around the quad 2™ is the same.
(3.3.6)
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FIGURE 3.3.1 - Local structure of the double covers Y, u = u(c)
(left) and Y[;, v = v(c) (right). These double covers can be identified
with each other except at lifts of ¢. To choose such a lift (shown as a
black triangular node) on both double covers simultaneously we use the
convention (3.3.6) that their structure around the quad z* lying to the

right of (uv) is the same.

Lemma 3.3.14. In the setup described above, let us define increments of the
function H[X1, X5] : A — R via the formula (3.2.8). Then, H[X1, X] has

an additive monodromy 2X;(c)X2(c) when going around ¢ counterclockwise.

(m),6
2

In particular, if X192 = X3 are defined on an isoradial grid A and the

. . . 1 6
massive s-holomorphic functions Fl(gl) are constructed from X f?)

to Definition 3.3.1, then

according

m),0 m),0 1 [(m),4] m),0 m),0
2X§ ) (c) X3 ) (c) = 57( Im [F} ) (Z)Fé ) (z)dz], (3.3.7)

where the discrete integral along a closed contour surrounding ¢ = (uv) in the
right-hand side is understood in the sense of Lemma 3.3.3 and Remark 3.3.4.

Proof. Under the convention (3.3.6), the increments of the function H[X;, X»]
sum up to zero when going around all quads z € {(G) except z = z~. The
sum around z~ (when going counterclockwise) is 2X7(c)X2(c) since it would
vanish if we used the opposite convention on the identification of T[Xv] (X1)

and TQ(G) in (3.3.6). O

Remark 3.3.15. Note that a similar statement holds if, say, the spinor X is
(locally) defined on the double cover T*(G) while X5 lives on T[f)(a)m(a)](G),
where a € T*(G). If X3 = G, is the massive Cauchy kernel on A%, this gives
a Cauchy-type formula for massive s-holomorphic functions; see Fig. 3.5.1,
definition (3.5.15) of G(,), asymptotics (3.5.30), and [135, Section A.2] for

more details.
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In our paper we typically apply the formula (3.3.7) in a situation when Fz(m)’é

is a concrete massive s-holomorphic function, namely an analogue of the 'discrete
272 kernel on Z2' that was used in [38] (and of its massive analogue constructed
in [137] for m < 0 and w € T'*?). Similarly to the discrete Cauchy formula
mentioned above, this formula provides a tool to reconstruct the value of X
(or FY) right near the branching point v from its values on an arbitrary contour
surrounding v.

We construct and analyze the aforementioned branching kernels in Section 3.5;
the main result of this analysis is given by the following theorem. We assume that
m < 0 but formulate the result for both w = v € T and w = u € T'°° : a similar
result for m > 0 follows by the duality.

Theorem 3.3.1. Let m < 0 and let an isoradial grid A satisfy the boun-
ded angles property BAP(6y). For each w € A° there exists a real-valued
spinor G[(Zﬁ)’g defined on the double cover T[Xw ]

gation equation (5.2.6), such that

(A%) and satisfying the propa-

G(m),é

(0] (¢) = 1 for all corners ¢~ w (3.3.8)

0 (m),d

and that the massive s-holomorphic spinor g[(ﬂ) constructed from G[w}

according to Definition 3.3.1 has the following asymptotics as 6 — 0 :

1
5 62m|z—v\

GOy — =% (2V T L 5 RO (2 0) £ O(6?) if w= v e
(m () — (2,0) + O(8?) 7
Z—

™

<2>26_2m|z_u +6-RY (z,u) + O(6?) it w=ueTl*
- Ji—u o (z,u it w=u ,

where the sub-leading terms R(.m) and R(om) are uniformly bounded and uni-

Gimo(z) = ¢t

formly Lipschitz in the second (i.e., v or u) argument provided that |z — w|
and |z — w|~! are uniformly bounded, and the error terms are uniform under
the same assumptions.

Proof. See Section 3.5 : the spinors Gy, are defined in (3.5.13-3.5.14), the
identity (3.3.8) is checked in Proposition 3.5.8, and the asymptotics of Gyy) are
given by (3.5.28-3.5.29). Note that these asymptotics do not contain correc-
tions of order §; in other words, the terms R(om), R(.m) appear only along the
reconstruction of Gy, from Gy, via Definition 3.3.1 and thus can be written
explicitly. In particular, the fact that they are bounded and Lipschitz in the

second variable trivially follows from (3.5.28-3.5.29). O

Remark 3.3.16. (i) Informally speaking, these kernels can be thought of as
properly re-scaled infinite-volume correlators (X fty0oo) OT (XcftooTu), respecti-
vely. This interpretation can be made rigorous if w = v € I'*9 (and m < 0) by
considering a limit of finite-volume correlators; cf. the proof of Lemma 3.4.1
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given below. Note that the exponential decay at infinity characterizes such
a kernel uniquely up to a multiplicative normalization. (In fact, it is not
hard to deduce from Lemma 3.2.4 and Remark 3.2.5 that already the estimate
O(R~'/?7¢) at infinity implies such a uniqueness property.) Moreover, the fact
that (3.3.8) simultaneously holds for all ¢ ~ v is nothing but a re-statement
of the universality of the magnetization in the sub-critical model. However, a
similar interpretation for w = u € T° (or w = v € T*% and m > 0) is less
transparent since in this case the kernel grows when |z — u| — oo and thus
does not admit a straightforward characterization.

(ii) In the critical case m = 0 the asymptotics simplify to
. 1
g[éw](z) = eT'7 . (%) 2(2 _ w)_% + 0(52 . |z _ w|—§)’ (3‘3'9)

where the constant prefactor is e *7 if w = v € I'*® and €'7 if w = u € 9
see Section 3.5.3 for details.

(iii) In Section 3.4.1 we also rely upon the following statement. Let § = 1,
q= %m <0, and w = v € I'*. Then, the spinor G| = GES])’m constructed in

Theorem 3.3.1 satisfies the uniform bound
|Gpy(c)| = O(exp(—p(q,th) - lc—v|)) as |c—v|]—= oo, (3.3.10)

where a constant 8(q,6p) > 0 does not depend on A. We discuss this estimate
(note that it does not directly follow from Theorem 3.3.1) in Section 3.5.4.

3.3.3 . S-embeddings of the massive isoradial Ising model

In this section we discuss the link of the massive Ising model on isoradial graphs
considered in our paper with a general framework of s-embeddings recently develo-
ped in [33]. From a certain perspective, the material presented in this section can
be viewed as an illustration of the general construction from [33]. However, note
that we also rely upon this link — namely, upon Proposition 3.3.19 — when giving
an (alternative to [138]) proof of the a priori regularity of massive s-holomorphic
functions on isoradial grids and of the discrete maximum principle for such func-
tions.

Recall that an s-embedding S = Sy of a given planar graph carrying a nearest-
neighbor Ising model is constructed out of a complex-valued solution X of the
propagation equation (5.2.6) or, equivalently, out of two (linear independent) real-
valued solutions X} and A& of this equation such that X = ¢ - (X] — i&}); recall
that ¢ = ¢'7. This construction boils down to the definition (5.2.16) applied to X
Namely, one has

ReSX: QH[Xl,Xi], ImSX: HX1_HXZ'7 QX = HX1+HX”

see [33] for more details on the definition of the auxiliary function Qy = H[X, X|
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In the context of the massive Ising model on an isoradial grid A?, the two
spinors X7, X7 that one uses for a definition of an s-embedding S? also give rise
to massive s-holomorphic functions ff, .7:{3 via Definition 3.3.1. Moreover, due to
Lemma 3.3.3 (and using the notation of Remark 3.3.4) we have

ReS® = %f[(m)’(ﬂ Im [ 279 (2)F) (2)dz ],
s’ = § [ [(F)(2))” ~ (F(2))?)d] (3.3.11)
Q" = 5 [ [((F () + (F ()))d2]

Remark 3.3.17. It is worth emphasizing that there is an enormous freedom
in choosing ,7:{5 and ]:1-5 and not only those constructed in the forthcoming
Theorem 3.3.2. If these functions converge (as § — 0, on compact subsets
of C) to certain functions fi, f;, then so do S° and Q°. Moreover, the limit
of (3.3.11) is nothing but a conformal (or isothermal) parametrization of
a constant curvature surface in the Minkowski space R**! by two massive
holomorphic (i.e., satisfying the equation (3.3.2)) functions f1, fi; see [33,
Section 2.7] for a discussion.

Theorem 3.3.2. Given m < 0, on each isoradial grid A? satisfying the pro-
perty BAP(6) there exist massive s-holomorphic functions F¢, F? such that
the following asymptotics hold uniformly on compact sets as § — 0 :

F)z) = exp(=2mImz) +0(5), F)(z) = iexp(2mImz)+ O(9).

With a proper choice of additive constants in their definitions, the correspon-
ding s-embeddings S° and the function Q° have the following asymptotics

as 0 = 0 : .
8%(z) = Rez+ ;& sinh(4mImz) + O(6),

Q%(z) = (1 —cosh(4mImz))+ O(6),

also uniformly on compact subsets of C.

(3.3.12)

Proof. See Section 3.5.2 for the construction and Sections 3.5.4, 3.5.5 for the
asymptotic analysis of F9 and ]-"1-5. The asymptotics of S? and Q° easily follow
from (3.3.11). O

In order to apply the results of [33, Section 2] we also need to check that S°
are proper s-embeddings, i.e., that no edge intersections arise when we re-embed
the isoradial grids A’ into the complex plane using S°. For the purposes of this
paper it is enough to consider this re-embedding procedure on compact subsets
only. Recall that we denote by A% the discretization of the box [~ R, R] x [~ R, R]
on A°,

Proposition 3.3.18. For each R > 0 there exist 9 = dp(R,6y) > 0 such
that the following holds for all § < dg and all isoradial grids satisfying the
property BAP(6p) :
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8% is a proper embedding of the box A‘;% satisfying the condition UNIF(d),
i.e., all the lengths |S°(v) — S%(u)|, u ~ v, of edges in S%(A%) are uniformly
comparable to § and all the angles of quads in S‘S(A%) are uniformly bounded
away from 0.

Proof. Let u~ v € A% and ¢ € T(A?) be adjacent to both u and v. Tt follows
from Definition 3.3.1 and a trivial estimate 7., = 1. + O(d) that the edge
length

S%(v) = S%(u)| = X = (1A () + X ()
= 6 [(Pr[F(2);neR])* + (Pr[F)(2);neR])* + O(0)]

is uniformly comparable to § provided that § < &g due to asymptotics of
functions ]-"{5 and .7-"{5 given in Theorem 3.3.2. Similarly, if ¢ and ¢’ correspond
to two adjacent edges of a quad z in S%, then it is easy to see that the quantity

0 Im[ X0 () 0()] = 671 [AP (AP () — X () X7 (¢)]
= |REIF () Im[ne7.] + O(3)

is uniformly bounded away from 0 and thus all the angles of quads in Sé(A‘;R)
are uniformly bounded from below as required.

Thus, it remains to check that S? is a proper embedding of A‘SR. The com-
putation given above also ensures that the increments S%(v) — S°(u) around a
given vertex of S9 (or around a given quad) are cyclically ordered in the same
way as the increments 1,2 = —i - (v — u) on the original isoradial grid A%, In
other words, all quads in S° are oriented in the same way as in A® and quads
surrounding a given vertex do not overlap with each other. Now note that this
local property implies the discrete argument principle : the number of times
that S° covers a point in C is equal the winding number of the image in S° of
a big contour surrounding this point in A%. This winding number is equal to 1
due to asymptotics (3.3.12) provided that § is small enough, which completes
the proof. O

Given an s-embedding 8% : A° — C and a spinor X? (locally) defined on
T*(A%) one can construct an s-holomorphic on S° function Fgs by requiring that

X%(c) = Re[cX%(c)- Fgs(2)] (3.3.13)

(see [33, Proposition 2.5]). The next proposition provides an explicit formula linking
the function Fgs and the massive s-holomorphic function F(™)9 constructed from
the same spinor X° via Definition 3.3.1.

Proposition 3.3.19. Let a spinor X? locally satisfy the propagation equa-
tion (5.2.6) on YT*(A?), the massive s-holomorphic (on A%) function F(™9 be
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defined according to (3.3.2), and the function Fgs be defined by (3.3.13). The
following identity holds :

FMO(2) =D (2) - Fss(2) +D°(2) - Fss(2), (3.3.14)
where the coefficients are given by DI (2) = $(FP(2) FiF(2)).

Proof. For shortness, denote v, := 7,.. The formulas (3.3.2) and (3.3.13)
imply that

[TF MO (2) 4 v FMS(2)] = 2X(¢) = TX%(c)Fss(2) + ¢ X9(c)Fas ().

N

0

for all ¢ ~ z; note that these equations uniquely define the value F(™)9.
Therefore, the formula (3.3.14) is equivalent to the identity

5% - [.DY(2) + v Do (2) ] =X (c) = X () —iXP(c), e~ =
It remains to note that X{(c) = %5% [TFY(2) + veFi(2)] and similarly
for X?(c), again due to Definition 3.3.1. O

3.4 . Proofs of the main results

In this section we prove the main results of our paper. In particular, Theo-
rem 3.1.1, i. e., the convergence of the re-scaled infinite-volume correlations 61 EX?) [0uow]
to a universal (i. e., independent of A°) rotationally invariant limit C2-Z(|u—w|, m)
is proven in Theorem 3.4.2 for m = 0 and in Corollary 3.4.17 for m # 0. Along
the way, we also prove convergence of spin-spin correlations in discrete approxi-
mations Q0 C T of finite C'-smooth domains © C C : see Corollary 3.4.12 and
Theorem 3.4.4 for the critical and massive cases, respectively.

We start our exposition by giving a proof of Baxter's formula (Proposition 3.1.3)
for the magnetization in the infinite-volume sub-critical model on isoradial graphs;
note that already this proof contains two important ideas that we also use later :
gluing isoradial grids to each other via a procedure discussed in Section 3.2.4 and
the reconstruction of values of spinor observables near their (non-)branching points
via the explicit kernels from Section 3.3.2. In particular, Lemma 3.4.1 can be viewed
as an off-critical single-spin version of the arguments used for the analysis of multi-
point spin correlations on the square grid in [38] (at the critical point) and in [137]
(in the massive regime). Let us repeat that our modification of these arguments,
based upon Lemma 3.3.14, considerably simplifies the analysis as compared to [38,

]. We analyze the spin correlations in the critical model on isoradial graphs
in Sections 3.4.2-3.4.4. The massive model is discussed in Sections 3.4.5, 3.4.6
basing upon a similar strategy.
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FIGURE 3.4.1 - If vy, v; € I'* be two vertices of a quad z = (vougviuy ), the

double covers Y7 . (shown on the left) and Y | (shown on the right) can
[vo] [v1]

be identified with each other except at lifts of corners ¢, = (vpu,), p =

0,1, g =0, 1, surrounding z. In the proof of Lemma 3.4.1 we choose these

lifts so that the incidence relations (3.4.1) hold ; these relations are shown

by thick black lines in the figure.

3.4.1 . Baxter’s formula for the magnetization in the sub-critical
model

Throughout this section, 6 = 1 and ¢ = %m < 0 are fixed.

Lemma 3.4.1. Let m < 0 and A be an infinite isoradial grid of mesh § = 1
satisfying the property BAP (). Then, the magnetization Ej[o,] does not
depend on u € I'°.

Proof. Let z = (vgugviuy) be a thombus on I'; see Fig. 3.2.2 for the notation.
Consider the pointwise limit

Xiyoi(€) = Hmp oo EX . [XchogTuon], € € T[XUO],
which can also be thought of as the infinite-volume correlator E [xcfiv,Too)-
The existence of a limit follows from the fact that for each given ¢, one can
fix a disorder line v with 9y = {v(c), v} and write

_9pRo 70

*ngw]
)

E\/;XVR [XCMUOUUout] = Ej\vR |:O-’U4(C)O-Uout Huww:(uw)ﬂ’y;ﬁge
which is a finite linear combination of multipoint spin expectations since
e P U = osh (=268 00) + Tu SINh (2% T8 -

Each of these expectations is decreasing as R — oo due to the FKG inequality,
which guarantees the convergence of EY [XcttvgTuoy -
Note that

Xiv] (Coo) = UMR 00 EY [0vg0unu] = EXlow] and  Xpg(ca) = Ef[ou,].

Let us now consider the function H := H|[X[,, G},,)], where Gy,,] is the expli-
cit infinite-volume kernel discussed in Theorem 3.3.1 and Remark 3.3.16(iii).
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Since the two spinors X[, and Gy,,) are defined on slightly different double
covers T[fm]
the quad (vougviuy). Similarly to the proof of Lemma 3.3.14, it is easy to see

that

and T[f} ] the function H has an additive monodromy Z around

Z = _X[Uo](COO)G[’Ul}(COO) + X[UO} (Clo)G[’Ul](ClO)
= —X[UO](Cll)G[ul}(Cn) + X[vo] (001)G[U1](001)7

N[

where we assume that the double covers T[de and T[fu] are identified with

each other away from the quad (voupviu;) and that (see Fig. 3.4.1)

Ci1 ™~ Cyp ~ Cog ™~ Cy1 ON TX } WhllSt Cogg ™~ C19 ™~ C11 ™~ Cp1 ONN T[X ] (341)

[vo v1

On the other hand, the uniform boundedness of X|,j(c) and the exponential
decay of Gi,,] (as |c —v1] = oo; see Remark 3.3.16(iii) and Section 3.5.4)
imply that Z =0 as we can move the integration contour in (3.3.7) far away
from the branching. Thus,

K] (€00) Guy](Co0) = Xu] (€10) Gy (€10)-

Using the propagation equation (5.2.6) to write the value Gy,,j(co) as a linear
combination of Gy,,j(cio) and G, j(cir), and the value X, (cio) as a linear
combination of X[,(coo) and X[, (co1), one can rewrite the last identity as

Xiwo) (€00)Glog)(€11) = Xo](€o1) Gy (€ro)-

Recall that Gy, j(ci1) = Gpyyj(cio) due to the explicit construction of the ker-
nel Gi,,). This implies the desired identity EX [0uo] = Xjuo] (Co0) = Xug)(Cor) =
Ellow] O

Proposition 3.4.2. We have Ej[o,0,] — (k:*)% as |u — w| — oo uniformly
over isoradial lattices A and positions of points u, w € I'°.

Proof. Denote by D := |u—w| the (Euclidean) distance between u and w. The
uniform RSW estimates (3.2.10) imply that for each € > 0 one can find A =
A(e) > 1 such that

Map(wlouow] —€ < Eplowow] < EX o [ouow]
on each isoradial grid containing the box A4p(u) (and satisfying BAP(6p)).
Let us now replace A by the ‘star extension’ [A4p(u)]* of the box Aap(u)
constructed in Section 3.2.4. For shortness, below we use the notation A* :=
[Aap(u)]*; note that the the same reasoning applied to A* instead of A implies
that
|EAlouwow] — Enxlowow]| < e (3.4.2)
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According to the construction, on the modified lattice A* we can find a ‘white’
vertex v/ such that |u’ — u| < CAD and that the box A% (u') is a piece of a
rectangular grid ; the constant C' depends on 6 only. Denote by w’ a ‘white’
vertex of A* lying at distance D from v’ and such that w’ — v is one of the
axial directions of this rectangular grid.

We claim that, for each grid A* satisfying the bounded angles property BAP(6y),

|Eps[0uow] — Ep+[owow]| = O(A(e)D? exp(—BD)), (3.4.3)

where a universal constant 8 = £(q,6p) > 0 comes from the uniform expo-
nential decay of the branching kernels G, ; see (3.3.10) and Section 3.5.4.
The proof of (3.4.3) goes along the same lines as the proof of Lemma 3.4.1.
Namely, let z = (vpugviui) be a quad lying at distance D from the second
‘white’ vertex w under consideration. As in the proof of Lemma 3.4.1, let us
consider a pointwise limit

X[vo,w} (C) = limp_ EXE [Xcﬂvoaw]y cc TE;O,U}]’

and a function H := H[X{y, ], G[v,)] defined in the vicinity of 2z of radius D.
(Note that now the spinor Xp, ., has the second branching at w while Gy,
does not branch there, this is why H is not defined on the whole grid A*.)
Let Z be the additive monodromy of the function H around z. The uniform
boundedness of the fermionic observable X[, ., and the uniform exponential
decay of the kernel Gy,,j imply that Z = O(D exp(—f3D)) since we can com-
pute this monodromy along a contour running at distance D from z. Then,
computing the monodromy Z similarly to the proof of Lemma 3.4.1 we obtain
the estimate

| EA* [O-uoo'w] - EA* [Uu10w] | = O(D eXp(—BD)). (3'4'4)

Moving a pair of points u,w step by step to u/,w’ so that they remain at
distance (at least) D from each other we obtain the desired estimate (3.4.3).

Finally, let A™ be a rectangular grid that extends the rectangular part A* ,,(u')
of A*. Similarly to (3.4.2), one has | Exx[0y/0u] — Eprect [0 0yy] | < €. Combi-
ning (3.4.2), (3.4.3) and this estimate, we see that

|EA[0uow] — Eprect[0waw] | < 26+ O(A(e) D? exp(—AD)). (3.4.5)

We can now rely upon explicit computations of the ‘horizontal’ spin-spin corre-
lations E prect [0/ 07v] On rectangular grids; see [123, Section X.4] or [10, Theo-
rem 3.6]. In particular, it is well known (see also Remark 3.4.3 below) that

Eprect[owow] — (K92 as o/ — | = oo. (3.4.6)

Choosing first € small enough and then D big enough in (3.4.5) allows us to
1

conclude that Ep[oy0,] — (K*)2 as |u — w| — oo, uniformly with respect to

isoradial grids A satisfying the bounded angles condition BAP(6y). O
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Remark 3.4.3. A careful reader could notice that above we used the — a priori
nontrivial — fact that the limit in (3.4.6) does not depend on the (unknown)
aspect ratio of the rectangular lattice A™°. This can be avoided by making
another comparison of correlations on A"t and those on the square lattice Z> ;
recall that one can easily glue A™" and Z? staying inside the family of isoradial
grids (see Fig. 3.2.3). The estimate (3.4.5) and a similar estimate for AT
and Z? imply that

|Exlowou] — Ezlowow]| < 4e + O(A()D? exp(~BD)).

In particular, this gives a self-contained proof of the existence of the universal
(among isoradial grids) limit lim,_|— 00 Ea[0uow]. Moreover, on the square
lattice one can work with ‘diagonal’ spin-spin correlations instead of ‘hori-
zontal’ ones, which considerably simplifies the computation of the limit; e. g.,
see [32, Section 3.

Corollary 3.4.4. For all isoradial grids A satisfying the condition BAP(6y)
1
and for all u € I'® the magnetization E}[o,] is equal to (k*)1

Proof. It follows from Lemma 3.4.1 that, given A, the magnetization EX [0]
does not depend on the position of u € I'°; let us denote this common value
by M(A).

First, note that Proposition 3.4.2 and the FKG inequality imply that

(£")

D=

_ . w : + + _ 2
= I%I_IgOEAR[U“U“/] > I%LIS)OEAR[U“].EAR[JU/] = (M(AN))

and hence M (A) < (k:*)i for all A. To prove the inverse inequality note that,
for large enough R, the FKG inequality also implies that

EX. [ouow] < EXD(U) [0w] - EXD,(u’)[Uu’] if Ap(u)NAp(u)=2.

Let us first consider the particular case when A = A™ is a rectangular
lattice. In this case, for each € > 0 one can choose D = D’ big enough so that
B wloul = EXjunlow] < MA™) +¢;

note that we used the translation invariance of A™t. By first letting R — oo
in (3.4.1) and then € — 0 one concludes that M (A™) = (k*)i

Let us now consider a general case. As above, given € > 0 and a vertex
u € I'° near 0, one can choose D = D(e) large enough so that

EXD(u)[O'u] < M(A) +e.

Let A* := [Ap(u)]* be the star extension of Ap(u). By construction (see
Fig. 3.2.3), A* contains arbitrary large pieces of a certain rectangular grid ATt
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(whose aspect ratio can depend on A*, which in its turn depend on £). One
can now choose D' = D’(¢) large enough so that

Ef, onlow] < M(A®Y 4e = (k)7 +e
AD/(U)

for a certain ‘white’ vertex u’ of A*. Moreover, once D’ is chosen, the vertex
u’ can be taken arbitrarily far from u. Passing to the limit R — oo, then
|u — u/| = oo and finally e — 0 in the inequality

EXplouow] < (M(A) +)((K)7 +2)
we see that M(A) > (k*)i, which completes the proof. O

3.4.2 . Critical model : convergence of normalized observables Ef; [x /1,0

In this section we consider the critical Ising model in bounded discrete ap-
proximations Q20 C T'Y of a bounded simply connected domain © C C with a
C'-smooth boundary. The convergence results discussed below can be viewed as
generalizations of similar results obtained in [38] for the square grid A% = 6Z%; un-
der an additional smoothness assumption on 0f). It is worth noting that we use this
smoothness assumption only in order to give a simple proof of Proposition 3.4.7
following the paper [137], and that it can be removed by using techniques from [48]
or from [39] instead ; see Remark 3.4.13 below. Let us emphasize that the proofs
given in this section do not simply mimic those from [38]; on the contrary, we
considerably improve the strategy used in [38] even in the case A% = §Z2 in what
concerns the analysis of spinor observables near the branching points. In particular,
we do not rely upon explicit ‘z!/%-type’ kernels (see [38, Lemma 2.17]).

Let Q C C be a bounded simply connected domain and Q° be discrete ap-
proximation of © on isoradial grids A% with § — 0. (As always in our paper we
also assume that A9 satisfy the bounded angles property BAP(6y).) For simplicity,
we also assume that the boundary 99 of Q is C'-smooth and that Q° approxi-
mate € in the Hausdorff sense so that dist(99%; 9Q) = O(4). However, it is worth
noting that one can drop these regularity assumption by repeating the arguments
developed in [48] in what concerns the near-to-the-boundary analysis of fermionic
observables in rough domains  under the Carathéodory convergence Q0 — Q;
see also Remark 3.4.13 below.

Let v, w be distinct inner points of €; for the sake of shortness we use the
same notation for discrete approximations v = ©® € T'*® and w = w® € T'°°
of these points. Also, let u = u® € I'°? be one of the neighboring ‘white’ vertices
of v. Following [38], we consider the normalized real-valued fermionic observable

w
Xy (€)= Edslxetooul |y (Q%), (3.4.7)

ESs[ouow] [v,w]

0
[Q950,w]

according to (3.3.2) ; recall that F[?)‘S;v,w] is an s-holomorphic spinor in ©° branching

and denote by F[‘g)(;,v w] the complex-valued observables constructed from X
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over v and w. Also,
Xy (Cun) = 1, (3.4.8)

where the corner ¢, is adjacent to both u and v.

In the forthcoming Theorem 3.4.1 (which can be viewed as a generalization
to isoradial grids of a particular case n = 2 of [38, Theorem 2.16]; see also
Remark 3.4.13) we prove the convergence of these discrete observables as § — 0.
The limit is a holomorphic spinor fiq., . on the double cover of ) ramified over v
and w that is uniquely defined by the following conditions :

— fiouw,w] is continuous in Q@ N {v, w} and satisfies the Riemann-type boundary
conditions Im[f[Q;ww](C)(T(C))l/Q] = 0 for all ¢ € 09, where 7(¢) denotes
the tangent vector to Of) at the point ¢ oriented counterclockwise;

— the following asymptotics holds :
fioww(2) = e V(2 — v)*% +O(|z — v\%) as z — v; (3.4.9)
and there exists a (a priori unknown) constant Bq (v, w) € R such that
fiowa)(2) = €3Bo(v,w)-(z—w) 7 +0(]z—w|?) as z = w. (3.4.10)

Remark 3.4.5. (i) Since f|q,, ., branches over the point w, the coefficient Bq (v, w)
is a priori defined only up to the sign. We fix this sign by requiring that Bg (v, w) >
0.

(ii) The uniqueness of the solution to this boundary value problem easily
follows from considering the harmonic function h := [Im[(f1(2) — f2(2))?dz] :

if f1 and fy were two distinct solutions, then the function A would not have a
singularity at the point z = v, would behave like blog |z —w|+O(1) with b > 0

as z — w, and would have negative outer normal derivative along 02, the sign
which contradicts the Green formula; see also [3%, Section 2.5].

(iii) If p : @ — Q' is a conformal map, then it is easy to see that

Fiormw)(2) = firsoy. o) (9(2)) - (' (2)2. (3.4.11)

The solution in the upper-half plane 2 = H can be written explicitly (see [38,
Section 2.7]) ; in particular, this can be used to justify the existence of fiq., -
Alternatively, one can get the existence of flq., ., directly from Theorem 3.4.1,
not relying upon explicit formulas and/or the conformal covariance property (3.4.11).

Let us denote by H? the function constructed from the fermionic obser-
vable (3.4.7) via (5.2.16), where the additive constant in its definition is chosen
so that H? satisfies the Dirichlet boundary conditions. Fix a small enough o > 0
and denote

M = maxq(,) |H®|, where Q(r) := Q~ (B(v,70) U B(w,rp)). (3.4.12)

The proof of the following estimate considerably simplifies the strategy used in [38].
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Proposition 3.4.6. Assume that the estimate M? = O(1) holds as § — 0.
Then,

F[‘g)(;,v w] = O(1) as 6 — 0 uniformly on compact subsets of Q ~\ {v,w}.
(3.4.13)

Proof. The a priori regularity estimates of s-holomorphic functions via the
associated functions Hp (see Proposition 3.3.11), in particular, imply that
F[‘gz(;;uw] =O0(1) as J — 0 uniformly on compact subsets of Q(rg).

Thus, to prove (3.4.13) we need to control the behavior of F¥ near v and w.
Consider now the explicit full-plane kernel G?v} discussed in Section 3.3.2

and a spinor (defined, e.g., in a 3rp-vicinity of v)
X&T(') = X€§25;v,w]<') - va]() (3414>

and let FoT and H%! be constructed from X' via (3.3.2) and (5.2.16), res-
pectively. Due to (3.4.8) and (3.3.8), we have X%f(c,,) = 0 and hence the
function H%' satisfies both the maximum and the minimum principle near v
(see Remark 3.2.5). Also, we know that F®' = O(1) and hence H>' = O(1)
near the circle {z: |z — w| = 3r¢}, for an appropriate choice of the additive
constants in the definition of H%!. Therefore,

H> = 0(1) as § — 0 uniformly in the disc B(v,3r) := {z : |z —v| < 2r}.
It follows from Proposition 3.3.11 that
FoT(2) = O(|z — v|_%) and so F&57v’w](z) =0(]z — v\_%) for z € B(v,2ro)

due to the explicit asymptotics of Qﬁ)] (see Theorem 3.3.1). In particular, F°
remain uniformly bounded as 6 — 0 on compact subsets of Q~ ({v}UB(w, r9)).

A similar though slightly more involved argument can be applied near the
second branching point w € I'*?; a complication is caused by the fact that
now we do not have a prescribed value similar to (3.4.8) near w. However,
it is not hard to see that these values remain uniformly bounded as § — 0.
Indeed, denote by ¢, one of the corners adjacent to w and consider the func-

tion H[ng;ww] ,G‘[sv(cw)ﬂ. By Lemma 3.3.14, this function has the additive
monodromy
2X (05,00 (C0) Cloen)) (Cw) = 2X 5,411 (C)
1 fld] 5 5
=3 ]i:lzw:% Im [F05.,, ) (2)G (e ) 02] -

Since the (complex-valued) kernels gﬁ)( ¢p)] Temain uniformly bounded at a
definite distance from w as 6 — 0 (see Theorem 3.3.1), we obtain the uniform
estimate

Xigsipa(cw) = O(1) as §—0. (3.4.15)
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We can now repeat the arguments given above considering the spinor
0 0 1)
Xigrwa) () — Xjosiwu) (w) - Glug ()

near the point w to prove that F[‘glémw](z) =0(z— w|_%) for z € B(w,2rg).
O

Let us for a while take for granted the assumption M° = O(1) made in
Proposition 3.4.6. It follows from the estimate (3.4.13) and from the a priori
regularity of s-holomorphic functions (see Proposition 3.3.11) that the functions
F[(sszé;u,w] are also equicontinuous on compact subsets of 2~ {v,w}. Thus, one can
apply the Arzela—Ascoli theorem and find a subsequential limit

F[(Ss]‘;;uw](z) - g[Q;v,w}(z> as 0 = (5k — O, (3416)

where the convergence is uniform on compact subsets of  ~ {v,w}. Trivially,
each such a subsequential limit g(q., ., is @ spinor branching over v and w. Mo-
reover, gi.v,w is holomorphic due to Corollary 3.3.6. Let

ho:= 5 [Tm[(gja.,u)(2))?dz]; (3.4.17)

note that % is a harmonic function in the punctured domain © \ {v,w} defined
up to an additive constant.

As functions H° satisfy the Dirichlet boundary conditions (see Remarks 3.2.3
and Remark 3.3.10), it is natural to expect that the same holds for their subse-
quential limits (3.4.17). In the critical case m = 0, one can prove this fact without
assuming that the boundary 92 is smooth by using, e. g., the techniques develo-
ped in [48, Section 6]. However, we prefer to quote a more straightforward argu-
ment suggested by S. C. Park in [137, Proposition 22], which works in C''-smooth
domains only but instead has a great advantage of admitting a straightforward
generalization to the m < 0 case. Let us emphasize that we will also rely upon
Proposition 3.4.7 when discussing the massive setup in Section 3.4.6; namely, in
the proof of Theorem 3.4.4.

Proposition 3.4.7. Let m < 0 and assume that the boundary of Q is C'-
smooth and that Q7 approximate 2 in the Hausdorff sense so that dist(9Q°; 92)
O(4) as 6 — 0. Provided that the estimate M? = O(1) holds, the following
are fulfilled :

(i) the uniform bound (3.4.13) holds up to the boundary of discrete do-
mains 9§.

(ii) for each subsequential limit gjq,, ., the function h defined by (3.4.17) is
continuous in © \ {v,w} and satisfies Dirichlet boundary conditions at 0€2 ;
(iii) moreover, gi., ] is continuous up to the boundary of Q and satisfies
Riemann-type boundary conditions Im[gj; | (O)(T(E)Y?] = 0 for all ¢ €
09, where 7(¢) denotes the tangent vector to 9 at the point ( oriented
counterclockwise.
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Proof. Recall that the functions H® are sub-harmonic on I'*? due to Pro-
position 3.3.8 (or directly due to [18, Propostion 3.6] if m = 0) and that
this property remains true if one performs the ‘boundary modification tri-
ck’ from [18, Section 3.6]; see also Remark 3.3.10 above. Therefore, a com-
parison with the discrete harmonic measure and the estimate M° = O(1)
imply that H°(v) = O(8) at near-to-boundary vertices v € I'*% and hence
F[‘g](;%w](z) = O(1) for all z € 999.

The discrete maximum principle for |F?| (which holds up to a universal
multiplicative constant due to Lemma 3.3.12 or directly due to results of [33,
Section 2.5] if m = 0) together with the uniform estimate (3.4.13) in the bulk
of Q9 imply that

F[?)a.v w = O(1) as 0 — 0 uniformly in Q° < (B(v,19) U B(w, 1)),

including at the points close to the boundary 9.

Now one easily sees that each subsequential limit (3.4.16) is uniformly
bounded up to the boundary of € (i.e., on compact subsets of Q \ {v,w}). In
particular, the primitive b = 3 [ Im[(gja.p,u)(2))d2] is continuous in O~ {v, w}
and satisfies the Dirichlet boundary conditions at 0.

Moreover, Ah = 4m2|g[g;uvv] |2 = O(1) up to the boundary of a C''-smooth
domain 2. Due to standard estimates, this implies that A is continuously
differentiable and hence gjq., ) is continuous up to the boundary of €2, which
allows one to speak about its boundary values. Finally, as pointed out in the
proof of [137, Proposition 22|, the discrete integration by parts argument used
in [18, Remark 6.3] only relies upon the sub-harmonicity of function H? on I'*
and thus can be applied verbatim to control the sign of the normal derivative
of h provided that m < 0. O

We are now in the position to prove the main result of this section. Note that
we do not assume the bound M?® = O(1) as § — 0 anymore.

Theorem 3.4.1. The following holds uniformly on compact subsets of 2 ~
{v,w} :

s 2\1
Fiosu)(2) = (2)? fiaww)(2) as 6= 0.
Moreover, this convergence is also uniform with respect to positions of v and w
provided that v, w, z stay at definite distance from each other and from 0f).

Proof. We first prove the required result provided that M? = O(1) as § — 0
and then rule out the impossible scenario M? — 0o as § = &, — 0.

If M° = O(1) as 6 — 0 then we only need to prove that each subse-
quential limit gjq., ., of s-holomorphic observables F[%S;u,w] solves the same
boundary value problem as flq.,, ], up to the multiple (2/ m)1/2
tics (3.4.9). (Recall that the existence of these subsequential limits gjq;, ., fol-

lows from Proposition 3.4.6 and the Arzela—Ascoli theorem.) Proposition 3.4.7

in the asympto-
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guarantees that giq., ., satisfies the required Riemann-type boundary condi-
tions at 0. Therefore, it remains to analyze the asymptotics of gjo,,.,](2) as
z — v and as z — w.

It follows from the convergence results for s-holomorphic spinors F[‘gz(;;mw]
and gﬁ)] that the functions H%' (constructed from the fermionic observable (3.4.14)
in a usual way) converge to a function

hT = %flm[(g[Q,v,w}(z) - (%)%e—&(z - U)_%)de]

on compact subsets of a punctured disc B(v,2r9) \ {w}. However, the func-
tions H%' remain uniformly bounded in the whole disc B(v,2rq) due to the
discrete maximum principle. Therefore, the harmonic function k' has a remo-
vable singularity at v and

(NI

g (2) = (2)2e 7T (z=0) 2 = O(z—v]?) as z >0

(the right-hand side automatically improves from O(1) to O(|z—v| %) since gio;v,uw)|
has a square-root-type branching at v). A similar argument applies near the
second branching point w. More precisely, using the estimate (3.4.15) and
passing to a subsequence once more, we can assume that

Xfgsopw)(Cw) = BER as &= = 0. (3.4.18)

v,w)

Then, the same argument as above implies that
1.
G (2) = B+ (2)%€"4 (2 — w)_% = O(|]z — w|%) as z — w.

Let us now rule out the scenario when M% — oo as § = 6, — 0. In this
hypothetical situation one can consider the re-scaled observables

0 - S\—12 §
Flaspw) = (M7)™2 “Flasu,u)
and repeat the arguments given above relying upon the identity maxg,) ]f] o =
1 for the corresponding functions H?. Each subsequential limit giq., ., obtai-
ned in this way solves the same boundary value problem as fiq., . except

that .
E[Q;v,w](z) - O(|Z—’U’5) as z—v

since the re-scaled functions (M 5)_%9[‘1} vanish (on compact subsets of C ~\
{v}) in the limit § — 0. Similarly to Remark 3.4.5(ii), this boundary value
problem does not admit a non-trivial solution, i.e., gig. . (2) = 0 for all z €
Q. However, together with the uniform estimate F fm;uw] = O(1) near the

boundary of Q provided by Proposition 3.4.6, this implies that

H® — 0 as § — 0 on compact subsets of €~ {v,w},
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which contradicts the normalization maxq,) |H®| =1.

Finally, note that we never used the fact that the positions of points v® = v
and w® = w are fixed ; in all the arguments given above it is sufficient to assume
that u’ — u and w® — w as § — 0. By compactness, this implies that all the
convergence statements discussed above are uniform in v and w provided that
these points stay at definite distance from each other and from 0f). O

3.4.3 . Critical model : convergence of ratios of spin-spin correla-
tions
We now discuss several corollaries of Theorem 3.4.1 following the scheme de-
signed in [38]. However, let us note that we give more straightforward proofs than
those from [38]. The following result generalizes [38, Theorem 1.7] to isoradial
grids.

Corollary 3.4.8. In the same setup as above, let b € Q9 be adjacent to w €
0°9 and recall that v ~ u. Then,

Es (1o fin) _ ngz*,é lovos]
Eg& [Uuaw] Eg& [Uuaw]

— Bq(v,w) as 6 = 0. (3.4.19)

Remark 3.4.9. Recall that, according to the Kramers—Wannier duality, the
disorder-disorder correlator E{s[uopp] is equal to the spin-spin correlation
Eé*yg[avab] in the dual Ising model on Q*° with free boundary conditions.

Proof. Let ¢, € T[fj w] (929) be adjacent to both w and b. By definition of the ob-
servable X[‘S (see (3.4.7)), we have Efs [t ip] /EQs [0uow] = iX[izé;v,w] (cw)-

Q3 v,w)

In fact, the convergence of the values X [595 (cyw) has been already implicitly

proven along the proof of Theorem 3.4.1. ’i)iqlﬂeed, each subsequential limit B
in (3.4.18) has to be equal to Bq(v,w) since the (a priori, unknown) coefficient
in the asymptotics (3.4.10) is uniquely determined by the boundary problem
itself.

Alternatively, one can consider the function H[X [595;”7“)], Gfb}] defined in a
vicinity of w and note that its additive monodromy around ¢, is equal to

2X[695;v7w] (Cw) = 2X[595;v,w] (Cw)G?b] (Cw)

1 rlol
- 5 }g: Im [F[?zé;v,w} (Z)gﬁ,](Z)dZ],

see Lemma 3.3.14. Using the convergence of F[‘gz(;w’w](z) and gg)}(z) as d = 0
near the circle {z : |z — w| = 2r¢} we easily see that

4]
X[&mmw}(cw) — 17{ Im [f[ngw}(z)(z—w)_%dz} = +Bq(v,w),

2 Jz—w|=2rg

where we used the asymptotics (3.4.10) in the last equation. (The potential
ambiguity in the sign is caused by the fact that we work with spinors branching
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over w rather than with single-valued holomorphic functions.) The + sign can
be easily fixed by noting that both EJ;[uyu]/ESs[0uow] and Bo(v,w) are
positive quantities. ]

Following [38], let us introduce the quantity Aq (v, w) € C as the sub-leading
coefficient in the asymptotics of the spinor fq., ., at the point z = v :

™

fiowal(z) = ¢ 5 (z = 0)7F - (14 2Aa(v,0)(z — 0) + O(|z — o). (3.4.20)

Further, define the two-point spin correlation function (o, 04,){ as the exponential
of the primitive of the following (closed) differential form :

(ulvu )
(0w Ouy )y = exp/ ’ Re [Aq (v, w)dv + Aq(w,v)dw], (3.4.21)

normalized so that (o, 0u,)8 ~ |uz — ul\_i as up — wup. For simply connec-
ted domains €2, the function (oy,04,)3 can be written explicitly (e.g., see [
Eq. (1.2)]); it is also worth noting that the existence of such a primitive can be
deduced from the convergence results discussed in Corollaries 3.4.10, 3.4.11 and
Theorem 3.4.2 below. Also, let us define

(O 0un)dy = Ba(ur,u2) - (0u,00,)5 - (3.4.22)

It is not hard to deduce from (3.4.11) that, for conformal maps ¢ : Q@ — €/,

1 1
<Uu1au2>?2 = <U<p(u1)gg0(u2)>?)’ ) |90/(u1)|8 ’90/(u2)|8 . (3'4'23)
for both wired (b = w) and free (b = f) boundary conditions.
The following result generalizes [38, Theorem 1.5] to the isoradial setup; it is
worth noting that the proof given below considerably simplifies the arguments used
in [38] even in the square grid case A° = §Z2.

Corollary 3.4.10. In the same setup as above, let ug, u; € I'>° be two neigh-
boring ‘white’ vertices adjacent to v € I'*9. Then, the following asymptotics
hold :

Egé [Ouy )

Egé [UUO O-U)}

= 1+Re[(u1 —up) - Aa(v,w)] + o(),

where the error term is uniform with respect to v, w € €2 provided that they
remain at a definite distance from each other and from 0f2.

Proof. Let v(cp,1) = v, u(co1) = up,1, and assume that co; € T[f),w}(Qé) are
chosen to be adjacent on the double cover. Consider the observable (3.4.7)
with © = ug and note that

ESs (0w 0]

EW

5[0’ o ] -l= X[(SQ(;'”va](cl)_X[%é;v,w](co)'
Q8 [0uo 0w

i
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Using Lemma 3.3.14 as in the proof of Corollary 3.4.8 we see that
‘X'[Q‘s Uw]( ) Xﬁ)é vw](CO)
4]
=3 7{ . 2ro [Qa v, () - (g[ul]( z) — Q[UO]( 2))dz].

Note that the asymptotics (3.3.9) contain no O(4) term. Therefore,

G (2) = Gl (2) = 3(ur — o) - €% (2)

=

(z — v)fg +0(6%) as § — 0.

1
Since we also know that F[ém;v,w] (2) = (2)2 figww)(2) as § — 0 (uniformly
near the circle {z : |z — v| = 2rg}, see Theorem 3.4.1), this gives

05 [ouow] 1 f { ei%f[Q;v,w} (2)dz
B owow] L In Im| (u1 —u) - +o(d
ngs [UUOU’LU} 4 z:|z—v|=2r¢ ( ! 0) (Z _ 7})% ( )

= Re[(u1 —uo) - Aq(v,w)] + 0(d),

where we used definition (3.4.20) of the coefficient Aq (v, w) in the last equa-
tion. O

Corollary 3.4.11. In the same setup as above, the following holds :

E‘()zvé [UU'UU"] <Uu"7w’>g as 0 =0
Egé [Uuaw] <Uu0w>g ’

uniformly with respect to u, v/, w,w’ € Q provided that all these four points
stay at a definite distance p > 0 from 9 and that [u—w| > p and |[v'—w'| > p.

Proof. The asymptotics provided by Corollary 3.4.10 can be equivalently writ-
ten as

= Re[(u1 — uo) - Aq(v, w)] + o(d).

Summing these expression along appropriate paths connecting u to v/ and w
to w’ inside Q9 and using definition (3.4.21) of the continuous correlation
functions (o,0.,)¢ one easily gets the result. O

3.4.4 . Critical model : universality of the full-plane spin-spin cor-
relations
In this section we consider the critical Ising model on infinite isoradial grids A
with § = 1 and prove that the two-point correlations Ex[o,04,] have universal
(i.e., independent of A) rotationally invariant asymptotics as |u — w| — oo.

Theorem 3.4.2. Let C, = 26¢2¢' (=D The following asymptotics hold :
Erlowow] ~ C2-|u— w|_i as |u—w| — oo, (3.4.24)

uniformly with respect to A provided that it satisfies the property BAP(6y).
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Proof. The proof is similar to the proof of Proposition 3.4.2 for the subcritical
model, see also Remark 3.4.3. More precisely, it goes in the following three
steps :

i. prove that the asymptotics (3.4.24) holds if A = Z? is the square grid ;
ii. prove that (3.4.24) holds uniformly over the class of rectangular grids ATt ;
iii. prove that the same asymptotics is fulfilled for all isoradial grids.

The proofs of steps (ii) and (iii) are similar to each other and are based upon
gluing large pieces of A™°" and Z2 in step (ii), and the ‘star extension’ construc-
tion discussed in Section 3.2.4, which allows to glue a large piece of A with a
piece of a rectangular grid in step (iii). Thus, we only discuss steps (i) and (iii)
below.

Step (i) follows from (ia) the explicit computation of ‘diagonal’ correlations
on the square grid due to Wu [123, Section XI.4], see also [10, Appendix]
for a short proof of this result; and (ib) the fact that these asymptotics are
rotationally invariant ; see [38, Remark 2.6] (and [118] where this result was
proven by other techniques).

To prove (ib), let us fix € > 0 and let A = A(e) > 1 be chosen so that
the RSW estimates (3.2.10) hold. Denote p = p(e) := 1/A(e) and 0 := 2p -
lu — w|~!. Let the scaled grid 6Z2 be also shifted so that u and w become
the (approximations of) points +ap on 6Z2, where |a| = 1. Denote by D? the
discretization of the unit disc D := {z : |z| < 1} on §Z2. It follows from (3.2.10)
that .

M =1+ 0(e), uniformly in d.

Esz2[0ap0—ap)
At the same time, Corollary (3.4.11) and the rotational invariance of conti-
nuous correlation functions (0a,0—ap)3 = (0,0-p)5 imply that

Eg& [O-apo'fap]

- =1+ 0s_0(1) for each fixed p(e).
EDs[o00—p]

Using (3.2.10) once again to compare Ef;[0,0_,] and Esz2[0,0_,] we see that

Esz2[0ap0—ap)

E622 [O'pa',p] =1+ 0(8) + 05—>0(1)

Choosing first € small enough and then |u — w| = 2p(¢) - 6! big enough one
obtains the required rotational invariance property (ib).

We now discuss step (iii), recall that step (ii) can be done following exactly
the same lines by replacing the pair A, A" of isoradial grids by A" and §Z>
in the argument given below; cf. Remark 3.4.3. Let A = A(e) > 1, p =
p(e) := 1/A(e) and & := 2p - |u — w|~! be chosen as above. Also, let A% be the
grid A scaled by the factor §, rotated and shifted so that v and w become the
points 4p on A°.
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Further, let A = AJ(0) be the discretization of the box [~1,1] x [~1,1]
on A% and denote by A*? := [AS]* the ‘star extension’ of this box (see Sec-
tion 3.2.4). Recall that A*? contains pieces of rectangular lattices located at
O(1) distance (uniformly in §) from the origin. Therefore, there we can find a
point z € C such that |z| < C = C(6y) and that the box A’f’a(z) of size 2 x 2
centered at z is a subset of a rectangular grid AT,

Finally, denote by ©Q C C the disc of radius C' + 1 centered at %z Corol-

lary 3.4.11 implies the convergence

EQslo00—p] (0p0-p)&

=1as §d—>0,
Egé [UZ-i-pO'z—p] <Uz+pUz—p>g

where Q9 stands for the discretization of the disc € on the modified grid A*9.
At the same time, the RSW estimates (3.2.10) give

aslopo—p] < X‘{(O) [op0—p] < (1—e)~"-Eps (0000,
aslopo—p] = (1—¢)- EX{(O) [0p0—p) = (1=¢€) Epslopo—p]
and similarly for Efj;[0.—p0.4,] and Eprect.s[0,4 0. —p]. Therefore,

Epslopo—,)

=1 O 1 7
EArect,6 [O'Z+po'z_p] + (8) + O(S*}O( )

where the error term O(g) is uniform in . Moreover, it follows from step (ii)
applied to the re-scaled grid 6~ 'A**°*9 with mesh size 1 that

1
EArect,é [UZ+pUZ_p] = Cg. . (Zp(s_l)_Z . (1 + 05%0(1))
Since § = 2p - |[u — w|~!, we arrive at the asymptotics
_1
EA[UUGW] = Ens [O.PO.*P] = Cg ’ ’u - w’ 4 (1 + O(E) + 0|u—w|—>oo(1))>

with the uniform (in u,w) error term O(g). By first choosing ¢ small enough
and then |u — w| large enough one obtains the required asymptotics (3.4.24).
O

It is easy to see that Theorem 3.4.2 allows to pass from the convergence of
ratios of two-point spin correlations in finite domains discussed in Corollary 3.4.11
to the convergence of these correlations themselves; see also Remark 3.4.13 below.

Corollary 3.4.12. Let 2 C C be a bounded simply connected domain with C'!-
smooth boundary and assume that u,w € Q, u # w. Let isoradial grids A’
satisfy the property BAP () and discrete domains Q9 ¢ I approximate
in the Hausdorff sense so that dist(9Q°; 992) = O(8). Then,

1
0 1EFs [owow] — C%- <auaw>§f{, s 8 0.
Q

5_%E55[0u0w] — C2-(ouow)
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Proof. Let p > 0 be small enough. It follows from Corollary 3.4.11 that

ESs[ouow] ' (OuCutp)y

E‘()ZV(S [Uuau+p] <Uu0w>g

= 14 0s-0(1) for each fixed p > 0.

Recall that the multiplicative normalization of the continuous correlation func-
tions (3.4.21) is fixed so that

1
(Guarals = pF - (L4 0pm0(D)):
At the same time, the RSW estimates (3.2.10) imply that

Eos [ouwou+p]

=1 1 if ly in § < §, .
e oo = 1 0pol1) wniformly in 6 < do(p)

Finally, due to Theorem 3.4.2 we have the asymptotics
Ens[ououtp] = C2- (5_1p)_% (1 4+ 05-0(1)) for each fixed p > 0.

Combining these asymptotics together, first choosing p small enough, and

then ¢ small enough we obtain the required convergence result for 5 Edslouow).
Recall that the continuous correlation functions (0,0, ) are defined by (3.4.22).

The convergence of spin-spin correlations with free boundary conditions fol-

lows from the Kramers—Wannier duality, Corollary 3.4.8, and the convergence

of spin-spin correlations in the dual isoradial model with wired boundary

conditions. O

Remark 3.4.13. (i) Recall that we used the smoothness assumption on 052
only in Proposition 3.4.7, which claims the correct boundary conditions of
subsequential limits (3.4.16) of discrete fermionic observables. In the critical
setup, this smoothness assumption can be dropped, e. g., by using techniques
from [18, Section 6] instead.

(ii) The simplification/generalization of the proofs from [35] discussed above
is not restricted to the two-point correlations and applies to all results of that
paper. In particular, for all n > 1 the convergence

5_%Eg(5 [Ouy - ou,] = CJ-{ou, ...0u,)4 as d =0

holds uniformly over the class of isoradial discretizations Q° C I'’, at least
provided that A® satisfy the uniformly bounded angles property BAP ().

(iii) We refer the interested reader to a recent paper [39] for a discussion of
further generalizations, e.g., (a) convergence results for more involved corre-
lations and (b) techniques that can be used to control the boundary values of
fermionic observables.
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3.4.5 . Massive model : definitions of correlation functions in conti-
nuum

We now move to the analysis of the massive model. In this section we define
relevant two-point spin correlation functions in continuum, assuming that m < 0
and that Q is a C'-smooth domain. Note that, contrary to the conformally invariant
case m = 0 discussed above, this smoothness assumption plays a much more
important role in what follows. In particular, it greatly simplifies the discussion of
the uniqueness of solutions of the corresponding boundary value problems (which
can be avoided if m = 0 due to the conformal covariance identity (3.4.11)). We
refer the interested reader to a recent paper [138] by S. C. Park, where certain
techniques allowing to treat Riemann-type boundary value problems for massive
fermionic observables in rough domains © were developed.

The definitions given below generally follow those from [137]. However, note
that we avoid the explicit use of Bessel functions in order to keep the discussion
as light as possible; we refer the interested reader to [137] for more information
on massive holomorphic functions and their singularities. It is worth noting that
below we use a slightly different notation Agn) (v, w) instead of Aq(v,w|m) etc
used in [137].

Given m < 0, let us denote by f[((g?q)),w] a spinor on the double cover [Q; v, w]
of a smooth domain 2 ramified over v and w such that

— f[(gfg w] satisfies the massive holomorphicity equation (3.3.2) in @~ {v,w};

— f[(g?g w] is continuous in 2\ {v,w} and satisfies the Riemann-type boundary

conditions Im[f[({{_zg w](g)(r(())l/Q] = 0 for all ¢ € 99, where 7({) denotes

the tangent vector to 0f2 at the point ( oriented counterclockwise;
— the following asymptotics near the branching points v, w hold :

. e2m|z—v
f[%’?iw}(z) = e_lzezﬁ +O(|z — v|%), z =, (3.4.25)

F () = @BYY (v,w) -

e—2mlz—w|

VE—W

+O0(|z — w|%), Z —w,
(3.4.26)

where B'S()m) (v,w) € Ris an (a priori unknown) coefficient defined up to the
sign, which we fix by requiring that Bgn) (v,w) > 0.

Recall that the massive holomorphicity condition 0f + imf = 0 implies that
the primitive h := [Im[(f(z))2dz] is well-defined and that Ah := —8m|f|%. In
particular, h is sub-harmonic provided that m < 0. Thus, the argument given
in Remark 3.4.5(ii) applies and gives the uniqueness of a solution f[(g?l))’w} to this
boundary value problem ; see [137, Proposition 17]. However, contrary to the critical
case, for m < 0 one cannot claim the existence of this solution via the conformal
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covariance and an explicit formula in a reference domain. Instead, f[(g,ll)) ) €an be
obtained as a subsequential limit of discrete observables ; see Theorem 3.4.3 below.

Lemma 3.4.14. Let (2 be a smooth simply connected domain, m < 0. Then,
one has
Bgn)(v,w) —1 as w—wv, foreach veQ. (3.4.27)

Proof. Let us emphasize that this fact is not trivial if m ## 0 because of the
lack of conformal invariance and explicit formulas. However, one can analyze
the behavior of the coefficient Bgn) (v,w) by comparing it with Bq(v,w) =

BS) ) (v,w), which is explicit. We refer the reader to [137, Lemmas 28 and 29|
for the proof of (3.4.27). O

We are now in the position to define the coefficients Aézm) (v,w) € C. Similarly
to (3.4.20), they are introduced by requiring that
(m) g e (m)

Hi(a) = € (1245 0w (= 0+ Ol o) (3429
as z — v. Let us emphasize that the existence of such an asymptotic expansion
for m < 0 is much less trivial than (3.4.20) for m = 0. As discussed, e.g., in [137]
(see Eq. (2.16) and (2.17) of that paper), spinor solutions to the massive holomor-
phicity equation (3.3.2) considered near their branching points admit expansions
via half-integer modified Bessel functions e 28], (2|mz|). In their turn, the
function I, (r) are power series in r; see [134, Eq. 10.25.2]. It remains to check
that the last factor in the expansion (3.4.28) cannot contain other linear terms
than cst - (z — v), which we leave to the reader as a simple exercise.

The next step is to define for m < 0, similarly to (3.4.21) and (3.4.22),

(). (u1,u2) (m) (m)
(00,0, )T = exp / Re [AY) (v, w)dv + A (w, v)dw], (3.4.29)

™o Bézm) (u1,ug) - <Uu10u2>gn),w' (3.4.30)

(Ouy Tug >§27

Again, a priori it is not obvious that the differential form in (3.4.29) is exact.
However, this can be immediately derived from an analogue of Corollary 3.4.10
in the massive case; see Corollary 3.4.16 below. Still, there remains a question of
fixing the multiplicative normalization in (3.4.29), which we do by requiring that

1 _
(Cuy )™~ Juy — |7~ (o o)y ™ as up —up. (3.4.31)

The existence of such a normalization (for m < 0) follows from the monotonicity
of spin-spin correlations in discrete

W - 7f
Eg;?)yw[o-u1o-u2:| > EQ&[Uu10u2]7 Eé*??) [legvg] < ng)*,é[o'mo'vg]a
convergence results (3.4.34), (3.4.19), and from Lemma 3.4.14 (applied for both
m < 0 and m = 0); see the proof of Theorem 3.4.4.
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We define the full-plane correlation functions as

m . m),w —-m . —m),
<UU10U2>E: ) = thTC <UU10U2>§2 ) ) (O-Ulauz)é ) = thTC <Ju1gu2>§2 ) )

where the limits are taken along arbitrary sequences of smooth domains exhausting
the complex plane. These limits exist and are non-trivial since for Q2 C Q' one has

_ 1

(O )T > (000w > (G ou)e = Jus —ur| 7,
- 7f - 7f —l

(O 0u) G ™ < (T o)™ < (Gnow)e = Jug — |7

due to Theorem 3.4.4 and similar inequalities in discrete. The rotational invariance
of the full-plane correlation functions
<Uu1o'u2>ém) = E(|u2 - Ul‘vm)7 m € R,
follows from the rotational invariance of finite-volume correlation functions (3.4.29),
(3.4.30) and of the corresponding boundary value problems in large discs. Finally,
1

we have Z(r,m) ~r~4 as r — 0 due to (3.4.31) and the aforementioned mo-
notonicity with respect to €2, which allows to pass to the limit Q 1 C in these
asymptotics.

3.4.6 . Massive model : convergence results

We now discuss generalizations of the results from Section 3.4.3 to the massive
setup. Throughout this section we assume that Q C C is a C''-smooth bounded
simply connected domain and m < 0.

As in Section 3.4.3, let v, w be distinct inner points of Q; recall that we use
the same notation for their discrete approximations. Also, let u = u® € Q%9 be
such that u ~ v =% € Q%% and b = b° € Q*9 be such that b ~ w = w® € Q°9.
Consider the normalized real-valued fermionic observable

(m),w
E [Xcﬂvaw]
m),0
X[(Q‘s);v,w](c) = Q(5m)7W—7 cE Tf;’w](Q(s), (3432)
EQJ [ngw]

and let F[(gg?fw} be the corresponding massive s-holomorphic spinor in Q° branching

over v and w; see Definition 3.3.1.

Theorem 3.4.3. Let m < 0 and €2 be a C''-smooth bounded simply connected
domain. For each v,w € Q, v # w, the following holds uniformly on compact
subsets of Q \ {v,w} :

m),0 1 .(m
F[(Qé?%w} (Z) - (%) 2f[(ﬂ;z)mu] (Z) as 0 — 0, (3433)

where a massive holomorphic spinor f[(gzng w] solves the boundary value problem
described in Section 3.4.5. The convergence is also uniform with respect to v, w
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provided that v, w, z stay at definite distance from each other and from 0f2.
Moreover,

(m)7W (—m),f

E " E. . Y .

?;)W[u mlo s(zm,;sw [ovos] -, BU(v,w) as 650, (3.4.34)
EQ5 7 [ngw] EQ& 7 [ngw]

Proof. The proof of (3.4.33) repeats the proof of Theorem 3.4.1, including that
of Proposition 3.4.7, which goes through for C''-smooth domains and m < 0
as pointed out by Park in [137, Proposition 22] in the square grid context
A% = §Z2. Working with irregular isoradial grids A? instead, it is worth noting
that

— the a priori regularity estimates of massive s-holomorphic functions F("):0
via the corresponding functions H? are given by Proposition 3.3.11;

— sub-sequential limits of massive s-holomorphic functions satisfy the mas-
sive holomorphicity equation (3.3.2) due to Corollary 3.3.6;
— the proof of Proposition 3.4.7 relies upon

— the sub-harmonicity of the function H*? discussed in Proposi-
tion 3.3.8 (see also Remark 3.3.10);

— the maximum principle for the function |F(™| which holds true
(up to a multiplicative constant) due to Lemma 3.3.12.
The only small difference with the critical case m = 0 is the analysis near the
branching point w and the proof of (3.4.34). Recall that the asymptotics of
explicit full-plane kernels g[(ﬁ)"; are given in Theorem 3.3.1. Let ¢, be adjacent
to both w and b. Then, we can still use Lemma 3.3.14 to see that

(m),6 (m)6 (m).5
QX[Q‘S v w] - 2 f. |2 w|= 27‘0 F[Qé v w](z)g[b} (Z)dZ], (3435)

where the discrete contour integral in the right-hand side is understood in
the sense of Remark 3.3.4. (In particular, note that one can easily estimate
the value X(™)9(c,,) via the values of F(™):® near the contour {z : |z — w| =
2rp}; in other words, the proof of convergence (3.4.33) literally mimics that
of Theorem 3.4.1.)

In order to prove the convergence (3.4.34) note that, for each fixed ro > 0,
the discrete contour integral in the identity (3.4.35) converges as § — 0 :

1 ” 62m|sz|
X (@0) 2 5 f;:,zwh% fm {f ) () =R

and that the limit does not depend on ry. Using the asymptotic expansion (3.4.26)
we can write

2177j£:z—w|2r0 [fm“”]() e N

(m)
|z—w|=2r¢

27 J, Z—w

s

2m|z w| :|
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which implies that this quantity equals :tBS()m) (v, w) as it cannot depend on (.

Therefore, we have the convergence

(m),w
Eqs [ Hofin] )

m),w Q
Eg6)7 [Uuaw]

X0 (ew) =

50,0 (v,w) as § — 0,
(the + sign is fixed by the fact that both sides of (3.4.34) are positive quan-
tities). O

Remark 3.4.15. A careful reader could have noticed that the proof of Theo-
rem 3.4.3 also relies upon the following fact : if (™) is a massive holomor-
phic spinor in a punctured vicinity of a branching point w (or, similarly, v),
then the boundedness of the function h := [Im[(f(™)(z))2dz] near w implies
that f(™(z) = O(|z — w\%) To prove this fact, one can, e.g., first argue that
fm(z) = O(|z — w|7%) as z — w due to standard a priori estimates of f(™)
via h = O(1), and then improve this estimate to O(]z — w\%) by using Bers’
similarity principle (e.g., see [137, Lemma 14]).

Similarly to the critical case, it is not hard to deduce from Theorem 3.4.3 the
following analogues of Corollary 3.4.10 and Corollary 3.4.11.

Corollary 3.4.16. (i) In the same setup as above, let ug; € 'Y be two neigh-
boring ‘white’ vertices adjacent to v € I'*9. Then, the following asymptotics
hold :

Eg’;)m (0w, 00]

Egg),w [OuoOw)]

= 1+ Re[(u1 — up) -Agn) (v,w)] +0(8) as 6 — 0, (3.4.36)

where the error term is uniform with respect to v, w € Q provided that they
remain at a definite distance from each other and from 0f2.

(ii) Let p > 0 and uy, ug, uf, us € Q be such that |ug — u1| > p, |uh —uj| > p
and assume also that all these four points are at least p-away from 9€). Then,

(m),w ’oo
E Oy Oyt (u) ,ub) . .

logw = [T Re [ASY (v, w)dv + A (w,v)dw] as § 0,
EQ& 7 [Uulaug] (u1,u2)

where the integral can be computed along any smooth path (v, w;) € Q x Q
such that, for all ¢, the points v, w; stay at distance at least p from each other
and from Of.

Proof. (i) Similarly to the proof of Corollary 3.4.10 and the proof of Theo-
rem 3.4.3(ii), for each 79 > 0 we can write the identity
glm)w OuiOw m m

o owow] 1= X0 (o) - x ()

m),w Q:v,w Q:v,w
Egﬁ) [0y O] [ ] [

1 rlim),d] " . .
= 3 ) G~ Gl ()]
z:|z—v|=2r¢
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where cg 1 is adjacent to both v € 0% and up,1 € QO";, and the discrete contour
integral in the right-hand side is understood in the sense of Remark 3.3.4.
Since R(z,u) in the asymptotics given in Theorem 3.3.1 is a Lipshitz func-
tion of the second argument, for each fixed 79 > 0 we have a (uniform in z)
asymptotics

3 —2m|z—uq | —2m|z—ug|
&) =~ =) o

G(e) — gimie) = o

1 [uo] T Vzi—u  Vz-w
_ it (i>2 ejgjl , Bl(lz—_?j}o) 2m Re[(z|;_11)v(|ul - Uo)]} +0(82).

At the same time, Theorem 3.4.3(i) and the definition (3.4.28) imply that

iz 2\2 e2mlz—v| "
Fsa() = 8 (2 ) S 14240 (0,0)(:=) + O)] +05-0(1).

uniformly in z, where the error term O(r) does not depend on 6.
2

It is easy to see that the contour integrals § ...dz of functions (z — v) ™%,

|z —v|~! and |z — v|(z — v)~? along a circle centered at v vanish. Therefore,

st [EBlrmce]

ESs [OuoOw]
—10,, _ (m)
_ 17{ ImKé (u1 —ug)Ag " (v, w) —i—O(l))dz] +o50(1)
27 zi|z—v|=2r¢ Z—0

= Re[6 ' (u —uo)Agn) (v,w)] + 05—0(1)

since the O(1) term in the integrand gives a contribution O(rg), which does
not depend on 4 and can be made as small as needed before choosing § small
enough.

(ii) The proof repeats the proof of Corollary 3.4.11 and boils down to mul-
tiplying the asymptotics (3.4.36) along discrete paths going from (u,us) to
(uf, uj). O

The next theorem, in particular, provides an analogue of Corollary 3.4.12 in
the massive case. Note that we change the order of statements as compared to
Section 3.4.3 and prove this result before the analogue of Theorem 3.4.2. This
shortcut is possible due to the fact that we can now use the critical model in
order to control the multiplicative normalization of spin-spin correlations in Q°
and do not need to consider the full-plane limit first (as it was in the proof of
Corollary 3.4.12).

Theorem 3.4.4. (i) Let m < 0 and Q be a C'-smooth bounded simply
connected domain. Then, one can define a function <aulau2>§2m)’w according
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to (3.4.28) such that the asymptotics <0u10w>§2m)’w ~ |ug — u1|_i as uz — up
holds for each uy € .

(ii) Let discrete domains Q° C T approximate Q C C in the Hausdorff sense
so that dist(9Q%; 9Q) = O(4). Then, for each u,w € Q, u; # us, one has the
convergence

57%E(m)’w[auaw] — C%. (auow>9m)’w

0o ’
57%E§;;m)’f[ouaw] — C2-{0u0u) —m),

as 0 — 0,

oD~

where the limits (continuous correlation functions) are defined by (3.4.29)—
1 34

(3.4.31), and the universal constant C, = 25e2¢ (=1 does not depend neither

on m nor on A.

Proof. (i) It immediately follows from Corollary 3.4.16 that the differential
form

Eglm) (v,w) = Re [.Agn) (v, w)dv + Agzm)(w, v)dw],

defined on the set {(v,w) € Q x Q: v # w}, is exact. Now note that

| < B owmow] _ B owow] Efslowon] | Ba(ui,ug)
o Egé [OUI Uuz] N Eé;:?)’ f [0'1,1 OUQ] Egé [Um Uuz] 6—=0 Bélm) (ul, ’LLQ)
(3.4.37)

due to the monotonicity of spin-spin correlations with respect to the in-
teraction parameters, Theorem 3.4.3(ii) and Corollary 3.4.8. Together with
Lemma 3.4.14 this gives the estimate

Ou) O-U/Q] Evggé [Gu/l O-ué]

)’W
lim sup| log [

= Oug—uy (1) + Ouéﬁu/l (1)
6—0

(m
(el
0og
Eg?) v [Uu1 UUQ] Ev&;ts [Uul Uu2]

and hence, by passing to the limit 6 — 0 and applying Corollary 3.4.16(ii) and
Corollary 3.4.10, we have

W)
/( (Egl )(vvw) - EQ(%U})) = OU2—>U1(1) + Ou'2—>u'1<1)7

u1,u2)

where Lq(v,w) := Eg]) (v,w) = d(0y0y) - Therefore, one can choose a primi-
tive

Rgn) = exp [ (Egﬂ) — Lq)

so that it is continuous up to the diagonal u; = us and, moreover, Rgn) (u,u) =

1 for all u € Q. We can now define <JUIUU2>8”)’W = Rgn) (u1,u2) - (Ouy Tug ) -

(ii) Given u,w € Q, let us also consider another pair points u/,w’ € € such
that the distance |w’ — /| is small. Combining Corollary 3.4.16 and the esti-
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mate (3.4.37) applied to «’ and w’ we see that

(m),w E(m),w
—<ngw>ﬂ < liminf 2% l7uu]
<0'u’0'w’>§2m)7w 5=0  Efs[ow o]
(m),w (m),w
E urw uwYw
< limsup Q‘j 0] < {ouo >SE ) (14 0y (1))
6—0 EQ& [Uu/O'w/] <au/aw/>9m W

Using the convergence 67iEgé [0 O] = C2 - (00 )S (see Corollary 3.4.12)
and the fact that <au/aw/)g”)7w ~ (O ow ) as w' — u/, the previous estimate
can be written as

Cc2r ) <Uu0'w>§)m)7w ’ (1 - Ow’—>u’(1)) < llgniélf 67&Eg?)’w[o-u0'w]

< limsup 5_%Eg?)7w[au0w] < Cg ) <Uu0w>§]m)7w ) (1 + Ow’%u’(U)'
6—0

By choosing first w’ close enough to u' and then § small enough this implies

g?)’w[auaw] —C2- (Uuaw>gn)’w.

—m),
ol

the convergence § ~iE

Finally, a similar result for 5~iE 0u0y) follows from the Kramers—
Wannier duality, convergence (3.4.34), and the convergence of spin-spin cor-

relations in the dual isoradial model with wired boundary conditions. O

We conclude this section by deducing the convergence of the spin-spin corre-
lations in the full plane from Theorem 3.4.4.

Corollary 3.4.17. Let u,w € C and m € R ~ {0}. Then, uniformly with
respect to isoradial grids A% satisfying the uniformly bounded angles property
BAP(fy), we have the convergence

5 1EM™ [guow] — C2-E(ju—w|,m) as § — 0,

AS
where
_ (m) limQTC<O'uO'w>§2m)7w if m< 0,
E(lu—wl,m) = (owow)e = .. (m),f .
limorc(ouow)g ~~  if m > 0.

Proof. Let B} C A° denote the discretization of the disc Bg := B(4(u +
w), R) C C. For m < 0, it follows from the RSW estimates (3.2.10) that

E" (000 = E%)’W[auaw] (14 0r»0(1)) as R — oo,

uniformly in §. By definition of the infinite-volume correlations in continuum,
(m) (m)

(Cuow)e = <Uu‘7w>BR (14 0r=00(1)).
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Finally, for each fixed R, Theorem 3.4.4(ii) provides the asymptotics

6_iE(n}:)’W[O'uUw] = Cg : <O'uo'w>(Bn;;) ’ (1 + 0(5—>0(1))‘
Choosing first R big enough and then ¢ small enough we obtain the required
convergence of the infinite-volume correlations in the case m < 0.

The proof for m > 0 is similar and relies upon the convergence of the finite-

m),
()[

volume correlations 6~ 1E ps [ouow], which is also given by Theorem 3.4.4(ii).
R

O

3.5 . Construction and asymptotic analysis of full-plane kernels

In this section, we construct and analyze massive s-holomorphic functions

— JF1, F; (discrete analogues of e~2mlmz qnd je2mlImz. see Theorem 3.3.2),

which were used to construct an s-embedding in Section 3.3.3;

— Gpu), Gp (discrete analogues of eFim/4 . z=1/2¢=2mlzl see Theorem 3.3.1),
which are the main tool used in our paper;

— massive Cauchy kernels G,), where a € T* is a (lift onto T* of a) given
edge of A ; see Section 3.5.2 and, in particular, Remark 3.5.7 for more details.

Although not strictly necessary for the present paper, the latter kernel G, can
be used to establish the regularity of massive s-holomorphic functions (see [138]
and the proof of Proposition 3.3.11) and also to prove the convergence of energy
correlations ; we thus include its construction and analysis for reference purposes.

For shortness, from now onwards we omit the superscripts (m),d in the nota-
tion. Also, in this section we prefer to work with ¢ = %mé > 0 in order to keep the
moduli k, K(k), K'(k) real; for ¢ < 0 it suffices to apply the Kramers—Wannier
duality.

Remark 3.5.1. Recall that this duality amounts to exchanging the lattices
I'*9 +» T'°9 and, simultaneously, changing the sign of ¢ and m. In order to keep
the definition of 7. and of massive s-holomorphic functions invariant under
this procedure, one also needs to simultaneously replace the global prefactor
¢ in (3.2.1) by +ic; note that this also leaves the equation df + ¢*mf =0
unchanged. In order to keep this dependence on ¢ transparent, we do not rely
upon the explicit convention ¢ = ¢'T in what follows and formulate all results
in a slightly more invariant way.

The results given below are formulated in terms of real-valued spinors X7, X;
Gy}, Gpu» Gya) satisfying the three-terms identity (5.2.6) rather than in terms of
massive s-holomorphic functions 71, F;, Gpy), Gju]» G(a) themselves; recall that the
correspondence between the two is provided by Definition 3.3.1.
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3.5.1 . Discrete exponentials

We heavily rely upon the existence of particular solutions to the three-terms
equation (5.2.6) on isoradial graphs, the discrete exponentials. At criticality, they
were first introduced by Mercat [129] and Kenyon [99], and for ¢ # 0 by Boutillier,
de Tiliére and Raschel [27]. In this section, we review their construction, with slight
modifications made in order to fit our setup.

Given ¢ € T* (i.e., a lift onto the double cover of the mid-point of an edge
(u(c)v(c)) of the rhombic lattice A with u(c) € I'° and v(c) € I' =T'*), let

a. = arg(v(c) —u(c)).

Note that these angles are typically denoted by @, in [27, 28, ], similarly to the
notation 0. for the half-angles of rhombi that we used above. However, we prefer
to simply write . and 6, := 0, throughout this section in order not to create a
confusion with the complex conjugation. At the same time, we will use the notation

Qe 1= %ac and 0, = %96 (3.5.1)

for the “elliptic” quantities that are denoted by a. and 6. in [27, 28, ]

We start by recalling the construction of discrete exponentials in the critical
Ising model, i.e., if m=0and 0, =0, = g.. Given A € C ~ {0}, we set

e(A;v(e),0) 1= e (2072 (14 A+ (v(e) - ¢))
= (26072 (14 3 (v(e) = u(0))
e(\;u(e),e) = e (2A) 72 (14 A+ (u(e) —¢))
= (2¢°0) 72 (1= 3 (v(e) — u(e))), (3.5.3)
and e(\;c,v(c)) := e(A;v(c),c)7t, e(\;c,u(c)) = e(X;u(c),c)™t, where the

additional factors <7 and (2X)~!/2 are introduced to fit the forthcoming definition
outside of criticality ; see (3.5.4-3.5.5) and Remark 3.5.4. We then define

), (3.5.2)

e(\;x,x0) He/\ T, Tk—1), T,x9€ AUT™,
k=1

the product is taken over an arbitrary path zg ~ 21 ~ -+ ~ x5 = x, where z;,
and xp_1 are adjacent points of T* and A (or vice versa). Note that, using the
path of just two steps, we get

A
e(\;v(c),u(e) = 3
2

—_

recovering the usual definition of discrete exponentials on A as in [99]. This also
shows that e(\;x, z() does not depend on the path chosen. In particular,

— for fixed A and xzg, the discrete exponential e(\;-, x¢) is a well-defined
function on A and a well-defined spinor on T* ;
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— for fixed x, x, the discrete exponential e(-;x, ) is a well-defined function
of A € C~ {0} if both z,z9g € A or both z,zg € Y*, and is a spinor
branching over A = 0 if one of x, xo belongs to A and the other to T*.

Lemma 3.5.2. For each zyp € AUY* and A € C \ {0}, the complex-valued
spinor e(\; -, zg) : T* — C satisfies the three-terms identity (5.2.6) with 6, =
O = 0.

Proof. Denoting Xy, := e(X; cpq, 2o) and apq = a,, (see Fig. 3.2.2), we have

_tagg ; _iagg .
e~ 2 . (1 + )\75810400) e 2 - (1 . /\?5ezaoo)
ool ;o X0 = Xoo - —zpg

Xo1 = Xoo -
e 2 - (1+ %aeio‘ﬂl) e~z - (1-— ’\7‘5ei0‘10)

Taking into account that ag; = agg+ 260, and a9 = agg — 7+ 26, the required
identity (5.2.6) boils down to an elementary identity

L et = e (14 Fe20) - cosf — ie - (1= Fe'™0) -sinfe,
which is straightforward to check. O

We now proceed to defining the discrete exponentials outside criticality, fol-
lowing [27, 28, |; recall that in this section we assume that ¢ > 0 and
hence k, &k’ € (0, 1) and the complete elliptic integrals of the first kind K (k), K' (k)
are real ; the opposite case follows from the Kramers—Wannier duality.

Throughout this section to each “elliptic” variable (e. g., 7 € T(k)) that can be
an argument of an elliptic function corresponds a “Euclidean” variable v that can
be plugged into a trigonometric function and vice versa ; the relation is (cf. (3.5.1))

vo= 2

B

Given a value 1i € T(k) := C/(4KZ + 4iK'Z) and ¢ € T*, define

e(fi|k;v(c),c) == (k’)i.sd(%

(i — ce) | k), (3.5.4)
e(ji|kiu(c),0) = —i(K) 7% -cd (§(ii— o) | k). (3.5.5)

Recall that sd (w + 2K |k) = —sd(w]|k) and cd (0 + 2K |k) = —cd (W] k),
hence the quantities (3.5.4-3.5.5) change the sign under the transform a, —
a. + 27. This is why they are defined for ¢ € T* (and not for ¢ € T), similarly
to (3.5.2-3.5.3). Let us also emphasize the fact that the functions (3.5.4-3.5.5)
of 21 € T(k) are not well-defined on the torus . € T(k) itself, rather being spinors
on T(k); see (3.5.7-3.5.9).

As in the critical case, we extend the definition of e(fi | k;x, xz¢) to arbitrary
x,x9 € AU Y by multiplying along paths. In particular, this gives

e(ji| k;v(c),ulc) = VR -sc (i~ de) k). (3.5.6)
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asin [27, Eq.15]. Since sc (w 4+ 2K | k) = sc (w | k), the latter expression is actually
independent on the choice of the lift of ¢ onto T*. Moreover, the identity

sc(w+ K |k)sc(w|k) = —(K)™?

(see [134, Eq. 22.4.3]) guarantees that multiplying (3.5.6) around a quad yields 1.
This proves that e(fi | k; x, o) is independent of the choice of the path.

For a fixed xg and a fixed ¢ € T*, the periodicity properties of the discrete

exponential e(-) :=e(- | k;c,zg), easily read off [134, Eq. 22.4.1], are as follows :
e(i+4K) =e(t) = e(it + 4iK") if zg=co € T (3.5.7)
—e(ii +4K) =e(f1) = e(it + 4iK’) if g =u eI (3.5.8)

—e(ji+4K) = e()

Lemma 3.5.3 (|28, Proposition 36]). The discrete exponentials ¢ — e(fi | k; ¢, zg)

—e(fi + 4iK") if vo =v eI (3.5.9)

satisfy the propagation equation (5.2.6) on T* provided that sin 0. = sc (ée ] k:)

Proof. Similarly to the proof of Lemma 3.5.2, this boils down to checking the

identity
S(i— & —20) |k od (5(ii— & —20) |k
fi - 3 fi »
1 = (3 v ) on (0] k) + (fv —— )sn(0|k).
sd (35— )|k) ed (5(i— & — 2K) | k)
Denote W := 3(fi — &). Since cd (& — K | k) = sn (& | k), this is equivalent to

sn (| k) = sd (& —0[k)en (0]k)dn (| k) +cd (&~ 0|k)sn (6] k).

The latter identity follows from the fact that the two sides are co-periodic
(see [134, Eq. 22.4.1]), and have the same poles and residues. Namely, by [134,
Eq. 22.5.1], the LHS has a pole at iK' with residue %, while the RHS has a
pole at iK' with residue —icn (0| k)sd (iK' — 6| k), and at K + iK' + 6 with
residue

—i(kk) len (0| k) dn (K + iK'+ 0| k) —k 'sn (0| k);

the former expression equals to % and the latter to 0 by [134, Table 22.4.3]. O

Remark 3.5.4. Note that our modified definition (3.5.2-3.5.3) of discrete
exponentials at criticality is nothing but a particular case of the more general
elliptic construction (3.5.4-3.5.5) corresponding to k = 0, ¥’ = 1, K = £
K’ = 400. More precisely, the limiting form of (3.5.4-3.5.5)asd = land k — 0
is

e(n|0;v(c),c) = sinf(p—ac) = e ~30cely

e(u|0;5u(c),c) = —i‘cos%(,u—ac) = 2%,6

(1 — e tHeioe),

el (14 eeion),

—ig
2%

which coincides with (3.5.2-3.5.3) if e = —%)\. Thus, we have the identity

e(u|0;z,20) = e(—2e *;x,19) provided that § = 1. (3.5.10)
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3.5.2 . Definition and basic properties of the full-plane kernels
In this section we introduce real-valued spinors
— X1, X; defined on T*;

— Gy}, Gy (where w € T and v € I'*) defined on Y} and Y[, respectively ;

— and the massive Cauchy kernel G(,), where a € T, defined on the double
cover T(Xa) = T[f}(a) (@) which can be naturally identified with T* except
the two lifts of the corner a itself; see Fig. 3.5.1 and Remark 3.5.7 below.

These spinors satisfy (see Proposition 3.5.8 below) the propagation equation (5.2.6),
which allows one to construct massive s-holomorphic functions 7y, F;, G} Gpol»
and G, out of them via Definition 3.3.1.

For w1, wy € C such that wy # ws, denote

- P . 2K
Pwiws = arg(wl - w2)7 Puwrws *= 5 Pwiwa-

Also, let 0 € T°9 be the closest to the origin vertex of %9, We define

672X (c) = —ik ' e(E args + 2K’ | k;c,0), (3.5.11)
(57%.)(7;(6) = —ik™! - e(E args — 2K + 20K’ | k;c,0); (3.5.12)
(k)5 ool ,
Gpyle) == — o / - e(fi|k;c,u)dp, (3.5.13)
Geu—21K

i(k:’)i Geot2K+2iK’
- or /¢CU—2K—21‘K’
Gyl = o= [ elilkic.a) i

(a) 27 Jgea—2iK" cd (%(ﬁ, — &) | k) sn (%(ﬂ — dq) | k) 7

e(fi|k;c,v)di; (3.5.14)

(3.5.15)

where the integrals in (3.5.13-3.5.15) are computed along straight segments :
vertical in (3.5.13), (3.5.15) and ‘diagonal’ in (3.5.14). Note that the integrands are
meromorphic functions of [, so one only has to specify the homotopy classes of the
paths of integration with respect to the poles of discrete exponentials e(- | k ; ¢, zg),
which belong to the set Im i € 4K'Z due to (3.5.4-3.5.6).

It is not hard to see that symmetries of the elliptic functions involved imply
that all the quantities (3.5.11-3.5.15) are real. However, note that one can avoid
checking this fact by taking the real part in the above definitions; this operation
is obviously compatible with the propagation equation (5.2.6) and with asympto-
tics (3.5.26-3.5.30) discussed below.

We begin by listing several important comments on the definitions (3.5.13-
3.5.13).

Remark 3.5.5. Because of (3.5.7-3.5.9) and [134, Table 22.4.3], each of the
three integrals in (3.5.13-3.5.15) is half the integral over the twice longer
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FIGURE 3.5.1 — Given a € T (shown as a black triangular node in the
left picture), the double cover Ty = T,y (shown on the right) can
be identified with T except at the lifts of a. We choose a € T(Xa) so that
the branching structure of the two double covers around the quad 27 is
the same, and similarly for a_ and z~.

(vertical or ‘diagonal’) segment, which can be thought of as a period of the
twice bigger torus i € C/(8KZ + & K'Z) on which the integrand is naturally
defined.

Remark 3.5.6. The fact that the spinors Gy,(c), G (c) are defined on T[Xu P
T[: D respectively (and not simply on T*) follows from the anti-periodicity (3.5.8-
3.5.9) of discrete exponentials in the horizontal direction and the fact that @,

increases by % -2m = 4K when ¢ makes a turn around u; see also Proposi-
tion 3.5.8 below.

Remark 3.5.7. Definition (3.5.15) of the kernel G4)(c) does not make sense

for ¢ = a; this corresponds to the fact that the double covers T> and T(Xa)
have different branching structures near a. Let a4 € T(Xa) (resp., a_) be such
that, if one identifies it with @ € YT, then the two double covers have the
same structure around the quad z* lying to the right (resp., to the left) of
(u(a)v(a)) as in (3.3.6) ; see Fig. 3.5.1. To define G 4)(c) for ¢ = a™ we choose

some g, , so that

Para ~ Pola)u(a) € (*71'7 0), Pa_a — Pula)ula) € (Oa 7T)

and use the same definition (3.5.15) with e(1| k;a+,a) :=1; it is easy to see
that the result actually does not depend on the choices of Pq, 4 € (&g —2K, éq)
and @q_q € (Gq,dq + 2K). Note that G,(ayr) = —Gg(a—) due to [134,
Table 22.4.3].
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Proposition 3.5.8. (i) The spinors (3.5.13-3.5.15) satisfy the propagation
equation (5.2.6) on T[Z],
should use the value at a4 (resp., at a_) to recover the equation to the right
(resp., to the left) of (u(a)v(a)).

(ii) Let c e and assume that the angle ¢, = arg(c—u), u = u(c), is chosen
so that 2(pw = 2ac (Recall that this condition corresponds to specifying one
of the two sheets of the double cover T[z | around u ; cf. Remark 3.5.6.) Then,

G[u(c)](c) =1 for all k € (0,1).
(iii) A similar identity G,(s)(c) = 1 holds under the convention 20w = $(ac

[v] and T (a)’ respectively ; in the latter case one

).

iv) We also have the identity G, (c+) = £1 for all c € T and k € (0,1).
(c)

Proof. Due to Lemma 3.5.3, the discrete exponentials ¢ — e(fi|k;c, ) sa-
tisfy the equation (5.2.6). Therefore so do each of the functions (3.5.13-3.5.15)
provided that one can shift the contours of integration used to define its va-
lues around a given quad to the same position, not crossing the poles of the
integrands. This follows from the same considerations as in [99, Theorem 4.2]
and [27, Theorem 12].

For u = u(c), applying [134, Eq. 22.14.7] we obtain the identity
R )
Gly(ey(c) = 5 oot dc (5(# — ) | k) d
i 2K - y i L. L. 2K’
= —5- /_2in de (Q,u | k) dj = - log <nc <§,u | k) + sc (Q,u | k>> ikt

Note that nc (£iK' | k) = 0 and sc (£iK' | k) = £i; see [134, Eq. 22.5.1, 22.4.3].
Thus, the value Gy, () belongs to the set 1+ 2Z. Since it could only depend
continuously on k, in fact it does not depend on k at all. The concrete value 1
of the answer can be justified, e.g., by considering the limit

2 1 ioo dt
de(zplk)dfi — —— o = 2™ k—0.
[ZiK’ C(2u| ) : —ioco €OS(t/2) moas
The computation for Gy, (c) is similar. For G(.)(c4 ), we get by [134, Eq. 22.13(i)]
i [O0+2iK’ . . ; . ik
2 Jo-aix de (§M | k) 1 (5“ | k) dp = 7 logsc (5“ | k) ‘_O—QiK/ € 1+27

and, once again, the choice of the value 1 can be justified by considering k —
0. O

3.5.3 . Asymptotics at criticality

Before analyzing the asymptotics of the full-plane kernels (3.5.28-3.5.30) in
the massive regime, let us first briefly discuss the degenerate case ¢ = 0 and § = 1.
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Changing the variable A\ := —2e~% according to (3.5.10) (see also [27, Re-
mark 13]), one sees that in this case (3.5.13) reads as
: A; : 2);
() = - / eiow) o d / e@Aicu)
@Ry A @Ry A

Com 2w

The behaviour of these integrals for ¢ — u| > 6 = 1 is governed by the behavior
of the integrands near 0 and oo (e.g., see [99] or [47, Appendix]). Note that we
have
A le(2h;c,u) = A le(2h;c,u(c)) - e(2X;u(c), u)

= 2¢7],, - A72 - exp [2(c —u)A + O(N?) + O(|c — ulA*)] as A — 0.
since (2\;v,u) = exp [2A(v — u) + O(N\?)] for u ~ v and thus only the first
factor contributes to the O(\?) term. A similar computation shows that

Ale(2h;eu) = —2,- A2 -exp [2(6 — @A + O(A2) + O(|e — ulA )]

as A — 00. Using the Laplace method as in [99, 47, 57] one obtains asymptotics
; 1 1 -

Guyle) = —%- |:§770 (2w —¢))72 =5ne- (2(u—¢)) 77 | - T(3) + O(le —ul72)

= (2)7Re[f, - s(c—u)#] + O(lc — u|~3)

as |¢ — u| — oo. After an appropriate scaling as 6 — 0, this reads as

N 5
Gl = (2) - 2= +0@k—u ), ze0,

in terms of the corresponding s-holomorphic functions Gy, associated with Gy
via Definition 3.3.1; this is nothing but asymptotics (3.3.9) for w = u € T°. A
similar result for Gy}, with the multiple —ic instead of ¢, follows by the duality ;
see Remark 3.5.1.

Remark 3.5.9. A similar analysis at criticality applies to discrete Cauchy

il e(2\;c,a)
G(a)(c) - T x /(—C)R+ 1 — \2e2iaa dA,

a degenerate case of (3.5.15) for ¢ = 0 and 6 = 1; see also (3.5.10). Using the
Laplace method as above one gets the asymptotics

Gpl) = Z- [ nai,- (20— )" — e qne- @a— ) 1| +O(le —a| )
% ‘Re [ﬁc ' ﬁa(—i§2)(c - a’)_l} + O(‘C - a‘_g)

as |c —al — oo and § = 1. Again, this results extends to & — 0 by scaling
arguments and reads as

AN
2 59 e o2, _ o), ze o, (3.5.16)

m zZ—a

kernels

(57%9(@ (Z) =

in terms of the corresponding s-holomorphic functions; see Definition 3.3.1.
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3.5.4 . Asymptotics and estimates of discrete exponentials

We start with giving a proof of the estimate (3.3.10) for the sub-critical model
(i.e., k> 0and § = 1 are fixed). We need to show that the full plane kernel G, (c),
u € I'°, decays exponentially fast as |¢ — u| — oo ; the required estimate (3.3.10)
follows by the duality. Here and below we rely upon the following fact (e. g., see [24,
Lemma 17]) :

— Under condition BAP(6)), given u and ¢ one can find a (so-called minimal)
nearest-neighbor path v = wy ~ wy ~ ... ~ w, on A with w, ~ ¢
such that all angles @y, w, = arg(w;+1 —w;), as well as @c,,,, belong to
a segment of length m — 26y (which also contains the direction ¢.,,). We
denote by ¢ the midpoint of this segment.

Proof of the estimate (3.3.10). By construction, the function e(- | k; ¢, u) does
not have poles in the strip |Re(ji — ¢2,)| < K — 6y, which means that one
can replace Be, by @2, in the definition (3.5.13) of Giy(c). Note that the
function sc(-|k) is analytic in the strip |[Re#| < 3K and periodic in the
vertical direction, and that

Kolsc(Z1k)[> = K- |sc(2|k)scGFK|K)| = 1 if Rez==+LK

due to [134, Eq. 22.4.3] and since 2 F K = —Z if Rez = i%K. Therefore, the
maximum principle gives a simple estimate

& = sup \i\/y-sc (2]k)| < 1. (3.5.17)
#|Re 2|< 3 (K —fo)

Due to (3.5.6), we see that |e(jt| k;wy,u)| < & if Re i = ¢5,. Since |¢ew, —
@A | < Z, the last factor e(ji|k;c,wy) is uniformly bounded, which implies

that the integrand in (3.5.13) is uniformly exponentially small as |¢ — u| —
00. O

We now move on to the massive setup ¢ = %mé — 0, m > 0. The asymptotic
expansions of elliptic parameters via the nome ¢ = exp(—7K'/K) are, as per |
Eq. 22.2.1-2 and 20.2.1-4] :

1
k=4q2(1-4¢+0(¢%), K =5(1+4q+4¢°+0(¢%), (3.5.18)
K =1-8q+0(q?, K’ = —5logq+O(lqlog ql).

Similarly to the critical case discussed in the previous section, the main contri-
bution to the integrals (3.5.13-3.5.15) comes from neighborhoods of endpoints of
the corresponding segments. It is thus convenient to introduce a shifted variable

vo= ji—2K';

recall also that the periodicity (3.5.7-3.5.8) imply that one can compute these
integrals over segments lying in the strip | Im /| < 2K instead of Im v € [—4K’, 0].

183



In terms of the variable ©, the definitions (3.5.4-3.5.6) read as (see [134,
Eq. 22.4.3])

e(jilkiv(e),c) = (K)i-sd (3(i—de)[k) = ik~ (k)5 ne (30— )| k),

. . _1 “ “ R _ v v
e(jilksu(c),c) = —i(K) Fed (3(i—de) [k) = —ik ™ (¥) 7% -de (3 — o) | k) ,
which gives

e(jil kswii1,w)) = —VE -nd (507 = Guyyrw,) | ) (3.5.19)

for all pairs of neighboring vertices w; ~ w;11 on A.

In what follows, we will always have z = %(V — p4x) for some .. € R. We
also introduce a real variable y € R by requiring that

Imv =K'y < Imz= lImy = (—%logq)'y-

y — 1
Imz-2 3

Using [134, Eq. 22.2.6 and Eq. 20.2.3-4] and the estimate | cos(2nz)| < ¢~
to bound the higher (i.e., n > 2) terms in the expansions of the Jacobi theta
functions, it is easy to see that the following uniform asymptotics hold :

6a(z.q) _ 1—2gcos(22) +O(¢**W)

K -nd(Z|k) = = if [Imz| <K'
Vi 1K) 03(2,q) 1+ 2gcos(2z) + O(g*—2l) if [ Im 2] < K7
(3.5.20)

the latter condition is equivalent to say that |y| < 1.

It is worth noting that we only have the estimate |¢cos(2z)| = O(¢'~1¥) =
O(1) if working in the full strip | Im 2’| < K’, which is obviously not sufficient to
develop asymptotic expansions in (3.5.20). (Recall also that the function nd (2 | k)
has poles on the lines |[Im 2| = K’.) However, the main contributions to the
expressions (3.5.13)—(3.5.15) come from a vicinity of the real line, where such an
asymptotic analysis is possible; see below. In order to neglect the remaining parts
of the integrals, we also need an appropriate estimate of (3.5.20) for |y| € [3,1].

Denote

Mg = {z=7%2€C: |Re?| <iIK by, iK' <|ImZ < K'}

and note that the map z — 2gcos2z = ¢ - (€% + e72"*) sends the region Il g,
into the region {¢ € C: |arg(| < § — o, q% — q% < [¢] €1 — ¢?%}. Therefore,

3
2

N|=

log |[VE' nd (2| k)| < —2(q2 —q2)-sinfy + O(¢*) if 2z €Tl g, (3.5.21)

As in the proof of the estimate (3.3.10) discussed above, let us now consider
a minimal path u = wy ~ wy ~ ... ~ w, ~ ¢, where n. < §~*|c — u|, and apply
the estimate (3.5.21) to each of the factors (3.5.19). We see that there exists a

constant cst(fp) > 0 such that

log le(ft| ke ,u)| < —cst(by) - ¢ 2 ~mlc — ul (3.5.22)
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as ¢ = 3mé — 0, for all i = ¥ + 2iK’ such that
Rev = ¢~ and K’ <|Imp| < 2K’
(Note also that the last factor e(v + 2iK'|k;c,wy) is uniformly bounded for

such 7.)

We now move to the analysis of discrete exponentials in the strip |Im 2| <
$K', which corresponds to |y| < 3. Since |gcos(2z)| < ¢* ! in this region the
asymptotics (3.5.20) give

e(/) | k » Wi+1, wj) = —€exp [_ 4(] COS(V - ¢wk+1wj) + O(qg_g‘m)] ) (3'5'23)

for all edges w; ~ wj41 of A, uniformly in the strip |Im 2| < 1K'.

Let u = wop ~ wy ~ ... ~ wa, = u(c) ~ ¢, where w; € A and n =
O(67 Y| c—ul|) be a nearest-neighbor path going from w to c. Using [134, Eq. 22.2.3-
9 and 20.2.1-4] again, one also sees that

cd (2|k) = cos(z)-exp[2q — 2qcos (22) + O(g* W], |Im 2| < 3K/,

. 1 9_

since ]q<1+2)2 cos(3z)/ cos z| = O(g7~ Y1) and thus the second (and further) terms

in the expansion of the Jacobi theta function 6 are absorbed into the error term.
It follows from geometric considerations that

Z?ZBI cos(V — Pu,qw;) + 3 cos(v —ae) = 6 e—ul - cos(v — peu)

for all v € R, which is therefore identically true for all v € C. Multiplying asymp-
totics (3.5.23) along the path u = wg ~ wy ~ ... ~ wa, = u(c) and taking into
account the last term
v . i 1/~ «
e(ji| ke ule) = ik (K)ied (3(7— de) | k)
= ik cos(3(v — ac)) - exp[—2q cos(v — ) + O(¢* 1]

we conclude that

e(ft|k;e,u) (3.5.24)
= ik -cos(3(v — ac)) - exp [— 2m|c — u| cos(v — peu) + O(g> ) ]

— ik -exp [~ 2mle — ulcos(v — puc) ] - (cos(3(v — ac)) + O(g%eE ™)

as ¢ = +md — 0, uniformly over |c — u| = O(1) and provided that ji = i/
is such that Im 7 = 2K’y or, equivalently, Imv = (—logq) - y with |y| <

Remark 3.5.10. It is easy to see that the estimate (3.5.22) and the asymp-
totics (3.5.24) remain true if one replaces u € I'° by v € I'*. However, a
slightly more accurate consideration is required for the contribution of the
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first step a ~ u(a) = wp to the integrand in the definition (3.5.15) of G,
a € T*. In this case we have

e(ji| k;u(a),a)
ed (5( = Ga) | k) sn (3 (i — éa) | F)

= —i(K) 7% -ms (3(7i — Ga) | )

= k(K" - (K)icd (5(5 — Pupa) | k)

due to [134, Eq. 22.4.3] and since ag = @ya)e = Pu(a)a — 7 This means

that e(ft|k;c,a) admits a similar asymptotics to (3.5.24) with the prefac-
1

tor k2(k')”2 instead of ik, an additional multiple cos(%(u—cpu(a)a)) = sin(L(v—

2
a,)) and with the error term O(g2e*!™ 1) instead of O(qu%Hm”‘).

3.5.5 . Asymptotics of the massive full-plane kernels (3.5.11-3.5.15)

We are now ready to compute the required asymptotics of the spinors X7, A;,
Gy, G[U] and G(a). In order to formulate the result for the latter one, denote

f(2) = (—ic?) - 4|m|e 282 K1 (2|mz]), [*(2) == 4imKy(2|mz|),

where K7 and K, are modified Bessel functions of the second kind (see [
Section 10.25]). Also, let

() == L7mfz) +nf*(z)] for neC, (3.5.25)

this is a special solution of the massive holomorphicity equation 0 f+¢>mf = 0 that
behaves like a Cauchy kernel (—is?)7 - 2~1 at the origin; cf. (3.5.16). Let m > 0
be fixed and recall that K = K (k) = Z(142md+0(6%)) as § — 0; see (3.5.18).
We claim that the following asymptotics hold as ¢ = %mé —0:

672Xi(c) = Re |7, e 2Rl |4 0(s?), (3.5.26)
5_%)@(0) = Re [ﬁc : ieQmRe[fz(C_o)w +0(6%); (3.5.27)
1 1 B 6—2m|c—u|

(5 2G[u](0) = K 2. Re [776 . §ﬁ + 0(52) s (3528)

1 1 2m|c—v|
672Gpy(c) = K7 2-Re lnc - (—ic) 6@ +0(6%); (3.5.29)
2
7' Cw(e) = ~ - Re |7 fe) (e = a) | + 0(5?), (3.5.30)

where (3.5.26-3.5.27) are uniform on compact subsets and (3.5.28-3.5.30) are
uniform provided that |c — w| = O(1) and |c — w|~! = O(1), where w = u, v, q,
respectively. More generally, the same asymptotics hold if 6 — 0 and ¢ — 0
simultaneously so that m := 2¢§~! stays uniformly bounded away from 0 and oo.

Remark 3.5.11. Similar asymptotics for m < 0 follow by the duality, which
amounts to exchanging the lattices I'° <+ I'®, changing the sign of ¢ and m, and
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replacing ¢ by +i¢; see Remark 3.5.1. In particular, note that (3.5.26-3.5.27)
provide, via Definition 3.3.1, a proof of Theorem 3.3.2. Similarly, (3.5.28—
3.5.29) and Definition 3.3.1 yield Theorem 3.3.1 since K = § + O(q) as ¢ — 0.

Proof of the asymptotics (3.5.26-3.5.27). This immediately follows from defi-
nitions (3.5.11-3.5.12) of the spinors X7, &; and asymptotics (3.5.24) of dis-
crete exponentials. Indeed, for v € R, note that

¥

cos(4(v—ar)) = Re[f-ce %] and |e—o| cos(v— peo) = Re[e ™ (c—0)].

Therefore, (3.5.24) directly yields (3.5.26-3.5.27). O

Proof of the asymptotics (3.5.28). Recall that, due to periodicity reasons, the
integral in (3.5.13) is equal to the integral over a shifted segment i € [Pey; Peut
4iK') i e., v € [pey—2iK'; Gy +2iK']. This contour can be deformed, without
crossing the poles of the integrand, to the broken line passing through the
points

QA — %K', P — iK' Gy — iK' Pew +iK'; G iK', @D 4+ 2K

The contribution of the first and the last (vertical) segments to the inte-
gral (3.5.13) is stretch-exponentially small as ¢ — 0 due to the estimate (3.5.22).
The contribution of horizontal segments at height +i K" is also stretch-exponentially
small due to the asymptotics (3.5.24) and since |¢2, — @cu| < 3 — 6p.

Let pey := 2m|c — u|. On the middle segment

Rev = Qe |Im7| < K’
the asymptotics (3.5.24) reads as
e(fi|kic,u) = ik-exp[— peycosh(Imv)] - (cos(3(v — ac)) + O(qu%‘Im”));
Provided that p., > cst > 0, this yields the asymptotics

Nt .
Gu(e) = ~0 35 2K

2T T

+00
/ o~ Peu cosht COS(%(it'HPcu —ac)) dt+0(q2) )

—00

where ¢ = Imv and we used the fact the integrand is stretch-exponentially
small in ¢ — 0 outside the segment [t| < K’ ~ —1loggq.
The leading term can be evaluated explicitly by writing

cos(%(it—l—cpcu—occ)) = cosh(%t) cos(%(tpcu—ac))—isinh(%t) sin(%(cpcu—ac))

and using [134, Eq. 10.32.9 and Eq. 10.39.2], which gives

+oo h 1
/ e P cosh(t)dt = (21/peu)? - e P (3.5.31)

—00
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To complete the proof, it remains to note that (see (3.5.18))

k(KK

1
5 (W>2 = 5%K_%~(1+O(q2)) as ¢=3md —0

™ m

and that cos(3(pey — ac)) - [c — u|7% = Re [e%ac(c - u)fé] = Re[7,. - s(c—
u)~3). 0
Proof of the asymptotics (3.5.29). The treatment of Gy,)(c) only differs in the
computation of the leading term, which we now perform; recall that the

asymptotics (3.5.24) and the estimate (3.5.22) remain true if one replaces u €
I'° by v € I'*. Instead of the integral

<Pcu+i00

/ e~ Peucos(V=pcu) cos(%(y — ae))dv
Wcu_ioo

that gave rise to the leading term in the asymptotics (3.5.28) we now need to

consider a similar integral computed, e. g., along the broken line

v e [‘:Dcv _ioo;@cv] U [@cv§§0cv+277] U [Socv+27r;§0w—|—2ﬂ'—|—ioo].

We write this integral as the sum of (a) the integral computed over the
vertical line [pe, — 100 ;e + i00] that was already evaluated in (3.5.31), and
(b) a similar integral computed over the contour

v =@et+it, where t €T := [+00;0] U [0;~2mi] U [~2mi;—2mi + 0o];
note that we have
COS(%(V - Oéc)) = %(6_563(4‘%“_&0) +€%e_%(¢cv_ac)) .

It follows from [134, Eq. 10.32.12 and Eq. 10.39.1] that

¢ “+oo—im ¢
/e_”CUCOShtejFidt = :l:z'/ e Pevcosht o F3 gy
N “+oo+im

= :II27T'I:t (pcv) = :i:(27r/pcv)

1
2

N

. (epcv :F efpcv) ,

which gives
/ o—Pevcosht Cos(%(%v + it — a.))dt
r

— 27/ pen)? - (6P sin(L(er — @) — €7 cos(} (e — ).

The second term cancels out with the contribution (a) of the line Rev = g,
Taking into account the additional factor ¢ in (3.5.14) as compared to (3.5.13),
we obtain the following expression for the leading term in the asymptotics (3.5.29) :

K72 -sin(3(ae — @e)) e — v] 72 - 2™l 4 0(52).
It remains to note that

Sin(%(ac—sow))!c—v!’% = Im [§ﬁc'(v—6)7%] = Re [ﬁc-(—ig)(v—c)fé]. O
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Proof of the asymptotics (3.5.30). Due to Remark 3.5.10, the integrand in the
definition (3.5.15) behaves similarly to the integrand in (3.5.13). Following the
same lines as in the proof of (3.5.28) we obtain the asymptotics

') _1 2K
Glay(0) = 5 B(K) 2=

2 T

+oo

—00

where pqq = 2m|c — a| and

Vi) = sin(%(gpca +it — ay)) - cos(%(cpca + it — ae))
= %cosht - sin(peq — %(aa +a.)) + %sinht - cos(Peq — %(aa + a.))

+ %sin(%(ac —Qag)).

Using [134, Eq. 10.32.9] we get

/_ e—Poosht V(t)dt = Ki(pea)sin(@ea — %(aa + o)) + Ko(pea) Siﬂ(%(ac — Qq))
= —Ki(pea) - Tm[e™ ¥ - P77, ] + Ko(pea) - Im[ 774 ]
= —Re [ﬁc ' (ﬁa ’ (_i§2)eimel(pca) + Na - Z'KPO(/)Ca )}
= —Re[7.- (2m)" " fIl(2mlc — a])],

see definition (3.5.25) of the massive Cauchy kernel fI". Finally, it easily fol-
lows from (3.5.18) that

() 2K 8q ) 4mé )
— = —=.(14+0 = — - (14+0(
= L1+ 0(e) = 2 (1+0(6),
which completes the computation. ]
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4 - Conformal invariance in the Quantum Ising
model

This chapter corresponds to the article [110], written with Jhih-Huang Li and
currently submitted to the arXiv.

Abstract :

We introduce Kadanoff-Ceva order-disorder operators in the quantum Ising
model. This approach was first used for the classical planar Ising model [93] and
recently put back to the stage [37, 34]. This representation turns out to be equi-
valent to the loop expansion of Sminorv's fermionic observables and is particularly
interesting due to its simple and compact formulation. Using this approach, we are
able to extend different results known in the classical planar Ising model, such as
the conformal invariance / covariance of correlations and the energy-density, to the
spin-representation of the (141)-dimensional quantum Ising model.

4.1 . Introduction

The one-dimensional quantum Ising model is a quantum spin chain defined
on Z. Given two positive parameters 7,6 > 0, the interaction of the system is
described by the following Hamiltonian,

H= —9 Z Uég)gz(/g) - T Z Uél)a

T~y zeV

acting on the Hilbert space ® C2. In the above definition, @ is the intensity of the
interaction between neighboring particles and 7 is the intensity of the interaction
with the transverse field. We recall that the %—spin Pauli matrices ¢(*) and o)

1) _ 0 1 (3) _ 1 0
g _<1 o)’ g _<o -1 )

~Y

which act on the state space of a spin C? = Span(|+),|—)), where we identify
|[+) with (1,0) and |—) with (0, 1), for instance. The operators o) is defined by
the tensor product which takes the Pauli matrix (! at coordinate z and identity
operator elsewhere; the same applies to 0;23). As consequence, the operator H

makes sense and acts effectively on ®, C2.

are given by

The one-dimensional quantum Ising model is an exactly solvable one-dimensional
quantum model [145]. The quantization e=# of the Gibbs measure of the classical
Ising model will be the operator of our interest and the ground state, or the limit
of the operator when 3 — oo, is the quantum state, or the probability measure we
are interested in.
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This ground state has several graphical representations, such as the usual spin-
representation, the FK-representation or the random-current representation. Rea-
ders may have a look at [39] for a nice and complete exposition on this topic. These
representations are useful in interpreting results from the classical Ising model [81,

, 22, |, and in particular, it has been shown that the ground state of the
one-dimensional quantum Ising model goes through a continuous phase transition
at p = p. := 2 [20, 63].

In this paper, we will tackle a finer study of the behavior of the model at the
critical point p. = 2 on one side, and the magnetization in the spin subcritical
regime on the other side. The main tool is based on an approach of fermionic
observables using Kadanoff-Ceva correlators, which, to our knowledge, has not
been done yet for the quantum Ising model. This approach allows us to derive,
in a more systematic way, local relations of the observables, leading to results for
the space-time representation of the quantum model. Similar local relations were
obtained previously FK-loop representation [21, ]

This formalism allows us to derive the horizontal full-plane spin-spin correla-
tions at any temperature, and in any directions at criticality. We also prove the
convergence of the energy density (Theorem 4.3.1 and Theorem 4.3.2) and n-spin
correlations (Theorem 4.3.7) in simply-connected domains. The last mentioned
results have a particularly nice physical interpretation when considering the space-
time representation of the one-dimensional quantum Ising model.

Moreover, this approach also provides us a way to compute the magnetization
in the spin sub-critical regime, see Theorem 4.7.6.

The paper is organized as follows. In Section 4.2 we recall the definition of the
model and its multiple equivalent representations. In Section 4.4, we introduce the
Kadanoff—Ceva formalism in the semi-discrete lattice and use it to define mixed-
correlators. In Sections 4.5 and 4.6, we recall the main tools to study boundary
value problems (BVP) that arise naturally from semi-discrete fermionic observables,
and prove the convergence to their continuous counterparts.

Those tools were originally used to prove conformal invariance of the inter-

face on the square lattice [162, , 65], which were generalized later to isoradial
graphs [48]. Recently, the first author used them in a similar way in the quantum
model [109, Sec. 4]. The convergence of BVP allows then to derive the existence

and the conformal invariance of the scaling limit. Finally, in Section 4.7, we fol-
low the formalism of [40] to rederive directly in the semi-discrete lattice full-plane
asymptotics of correlations.
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4.2 . The quantum Ising model

4.2.1 . Semi-discrete graph notations

Here we recall some definitions from [109, Sec. 3.1], given a simply connected
domain 2 C C and § > 0. We write Q3 for the semi-discretized primal domain
of © and €5 for the dual of 2§, which is called the dual domain. Mathematically,
one can take for instance 2§ = QN 2§(Z x R) and Q5 = QN6(2Z+1) xR). We
call the joint domain A(Qs) = O(Qs) := QF U Q5 the medial domain. The graphs
A(Qs) and O(£2s) have the same vertex set but are denoted differently to be closer
to the current litterature and avoid confusions on local relations of s-holomorphic
functions and the primitive of their square. We discuss their graph properties in the
following paragraph. In this article, unless otherwise specified, u (resp. v) mostly
denotes a point on the primal (resp. dual) lattice.

We say that v and wu are neighbours in A(Qs) if they share the same vertical
cordinate while their horizontal cordinate only differs by +¢§. This makes A({2s) a
bipartite graph, whose edges (linking primal to dual vertices) are in bijection with
the corner graph Y (Qs) (also called midedge domain in [109]). Given p € A(s),
write p~ (resp. p) its closest left (resp. right) vertex in A(€2s) (hence p* belong
to the graph which is dual to the one containing p).

A corner ¢ (or a mid-edge) is the middle of the segment formed by two neigh-
bours in A(€s). We write u. (resp. v.) its neighboring primal (resp. dual) vertex
make the identification ¢ = (v.u.). We also write ¢~ (resp. ¢) the closest left
(resp. right) corner with the same vertical cordinate as ¢. The set of edges linking
nearby corners is in bijection with the diamond graph {(€2s) i.e. for any neighbou-
ring corners ¢y 2, we set z := z(cq, c2) the middle of segment [c1¢z], which belongs
to O(£2s). See Figure 4.2.1.

FIGURE 4.2.1 — Notations

4.2.2 . The model

Let © be a domain in C. Denote Qf (resp. Q) the semi-discretized primal
(resp. dual) domain of Q. We will study the quantum Ising model defined on Q3
with + boundary condition, or its dual model, the quantum Ising model defined on
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Q5 with free boundary condition. Both models are defined as a Radon-Nikodym
derivative with respect to some Poisson point processes.

Note that the following probability measures in different representations are
only well-defined on bounded domains. For unbounded domains, we follow a clas-
sical approach. We construct compatible measures on a sequence of increasing
bounded domains whose limit is the unbounded one, and the weak limit of the
sequence of measures will be the measure on the unbounded domain.

Given two positive parameters 7 and 6. We write 1? to be the Poisson point
process of intensity 7 on primal lines of Q. Similary, 7y denotes the Poisson point
process of intensity § on dual lines of €25. The two Poisson point processes 7y
and 7)) are assumed to be independent. We write 7,4 to be the tensor product
ne@1ng. We also write Leb® (resp. Leb®) for the one-dimensional Lebesgue measure
on primal lines of Qf (resp. dual lines of 25). We drop the superscript and write
Leb if the context is clear.

The FK representation

The FK representation is defined through the Poisson point process 7,4. To
define the notion of connected components for the FK representation, we shall
see the points on primal lines to be death points (denoted D) and the points on
dual lines to be bridges (denoted B) connected neighboring lines. As such, the FK
measure is given by the Random-Nikodym derivative,

dEE,Ig (w) o 2F()
dnre(D, B) ’

where k(w) counts the number of connected components in w with some prescribed
boundary condition that is omitted in the above notation.

The space-time spin representation

The space-time spin representation is defined through the Poisson point process
ne on the primal lines. Write D for a (countable) set of points given by this point
process, which are called death points. A function o : Q§ — {+1, -1} is said to
be a spin configuration (compatible with D) if it is constant on each connected
component of Q3\D. Write (D) for the set of spin configurations compatible
with D. Note that if o € X(D) for some countable set D, then o € ¥(D’) for any
D’ O D. This shows that X(D) is increasing for inclusion and that ¥(D)’s are not
pairwise disjoint.

The spin measure is characterized as follows. Given a measurable function
F :UX(D) — R, its expectation is given by

i) o= T ez PO (SBM)]

N7 {ZUGE(D) exp (‘%H(@)}
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where 8 > 0 and H denotes the Hamiltonian,
H(o) := —Leb(g,), where &, = g,+0,- for v € Q5.

The denominator in the above Equation (4.2.1) is called the partition function,

= [ > exp (5 Leb(e)

ceX(D)
(4.2.2)
Note that we could have defined ¥/(D) to be the subset of (D) such that
o € ¥/(D) changes value at every point of D. As such, ¥'(D)'’s are disjoint and
the following Radon-Nikodym derivative makes sense. For o € ¥/(D), one defines

Z(1,0) :=n3 [ Z exp (—g?—l(a))

ceX(D)

4P (o)

dnz(D)

In this case, (4.2.1) and (4.2.2) stay the same except that (D) is replaced by
Y/(D) in the summations.

Additionally, we can define the energy density ¢, : Q5 — {+1,—1} by

Yo(v) = &y for v € Qf. Let Ei(o) = ¢;'(+1), E_(o ) = ¢;'(~1) and
Si(o) = Leb’(EyL(0)). Using the fact that Sy(o) + S_(o ) = Leb®(Qg) is a
) =

X exp ( 97—[(0)) .

constant not depending on o (but on €2§) and that H (o) = S4(0) — S_(0), we
can rewrite, _
1) s expl=05_(0)) o exp(85..(0) (423)
———— xexp(—05_(0)) x ex o)). 2.
dnz(D) * v

Let A be a subset of points in Q§ and write 04 = [[,c4 0, for a spin confi-
guration o € [[¥(D) = UX/(D). We have,

£ (o) = Zrer ao (-05-(0)] (12.4)

ng [ZUGZ'(D) exp (—05- (‘7))}

Random-parity representation

The random-parity representation is particularly useful to write the n-spin cor-
relation in an alternative way. It is defined with respect to the Poisson point process
773/2 defined on Q$, which, in the aforementioned FK-representation, can be inter-
preted as bridges. Write B for a (countable) set of points given by 173/2. Denote
B* C Q3 the set of extremities of bridges in B, i.e. BX = ,cp{et, e }.

Consider additionally a finite subset A C Q called source. A function ¢ : Qf —
{0,1} is said to be a random-parity function, with source A and compatible with
B, if (a) it is continuous on Q$\ (AU B*) and (b) the subgraph (AU B*,v~1(1))
has an even degree at vertices in B* and an odd degree at vertices in A. Define
I(1)) = Leb®(¢p=1(1)) to be the one-dimension Lebesgue measure of 1)~1(1). Write
W 4(B) for the set of such random-parity functions.
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The random-parity function being defined for any finite source A, the n-spin
correlation reads,

_ 7)3/2 [Z¢GWA(B) exXp (_QTIW))}
M52 | Zuewam exp (—2r1(1))]

E (04) (4.2.5)

Same as we said just after (4.2.2), we could have also defined ¥,(B) (resp.
U/, (B)) with a mandatory discontinuity at every point of AU B* (resp. B*) and
replaced U 4(B) and ¥4 (B) with ¥y (B) and ¥, (B) in (4.2.5).

4.2.3 . FK-spin coupling

Given a spin configuration o and a FK configuration w, we say that they are
compatible if = and y are in the same component in w, then the spins o, and oy
coincide. Below is the construction of the Edward-Sokal coupling for the quantum
Ising model.

Given a FK configuration w sampled according to Ef};, define a (random)
spin configuration o in the following way. To each connected component of w, we
choose a spin (+ or —) uniformly at random. We write Py for this measure.

Conversely, given a spin configuration o sampled according to Ei”’;", define a
(random) FK configuration w by adding Poisson points of parameter 6 on the dual
lines where the neighboring spins coincide, which are bridges connected different
components having the same spin. We write P2 for this measure. Using elementary
properties of the Poisson point processes, one can show that the two measures P
and Py have the same distribution.

4.2.4 . Kramers-Wannier duality

The space-time spin representation and the random-parity representation are
dual representations to each other. To be more precise, the space-time spin repre-
sentation corresponds to the so-called low-temperature expansion. A spin configu-
ration defined on €5 is in bijection with collection of contours on Q$ which appear
as interfaces between + and - spins, see Equation (4.2.3) and Figure 4.2.2. As
such, the spin measure is exactly the measure defined on the set of contours.

In a similar manner, the random-parity representation corresponds to the so-
called high-temperature expansion. It does not consist in rewriting the proba-
bility measure configuration-wise. Instead, it gives an alternative way to rewrite
the n-point correlation, after summing/integrating over spin configurations, using
contours and paths as in Equation (4.2.5). An example is given in Figure 4.2.2.

Note that the Kramers-Wannier duality reads as,

(7,0%) = (§,27). (4.2.6)

It is an involution, i.e. ((7%)*, (8*)*) = (7,6). The self-dual point is given by 7 = 2
which is also the critical point of the quantum Ising model, see [20, 63].
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FI1GURE 4.2.2 — We work with a primal domain with free boundary condi-
tion. Left : An example of the space-time spin representation with + spin
in blue and - spin in orange. The contours separating different spins are
given in green. Right : An example of the random-parity representation
with source given by two points.

We remind the reader that the “usual’ way of talking about sub- or super-
criticality differs in the spin- and the FK-representation. Due to the coupling men-
tioned in Section 4.2.3, the existence of an infinite cluster in the FK-representation
is equivalent to a positive spontaneous magnetization. However, in the FK setting,
we usually refer this case as super-critical, whereas in the spin setting, we usually
refer this as sub-critical.

4.2.5 . From discrete to semi-discrete

The different representations described above can be seen as their correspon-
ding representations in the classical two-dimension Ising model on a flattened lat-
tice. As shown in Figure 4.2.3, there are two types of edges, long “horizontal” edges
of length %cos% and short “vertical” edges of length gsin% in the flattend lattice
G° and we note that when ¢ — 0, it “converges’ to the semi-discrete lattice.

At discrete level, let us fix the parameters as follows. To each edge e one
associates the coupling constant J. > 0 which only depends on the type, horizontal
or vertical : each horizontal edge e has the same coupling constant J, and each
vertical edge has the same coupling constant .J,,. And we recall that the Hamiltonian
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FI1GURE 4.2.3 — The flattened lattice G° which “converges” to the semi-
discrete lattice in the limit. Left : The isoradial representation (diamond
graph) when § = % Right : The primal lattice with dual vertices.

in the discrete model is given by

H(o) == Jeoz0y, where e = (x,y) for e € F.
eck
Note that in the above expression, one drops the additional parameter 3 which
is the inverse temperature. One can include it in J. and the regime of the model
(subcritical, critical, supercritical) is thus determined by how the parameters J,
are chosen.

In the low-temperature expansion, a spin configuration is in bijection with a
collection of contours in the dual lattice. For each edge ¢ in the primal lattice,
the weight of its dual edge is given by t* = e~2/<. The coupling constatans .J;,
and J, are chosen such that 1 —¢; ~ fe and tj ~ 7e. Recall that the dual of a
horizontal edge is vertical and vice versa. As such, when the limit ¢ — 0 is taken,
one obtains contours defined by Poisson Point Processes as weak limit of families
of i.i.d. Bernoulli random variables whose parameters are scaled as described above.

In the corresponding high-temperature expansion, we make use of tanh(.J) =
L—L% This gives tanh(J;) ~ ge and 1—tanh(J,) ~ 27e. Using the same argument
to obtain Poisson Point Processes, this also confirms that the dual model is given

by parameters as shown in (4.2.6).

Above we describe the procedure from discrete to semi-discrete in the spin-
representation. When it comes to the FK-representation, we refer interested readers
to [63, Sec. 5.1].

This similarity between the discrete model and the semi-discrete representation
of the quantum model suggests that the same results in the classical Ising model are
expected to hold in the quantum setting. However, when dealing with universality of
results in the discrete setting, one important assumption is the so-called bounded-
angle property, i.e. angles of the graph need to be uniformly bounded away from
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0 and 7. This property does not survive in the procedure from discrete to semi-
discrete for obvious reasons.

In [63], authors obtained finer estimations in this particular procedure from dis-
crete to semi-discrete, thus extending phase transition results from discrete graphs
described in Figure 4.2.3 to the semi-discrete lattice 2Z x R. This approach might
be tempting knowing universality of spin-correlation on isoradial graphs proven
in [43], provided they keep the bounded angle-property. Still, in this case, additio-
nal difficulties rise due to local normalizing factor appearing before smashing the
grid in the vertical direction. Thus, we prefer to present a more straightforward
and elegant method by working directly in the semi-discrete setting, following the
spirit of [109].

4.3 . Results

In this section, we give a summary of the main results proved in this paper.
They are expressed in terms of the space-time spin representation of the quantum
Ising model. They also extend a series of results proved on isoradial graphs [37,

, 38, 43] to the semi-discrete lattice, showing the existence and the conformal
covariance of a scaling limit in simply connected domains. Such an extension has
previously been made for interfaces in the FK-loop representation [109], but more
work is required in this paper for general correlations, one of the reasons being that
normalizing factors depending on the mesh size § of the lattice are now required.

For concision, we mostly state those results for with + boundary conditions,
although one can extend them to any boundary condition composed of a finite
sequence of boundary arc in {4+, —, f} using the theory developped in [39]. For
more general boundary conditions, the scaling limit is simply muliplied by a confor-
mally invariant factor. It is also enough to prove the convergence results in smooth
domains, since the monotonicity with respect to boundary conditions and approxi-
mations by smooth domains allow to prove convergence in general domains once
it is done in smooth domains.

Since the (1+1)-dimensional quantum Ising model has several equivalent re-
presentations, the results will be stated in the three following settings. Unless
otherwise specified, the model is considered at its criticality, i.e., 6 = 6*.

1. In Qjg, which is the semi-discretization by 26(Z x R) of a given simply connec-
ted domain €2 C C. The quantum Ising measure at the criticality will be
denoted by Eqs in this case.

2. In Hs := 26(Z x R), which can be regarded as the graphical time-evolution
of the quantum Ising model on 26Z, or as the special case 2 = H in the
first point. The quantum Ising measure at the criticality will be denoted by
Eqi, in this case.

3. In Rs(k), where Rs(k) stands for the semi-discretization by 26(Z x R)
of R(k), which is the rectangle defined in Appendix 4.9. We have that
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R(k) = (—K(k), K(k)) x (0, K'(k)), where, for k € (0,1),

S

! d
K(k) = /0 V=1 - k25%)

is the complete elliptic integral of the first kind, and K'(k) = K(v/1 — k2?).
Since k — K (k)/K'(k) is a diffeomorphism between (0, 1) and (0, +00), the
set {R(k),k € (0,1)} describes all the possible aspect ratios of a rectangle.
More details are given in Appendix 4.9. This can be understood as the
thermodynamic limit of a finite-size quantum Ising model where we scale
both the number of vertices and the time together by 1. The corresponding
quantum lIsing measure at the criticality will be denoted by EQI(;(k)'

In the second (resp. the third) setting, due to the natural space-time represen-
tation, we introduce some additional notations. For a space-time point (z°,t) in
Hs (resp. Rs(k)

Our first result states the conformal covariance of the horizontal energy density
in simply connected domains.

Theorem 4.3.1. Let a € Q) an interior point of a simply connected domain ap-
prozimated by a® € Q. Set €45 1= 0505 405 — Ea (005 T 195] = 0qs0 g5 105 — =
the energy density random variable. For the critical space-time representation
of the quantum Ising model, one has

%E;g; [eas] - L0(a), (4.3.1)

where Lo (a) is the hyperbolic metric of Q at the point a, i.e. lg(a) is twice the
modulus of the derivative at a of any conformal from D to Q wvanishing at a.
The above convergence is uniform over points remaining at a definite distance

from 0.

The substraction of the full-plane energy density Ea (00505105 = 2 (see
Remark 4.7.8) is necessary to underline the influence of the domain Q. Indeed,
using standard Russo-Seymour-Welch type estimates [63] and comparaison bet-
ween boundary conditions, one can easily see that Egg [€45] = 0 asd — 0. The
effect of the boundary of Q reads in the sub-leading term of the expansion of

+
EQ5 [0a5 046 +25] :

One can also state a more general result involving several energy density va-

riables, whose proof is based upon the special case r = 1 and the Pfaffian structure

of the Ising Model.

Theorem 4.3.2. Let ay,...,a, € ) be distinct interior points of 2, approxi-

mated respectively by al, ..., al in Q5. In the setup of the previous theorem,
one has

1

5 Egg [Eatls ceEqs P (€ay - - - €an) s (4.3.2)
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where the multiple energy correlator is a conformally covariant quantity defi-
ned via (4.5.16). Moreover, the convergence is uniform over points ai,. .., an
remaining at a definite distance from each other and from the boundary.

-1

Let K(ag,...,a,) be the r x r matrix defined by K; j := 1,%;(a; —a;)™" and

denote Pf the usual Pfaffian operator on matrices.

Theorem 4.3.3. Consider the critical Ising quantum spin chain on 20Z, fix
(xk)1<k<r distinct points of R approzimated by (ﬁi)lgkgr on 26Z. Fizx also a
sequence of positive instants (ty,)1<p<r. For a space-time configuration (x°,t)

in 20Z xR, denote 5;? = Ui?(fi?H& — 2 the horizontal energy density at site
2% at time t. On has
FEQEW = & FEGLED — - F, (4.3.3)
Ealé[ (t) g:(vtg)] m (m) PE[K(z1+ite, ..., 2ptity, z1—it1, ..., 2n—1ty)],
L i B e I P e e i Toon

where cn, dn, sn denote usual Jacobi theta elliptic function, QI° denotes critical
the quantum spin chain on 26Z while QI°(k) denotes the quantum spin chain
on (—K(k), K(k)) N20Z until time K'(k).

Remark 4.3.4. The convergence un the upper-half plane is invariant by trans-
lation, which comes directly from translation invarariance of the model. One
also notices that the energy density blows up near time ¢ = 0. For example, in
the case of + boundary conditions, both nearby spins involved in the energy
density are more likely to be correlated as they feel the + imposed at the boun-
dary when they approach it. With the f boundary conditon, it is the other way
around and the nearby spins are less likely to be correlated as approaching
the boundary.

We now state the results concerning the general spin-correlations, i.e. the cor-
relations between spins at macroscopic distances from each other.

Theorem 4.3.5. Let Q be a simply connected domain and A1y... 0y €
distinct interior points approrimated respectively by a‘{, cen n in 3. Let also
bi,...,by, € Q be distinct interior points approximated respectively by b Cyeens bi
in Q5. For the critical space-time representation of the quantum Ising model
one has N
o ce +
EQ(; [0-0,(1S O-a,f,sl] N <O'a1 PN O’an>$’ (434)

Egg [ab? oy ] 020 (op, .. 0p,) G

where the function (o ...a(.)>§ is defined in (4.5.19). The convergence is
again uniform over points remaining at a definite distance from each other
and from the boundary.
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Using Krammer-Wannier duality and the formalism of disorders (which can be
understood as dual-spins), one can also prove the convergence of correlation ratios
between primal and dual model.

Theorem 4.3.6. Let u‘ls € Q5 and v‘f € Qf approzimating a1 € S (respectively
u§ € QF and v € QF approzimating as € Q). One has
f
W — BQ(CLl, ag) (4.3.5)
0 [0,30,5] 90
where the coefficient Bo (a1, a2) is defined in (4.5.20) via the expansion of the
boundary value problem (4.5.12) near one of its branchings.

Using the last two theorems and an induction, one can recover the convergence
of rescaled correlation, with a fully explicit lattice dependant normalization. The
next theorem states this complete result.

Theorem 4.3.7. Set C = 2535 V. Under the prem'ous hypothesis, given

ai,...,ay interior points of Q approximated by a‘f, cee n in €23, one has
07 Egg [Ua‘ls - P C™(0ay -+ Tap)gy- (4.3.6)

The convergence is uniform over points remaining at a definite distance from
each other and from the boundary.

Once the previous theorem is proven, one can compute explicit formulas in
specific domains to recover analytic expressions of correlation. Those expressions
can be used to compute space-time correlations of the one dimensional quantum
Ising model. The next theorem provides those formulas for the two most natural
setups.

Theorem 4.3.8. Consider the critical one dimensional Ising quantum spin
1

chain on 20Z. Set x1, . .., xy, horizontal cordinates approximatated by x‘{, Ce T,

(®)

and t1,...,tn positives times. Let o 5 be the spin variable z0 at time t. One
has the space-time spin-spin correlations,

I
(Ir*xm)Z“’(t'r*tm)Q

578 Efy Loty o] - C"H HEEED S|

o pe{£1}n ISr<msn

E+ [O’ tl)...O'(tn)] n
Qls (k)" 2d f,
: (t13 o H len(xj + itj, k)dn(z; + it;, k)|
EQI(SI: I(i ”‘O-Iél ] —

In particular the one-point function and the two-point function write,

675 Egy, [ol] — (37,

-2 1 @1 —m2) 2+ (t1+t 3 z1—32)2H (1 —t2)2 (113
03 E&g[“gl) | <5—>—>oc2 nh SHExi mi)u(ti ég 7+ ’Exi zig +Et1+t§;2’4]27
-1 2 1 xr1—x —l—t—‘—tQl fﬂIZ—‘rt—thl
) 1 EQL;[ étll) ;2 )] 5—> C (tlltg)g H E:pi*ng2+gti tng |4 — ’Exi x;gZJrEtithz;Q ’4] 2
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The lattice dependant scaling factor §5C™ is obtained by replacing the ex-
pectation in bounded regions by the expectation in the full-plane. Theorems 4.3.3
and 4.3.8 can be seen as a byproduct of the space-time interpretation for the cri-
tical 1D Ising model, as well as explicit formulas for correlation functions in the
upper-half plane and in rectangles.

In the above-mentioned theorems, explicit lattice scaling factors appear and
are related to the full-plane asymptotics of the two points functions, which we
compute explicitely, already on the semi-discrete lattice. We developp a formalism,
close to the one introduced in [40], that allows to derive the desired asymptotics
in the vertical direction. Combined with the convergence of correlation ratios men-
tioned above, it implies in particular the rotational invariance of the critical model,
together with its explicit two point function.

Theorem 4.3.9. For the critical space-time representation of the quantum
Ising model in full-plane C1, one has the asymptotic

B looo] ~ 22275 (4.3.7)

In particular, the critical model is rotationally invariant. The uniqueness of the
Gibbs measure at criticality allows to drop + boundary condition at infinity from
the definition. We now pass to the results outside of criticality, obtained by the
same formalism of Topelitz+Hankle determinants.

Theorem 4.3.10. For the sub-critical (0 < 0*) space-time representation of
quantum Ising model in Cy with parameters (0,0*) and + boundary conditions
at infinity, the spontaneous magnetization satisfies

M(0,0%) = lim EE [o00u]"/? = (0240 72(1— (£)P)5.  (438)

This result generalizes the full-plane magnetization result below criticality pro-
ven for rectangular grids in [40] and in general Z-invariant isoradial graphs with
bounded angles in [43]. It is known by [63] that above criticality, the spin-spin
correlation decays exponentially fast. In particular, using quasi-multiplicativity ar-
guments, one can see that the so-called correlation length [63, Thm. 1.5] in the
horizontal direction & is well defined. The next result gives its exact value, extending
to the horizontal direction the result proved in [14].

Theorem 4.3.11. For the super-critical (6 > 6*) quantum Ising model in
full-plane Cy with parameters (6,0%) and + boundary conditions at infinity,
one has

£ = 1Lrgo—%1og EL, [000m] = 3 log(4:). (4.3.9)

n

An interesting question would be interesting to find a way to exploit this first
result to prove at least the exponential decay in all directions. As for the gene-
ral correlation length expression (which is not isotropic), it looks to be a more
challenging task and is not adressed here.
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4.4 . Disorder insertion

We are interested in the space-time spin representation of the quantum lIsing
model on the primal domain Q2§ with + boundary condition. The underlying Poisson
point process is of parameter 7 on primal lines (death points) and the coupling
constant is denoted by 6. The latter parameter is also the underlying Poisson point
process for bridges in the FK representation, but not needed here for the spin
representation.

Its dual model is the quantum Ising model defined on the dual domain Qf with
free boundary condition whose underlying Poisson point process is of parameter
7* on dual lines and whose coupling constant is given by 6*. The relation between
these parameters (7*,60%) = (g,QT) is given in (4.2.6). Recall that the critical
point is also the self-dual point, and the choice of parameters we make will be
TF=T7= % and 0* =0 = 2—15. Only the ratio g determines for the regime of the
model, but this particular choice allows us to have some nice isotropic property as
explained in [109] and will be discussed later in Section 4.4.2 and 4.4.4.

4.4.1 . Definition

Below we give the formal definition of the disorder operator which is valid for
any parameters. In particular we do not assume the self-dual condition (4.2.6),
which will not be used when working with the model outside of criticality.

As in the discrete setup, the disorder insertion has two possible equivalent
definitions. It can be seen as the ratio of partition functions between a modified
model and the original one, or as an expectation of a random variables defined
along disorder lines in the primal graph. More precisely,

Definition 4.4.1. For pairwise disjoint vertices (v;)1<i<2n in the dual domain
25, we define the disorder operator by

Z(r,0)
+ — )
EQEJ’,H [lu"Ul A IU"UZn] T Z(T, 0)

™

= Eﬁg,r,a [eXp ( —0- Lebo(lveLlumuLnEv))] )

(4.4.1)
where (L;)1<i<n is a path collection pairing vertices in (v;)1<i<on-

The parameter 6 here is defined to be —@ along all (L;) and 6 elsewhere.
By reversing along the lines (L;) the coupling constants, we make the model
anti-ferromagnetic there. The partition functions Z(7, ) and Z(r,6) are defined
in (4.2.2). We need to check that the above definition does not depend either on
(a) how the vertices v; are paired or (b) the path taken between two vertices.

Indeed, it is enough to check the second condition since by deforming paths,
the first one is a special case of the second. More precisely, we deform a path so
that it goes through another disorder vertex, cut the path and glue in a different
manner from that vertex. See Figure 4.4.1 for an illustration. The definition (4.4.1)
can also be generalized to an odd number or disorders, but since there is no such
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a pairing of disorders, the quantitiy is zero. If two disorders are located at the
same vertex, we formally pair them together and say they cancel each other (i.e.
tytty = 1 almost surely).

2
VAl

FIGURE 4.4.1 — Path deformation showing that the way the disorder lines
pair vertices up does not matter.

Now, we show that the definition (4.4.1) is path-independent. It is enough to
show this for a disorder line connecting v; to vo. Let Ly and L; be two such paths.
Write 67 and 6 as in the definition of the partition function (4.4.1). Write A for
the (closed) region delimited by L; and Ly, L for the collection of dual lines in A
(boundary included). For a spin configuration o, write opc for o restricted on A€
and & for the configuration which coincides with o on A¢ but with reversed sign
on A. Then,

1 1 e °
=Z0)" Z C(one)exp (5 - Leb®(Luer,ev))
oeX(D)

= AC) R Z C(ac) exp (5 - Leb®(Lyer,ev))

oeX(D)

N
—

™
iy
~—
—
=

t

>

=ZO)y e Z Cl(ope)exp (% - Leb®(Lyer,e0)) |
LoeX(D)

where D is sampled according to 1?. In the above computation, the first (1) line
is the definition and C'(ojc) is some constant depending only on the spin outside
of A. In the second line (2), we flip all the spins inside A which is equivalent to
switching the coupling constant from 6, to ;. It is possible to do so due to the
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following equality in distribution for any finite set X C Qf,
L(D| X CD)=L(D)UX.

Finally, in the last line (3), we use the bijection o +— &.

Using the duality between the space-time spin representation and the random-
parity representation, one can see the disorders as a dual spin configuration, for
the dual model with dual parameters, e.g.

Ehe gl - u] = Bl e o000, (1.4.2)

where (7%,60*) = (4,27) is given in (4.2.6). Note again that above we defined
the disorder operator when n is even. When the number of disorders is odd, the
LHS of (4.4.2) is zero because the disorders do not pair up; the RHS is also zero
because under the free boundary condition, the measure is invariant under the
globlal spin-flip.

We can give another interpretation of Z(7,8) in (4.4.1) using the quantum
Ising model defined on some double cover. This viewpoint will turn out to be very
useful later for the definition of mixed correlators (4.4.7).

Let D5 = QF, Q5 or T(Qs). A double cover of D5 is formally defined as the
disjoint union of two identical copies (also called sheets) DsID; with the following
additional data telling about its branching structure :

— v=(v1,...,0,) where vy,...,v, € Q3 if D5 = QF or T(y);
— u=(ug,...,Uy) where uy, ..., uy € QF if Dy = Q5 or T(y).

We denote this double cover by [Q$,v], [Q25,u] and [T(Qs), v, u] respectively. Its
branching structure is described as follows :

— If Ds = Qf, the cuts are described by any pairing of v;'s;
— if Ds = QF, the cuts are described by any pairing of u;'s;
— if Ds = Y(Qs), the cuts are described by any pairing of v;'s and u;'s.
See Figure 4.4.2 for an illustration in the case of [Q$, vy, va2].
Given vy,...,v, € QF.

— Let [Q§,v] be the double cover of Q2§ that branches over v,...,v, € Q5.
We consider the quantum Ising model on [Q2$, v].

— The Poisson point process 72 is sampled on one copy and is taken to be the
same on the other copy.

— A spin configuration o on the double cover [Q$, v] should satisfy the sign-flip
symmetry : 0,04 = —1 for any u € [Q3,v] (we recall that u¥ is the other
fiber in [Q$, v] of the natural projection of u in Q).

— Given a finite set of death points D, denote by ¥(D) the set of spin confi-
gurations on the double cover [}, v] satisfying the sign-flip symmetry. Note
that this does not depend on vq, ..., v, but only on D.
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As such, the quantity Z(7, ) can be rewritten as the partition function of the Ising
model defined on the double cover [2%, v] with a modified Hamiltonian 1. Denoting
this quantity by ZY(r,0), we can write,

2Y(r,0)=n3 | > exp (-5 H(0)) (4.4.3)

LoeX(D)
= Z exp (g . %Lebo(sp))] , (4.4.4)

LoeX(D)

where the Hamiltonian (o) is defined to be —3Leb®(z,),
v Lo 1
HY(0) = —~Leb®(e,) = _7/ £oldv]. (4.4.5)
2 2 Jias

Note that the factor % comes from the fact that when working on the double cover,
the contribution coming from each planar pair of neighboring spins is counted
twice. In particular, the energy density ¢, = 0,-0,+ now takes into account the
structure of the double cover. More precisely, if v lies on one of the disorder lines,
then v~ and v™ belong to two different sheets, and that is where the sign-flip
symmetry makes the difference.

The quantum Ising measure on this double cover is characterized by

E[ngg,v},T,G [F(0)] = 2%(1,0)7 - ny Z F(o)exp (—g -7—["(0)) , (4.4.6)
ceX(D)

for any measurable function F' : UX(D) — R.
Using this interpretation, for given vq,...,v, € Q5 and ug,...,uy € QF, we
can introduce the mixed correlator,

E;Sg,f,e[”vl e, Oy« Oy, | = Egg,r,e[ﬂvl . .uyn]E[B;,v} [Ouy - Ou,,] -
(4.4.7)

In other words, denote DB(25, m,n) the double cover of (Q2§)" x (£25)™ with the
following branching structure. For v = (v1,...,v,) € (Q§)" and u = (uy, ..., um) €
(€23)™, we fix a path collection connecting v;'s to the boundary and another path
collection connecting u;'s to the boundary. When u;'s wind around v;'s, the cuts
are given by the path collection of v;'s; similarly, when v;'s wind around u;'s, the
cuts are given by the path collection of u;'s.

Using the duality between representations, one has, for any integers n and m,

f
Egg;,e[ﬂm ey, Oy« O, | = Edg -+ 6- [Ty« e Oy Py« -+ Py |- (4.4.8)

1. The partition function sums “twice” the contribution of each pair of spins (on
two sheets)
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In what follows, we write this last quantity as (ty, - . . fy, Ou; - - - Ou,,) OF, equiva-
lently, (0w, - .. 0v, tuy - - - fu,, ), Since the object at stake is now canonical and does
not “favor” spins or disorders (i.e. primal or dual spins). Note that these quantities
are defined on the double cover DB(25, m, n) with the branching structure descri-
bed above. Such a function is called spinor because the sign flips when replacing
u (resp. v) by u# (resp. v¥).

FIGURE 4.4.2 — A graphical representation of Qg[vl’”] locally around the
branching given by vy, ve € Q3. The vertices u, u? € Qf are two different
vertices belonging to the same fiber.

4.4.2 . Local propagation Equation

The local propagation equation for Kadanoff-Ceva fermions (also called Dos-
tenko propagation equation in [129]) in the classical Ising model [93] has an equiva-
lent in the graphical representation of the quantum Ising model. Instead of having
a three-term relation, we have a two-term relation which involves a vertical de-
rivative of the order-disorder operator. This is due to the degeneration when we
squeeze the rectangular lattice to obtain the semi-discrete lattice.

Proposition 4.4.2. Let O be a mized correlator. For a dual vertex v on the
double cover,

.1
Oy (o O) = Oy (to4iyO)y=0 = ilg% y [(1o4iyO) = (1 0)], (4.4.9)

where for all small enough y, v+1iy needs to be chosen such that it belongs to
the same sheet of the double cover as v. Moreover, this derivative satisfies the
following two-term relation,

Oy (1 O) = sgn(O0,v) - 0(pyo,-0,+O), (4.4.10)

where v~ and v* are chosen to belong to the same sheet of the double cover
and sgn(O,v) takes value in {0, +1} depending on the path L that pairs v with
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another dual vertex in O,

0 if such a path L does not exist,
sgn(O,v) =< +1 if L leaves v from abowve, (4.4.11)
—1 if L leaves v from below.

Note that it is indeed important to take the quantity sgn(O,v) into account
since the mixed correlators (1i,1i,O) and (p,0,-0,+O) are defined on a double
cover where cuts depend on how the path L changes.

Proof. If the path L defined as in the statement does not exist, then O has

an even number of disorders and (jt,4iyO) is identically 0 for small enough y.

The right side of (4.4.10) is also identically zero for the same reason.
Assume that L exists. Using (4.4.1) and (4.4.7), we get,

Y

Z(7,0) - Oy(pho+iyO)jy=0 = Oyn> [ Z Oy exp( %’H[”Hy’v](a))
ly=0

ceX(D)

=0 -sgn(0,v) [ Z Oy exp( g-?—[[”"’}(a)) Ty Ot

ceX(D)

where we use the dominated convergence to switch the expectation n® and the
partial derivative 0, along with (4.4.15). This gives the final result (4.4.10). O

Proposition 4.4.3. Let O be a mized correlator. For a primal vertex u on
the double cover,
1
0u(0u0) = 0u(Ou+iyO)jy—o = z,lg% QRUUHZJ@) — (1, 0)], (4.4.12)
where for all small enough y, u+iy needs to be chosen such that it belongs to

the same sheet of the double cover as u. Moreover, this derivative satisfies the
following two-term relation,

0y (7,0) = sgn(O, 1) - 0* (Tupty 1+ O), (4.4.13)

where sgn(O, u) takes value in {+1} depending on the path L that connects u
with the boundary (thus actually no dependency on O),

+1 if L leaves u from above,

sgn(0, u) = { —1 if L leaves u from below. (4.4.14)

Proof. One simply uses proposition 4.4.2 together with the duality relation (4.4.8).

O]
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Lemma 4.4.4. We use the notations from Proposition 4.4.2 and write v for
the set of all the disorders in Supp(Q). Then, we have,

v+Hiy,v . 'H[v+iy,v](0_) _H[U’V}(U)
Oy HI T M (0 = lim "

= —sgn(0,v) - 20,- 0+,

(4.4.15)
where v~ and v™ are chosen to be on the same sheet of the double cover.

Proof. We show the result in the case that sgn(O,v) = 1 and y > 0, the
computation in the other cases is similar.

Write v1 = v and vo = v 4+ iy with y > 0. Compute the difference of the
two following Hamiltonians using (4.4.5),

HOY(o) — 2V ()

v 1 1

- _5 Qlvi.v] vG[vl,vQ]U[U#,Uf}o—v7 O—’U+’dv‘ T 5 /Q[vQ,v] Hve[v17U2]U[v#’vf}o—U70-v+‘dv,
(2

= _/Q[ULV] ]lve[v1,vg]av—av+‘dv| + /Q[UQ’V] lve[vl,vg]av—gv+|dv|

(3)
= /Q[vlyv] Loefor,v2) 0 (v—)# Ot |dV] + /Q[%V] Locfor 9]0 ot |V

Wo Lot for 109] Fo— Ot V] (4.4.16)
Qlva,v]
In the second equality (2), we use the fact that both sheets of the double cover
contributes equally to the integrals. In the third equality, (3), we use the sign-
flip symmetry for the double cover Q"] In the first term of the last equality
(4), on Q and for v € [v1, vs], the primal vertices (v™)# and v* belong to the
same sheet, thus can be rewritten with the cut point v; shifted to vs.

To conclude the proof, we divide (4.4.16) by y and take the limit to obtain
the desired formula (4.4.15). O

4.4.3 . Construction of observables via correlators

In the following subsections, we will define two special correlators used in the
convergence proofs of the critical model, which are constructed out of mixed cor-
relators of the type O . We also prove they satisfy the so-called s-holomorphicity
property, which makes discrete correlators regular already in discrete. As for mixed
corelator of the form O, the construction is appropriate on some double cover. We
precise here those definitions.

Definition 4.4.5. Let ' : Q2 x Q% — C be a function defined on DB(Q4,1,1).
We say that

— F has the sign-flip property around v € Q2 if F(v,u#) = —F(v,u) for
all u € DB(Qs,0,1),

— F has the sign-flip property around u € Q3 if F(v#,u) = —F(v,u) for
all v € DB(Qs,1,0),
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— I has the sign-flip property (everywhere) if the above two items are true
for all v € QF and u € Q.

In the above statement, p# denotes the other fiber of p on the appropriate
double cover.

As it is the case in the discrete case, we specify the notion of sign-flip symmetry,
which will appear naturally later.

Definition 4.4.6. Let F' : T(Q5) — C be a function defined on the corner
semi-discrete lattice such that for each ¢ € Y(€Qs), F(c) depends only on

ve € QF and u. € Q§. We may write F'(c) = F(v., u.). We say that F' has the
sign-flip property at ¢ € T () if

— v F(uc, v) has the sign-flip property around wu.,

— u > F(u,v.) has the sign-flip property around v,.
Definition 4.4.7. Let 7. := [i(ve —u.)] /2 be the semi-discrete Dirac spinor.

Note that 7. is defined up to the sign, which explains the need of the double
cover structure described above. The sign of 7. depends on the choice of v. and
uc. In other words, 7. has the sign-flip property around all vertices of Y (Qs).

Definition 4.4.8. Let @ = (u1,...,Un—1,01,...,Um-1) € ()" 1 x (Qg)"!
and O = Uy, ... fy,, Ouy ---Ou,_,- For a corner ¢ € [Y(£s), w] set formally
Xe¢ i= v, Ou,, Where v, (resp. u.) is the neighboring dual (resp. primal) vertex.
This allows to define the complexified correlator ¥ on [Y(€s), @] by

Ve i=cr— 770<XCO> = 776<XCMU1 cooHup 10y - - Uvm_1>' (4'4'17)

The next proposition shows that the complexified correlator is properly defined
and satifies the spinor property.

Proposition 4.4.9. In the context of the definition (4.4.8), the complezified
correlator Vo is well defined on [ (), w]. Moreover ¥, has the sign-flip
property i.e. for c,c” corners of [Y(Qs), @], one has ¥y (c) = =V, (c?), which
means that Yo, changes its sign when ¢ makes a turn around one of the vy, or
Ug.

Proof. As explained above and in [39, Rmk. 2.5, Lem. 2.6, Def. 2.7], the corre-
lator (x.O) can be viewed a single multivalued function on one double cover.
The presence of nearby branchings at ¢ and the multiplication by 7. (which
branches around all points of Y (2s)) kills the branching structure around each
point except those of w. Finally, the spinor property comes from the spinor
property of 7. since replacing x. by x.# doesen’t change the sign of (x.O) but
the one of 7.

O
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4.4.4 . s-holomorphicity and fermionic correlators

We recall now the definition of a semi-discrete s-holomorphic function [109,
Sec. 3.7], which is a natural generalisation of the isoradial case. In particular, we
show that mixed correlators introduced above give rise to s-holomorphic functions.
Contrarily to the FK-loop representation [109], the approach of disorder insertion
described in previous sections provides the s-holomorphicity property almost di-
rectly (i.e. there is no need to look at combinatorial bijections between local loop
configurations). Below we define the notion of s-holomorphicity, which can be vie-
wed in both the corner and diamond lattices, and provide a simple way to switch
point of view depending on the context.

Definition 4.4.10. Let F': T(£2s) — C be a function defined on the corner
semi-discrete lattice. It is said to be corner s-holomorphic if it satisfies the two
following properties.

1. Parallelism : for ¢ € Y(Qs), we have F(c) //n.R where 7. is defined
in (4.4.7) In other words,

— F(c) € vR if u, is on the left and v, is on the right (western
corners),

— F(c) € ivR if u. is on the right and v. is on the left (eastern
corners),

_i
where v = e~ '17.

2. Holomorphicity : for any corner ¢ € Y({5), we have E(J)F(C) = 0.

Note that in the above definition, the semi-discrete derivative is given by

ayF(c)] 1 [F(CJF) —F(c7)  9,F(¢)
5 :

—(8) LT )
(C) 2 r <C) i 20 1

(4.4.18)

Definition 4.4.11. Let F° : {(£25) — C be a function defined on the diamond
semi-discrete domain. It is said to be diamond s-holomorphic if it satisfies the
two following properties.

1. Projection : for every ¢ = (2., z}) € T(s), we have
Proj[F°(z, ), 1cR] = Proj[F° (2} ), ncR] (4.4.19)
where Proj(X,nR) denotes the usual projection of X on the line 7R, i.e.
Proj[X,nR] = [X +n*X].

2. Holomorphicity : for all vertex z on the medial domain {(£2s), we have
DY Fe(z) = 0.
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In the convergence proofs, we mainly work with diamond holomorphic function,
since they behave as continous holomorphic function as the lattice mesh-size goes
to 0. In fact, this passage to complexed valued diamond holomorphic function
appears crucial to study the scaling limits, since corner holomorphic functions have
a prescribed complex argument, thus cannot behave like holomorphic ones. In fact,
there is a natural bijection between corner and diamond s-holomorphic functions
on YT (£2s) and those on {(2s). The next proposition explicits this very simple link.

Proposition 4.4.12. Given a corner s-holomorphic function F : T(Qs) — C,
one can define F°: z € {(Qs) — C by :

F°(2) := F(c) + F(c).

Then, the function F*° is diamond s-holomorphic.
Conversely, given an diamond s-holomorphic function F° : {(Qs) — C, one
can define F': c € T(Qs) — C by

F(c) := Proj[F°(z.),n:R] = Proj[F°(z]),n.R].
Then, the function F is corner s-holomorphic.

When the context is clear, we will drop the denomination corner or diamond
s-holomorphic functions and just call them s-holomorphic functions, passing from
one to the other using Proposition 4.4.12. As a consequence of the projection
properties mentioned earlier, one can see as in [33, Eq. (2.20) and Rmk. 2.9] that
F* satisfies the maximum principle, i.e. for any connected set S of {(G) (where
neighbours are either at a distance 26 from each other or belong to same vertical
axis), the maximum of |F°| is attained at the boundary of S.

We now prove that the correlator W, introduced in Definition 4.4.8 is s-
holomorphic at the critical isotropic point. We first need to compute the vertical
derivative of mixed correlator.

Lemma 4.4.13. Let ¢ € T(85) be a corner and O a mix correlator. Let the
partial derivative Oy be taken with respect to the vertical variation of c, i.e.,

Oy (x0) == Oy <Xc+iy0>|y:0'

Then, this derivative is given according to the positions of v := v(c) and u :=
u(c) where ¢ = (v(c),u(c)).

— If v is on the left and u is on the right, then,

Oy (xcO) = sgn(0,v) - O(x.—O) +sgn(O, u) - 0*(x+0O). (4.4.20)

— If v is on the right and u is on the left, then,

Oy (xcO) = sgn(0,v) - 0{x.+O) +sgn(O,u) - 0*(x.-O). (4.4.21)
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Proof. First note that for any primal vertex v and dual vertex v, we have,

Ay (bo+iyTutiyO)jy=0 = Iy (o+iyouO) =0 + Oy (HoTu+iyO) y=0
= sgn(0,v) - 0(11v0,- 0+ 0, O0) + 5gn(O, u) - 0 (Tu iy~ i+ 10 O).

The above result follows from (4.4.10) and (4.4.13) by respectively choosing
v~, vT on the same sheet and u~, ™ on the same sheet. Now the lemma
follows from a direct application of the above formula. Let us write it for the
first item,

Iy (xcO) = 0y(1v0,0)
=sgn(0,v) - O{pyoy—0y,+0,O) + sgn(O, u) - 0 (Oypiy— i+t O)
= sgn(0,v) - O{pyo,- O) + sgn(O, u) - 0*(oy pi,,+ O)
=sgn(0,v) - 0{x-O) +sgn(0, u) - % (x+O).

O]

Proposition 4.4.14. Let U, be the correlator as defined in (4.4.17). As long
as ¢t ¢ w, one has,

— If v is on the left and u is on the right, then,

Oy Ve(c) =10V (ct) — 0T (c7)]. (4.4.22)
— If v is on the right and u is on the left, then,

OyV(c) = i[0W,(cT) — 0" U, (c7)]. (4.4.23)

In particular, at critical and isotropical point 8 = 0* = 2—15, it is corner s-

holomorphic on [Y(Qs), @] (when ¢t ¢ w).

Proof. Let ¥ (c) = nc(x.O) where cis a corner of [T (€;), w] and O is a mixed
order-disorder operator. Since 7). stays constant when ¢ varies vertically, we
only need to compute the first derivative of (x.O) which is done in the above
Lemma 4.4.13. Moreover, if 1 is chosen such that its cuts coincide with those
of (x.0), we have the following relation,

L T — o2 [yt 2
Zw, - {igv _ Uﬂuz = (U — v‘) = —sgn(0,v) -1, (4.4.24)

sgn(O,v) i7r(

sincev —vt =e v — v~ ). Similarly, we also have,

it — )] Y2 ut g\ Y2
Zuu_ N EEU_ - Uﬂ‘m N <u - U> = —sen(0,u) -1 (4.4.25)

since ut — u = esen(Ow)in(

uT —u).
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Let us complete the computation for the first item. Assume that v is on
the left and w is on the right of the corner c¢. From (4.4.25), we have n.+ =
—sgn(O0,u) -ine; from (4.4.24), we have n.- = sgn(O,v) - in.. Combine these
two relations with (4.4.20), we find (4.4.22). A similar computation results
in (4.4.23). 0

Proposition 4.4.15. Let ¥ = W, be the correlator as defined in (4.4.17). If ¢
1s not nearby one of the branchings w, it satisfies the following local relations,

Dy ¥ (c) = (0% + 02U (c) — 06" [U(cH) + T(c 7). (4.4.26)

Proof. Assume that ¢ = (v, u) is a corner such that v is on the left and u is on
the right. Then, the corners ¢™ and ¢~ are of the opposite type. We can take
the vertical derivative to (4.4.22)

By ¥ (c) = i[00, U (cT) — 08,T(c7)]
=i[0"-i[0U(ctT) — 00 (c)] — 0 -i[0T(c) — 0*T(c )]
= (02 4+ 60" U(c) — 09* [T (cT) + W(c™ )]

The computation is the same if ¢ is of the other type. O

The above proposition suggests the following definition for the massive Lapla-
(m)

cian operator Alm) — A(e IRy
1

(6,0%) [0y ¥ (c)+00" [T(c™F)+T(c™ )]

(4.4.27)
The equation (4.4.26) is equivalent to A™ W (c) = 0. The massive Laplacian A(™)
can be interpreted as the infinitesimal generator of the semi-discrete Brownian
Motion with horizontal killing rate 1 — ﬁ%. At the critical and isotropical point
of the quantum Ising model 6 = 0* = %, the massive Laplacian operator (4.4.27)

gets simplified and one recovers the (normalized) semi-discrete Laplacian operator,

L) 4 () —20()]. (4.4.28)

1
ADW(¢) = 50 (e) + 53

This shows that the correlator ¥ is harmonic at the critical and isotropical point
and massive harmonic otherwise. This massive harmonicity will be used to derive
asymptotics of correlations in the infinite volume limit.

4.4.5 . The energy and spin correlators

We introduced above a general formalism for fermionic correlators. We focus
now on two specific choices of O which that are useful to prove the existence of a
scaling limit at criticality for energy density and spin-correlations. In several papers
following Smirnov's seminal work [160] on the planar critical Ising model, those
observables were introduced in terms of their loops expansion, but we prefer using
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here the Kadanoff-Ceva formalism developped above. The global strategy is to
use the fermionic correlator 4.4.7 as a functional of corners. We recall that given
@ = (V1 .oy U1, ULy - -y U1) € ()1 % (Q9)™ L and ¢ € [Y(Qs), ], we
defined ¥, (¢) = ne(Xellvy - - - Hopy 1 Ouy - - - Ou,y_q) ON [X(Qs), @].

The energy correlator We fix a corner a = (vqu,) € T(Qs) and set
@ = {uq,v,}. We define the graph Qs, = (2\{a}) U {a*} where the two
corner a™ are different but located at a, i.e. a is replaced by two corner a®, and
combinatorially, a™ is a neighbour to the right part of the graph near a while a~
is a neighbour of the left part of the graph near a. We are now able to define the

energy correlator using O = pi,,04,. The next definition precises this setup.

Definition 4.4.16. Fix a corner a = (vau,) € Y(25). We define the energy
correlator double-valued at a by setting for ¢ # a* € Qs.q

‘Il(glg,a(c) = 770<0'ualu’va0'u(c):uv(c)>95 = Uc(Xch>95 (4'4'29)
with \Ilgtw(ai) = +1,.
“ . . . . . . g
The next proposition precises its main characteristics of ¥g, .

Proposition 4.4.17. The energy correlator defined in (4.4.29) is well defined
and is s-holomorphic everywhere.

The catchpoint of the above definition is that one should not look at \1166 o as
a spinor on a double cover, but rather see \1165 . s a planar observable, i.e., not
defined on the double cover, with a discrete singularity at a.

Proof. This is a consequence of [39, Lem. 2.9 and Rmk. 2.13], or [13, Fig. 6].
The introduction of s, amounts to introducing a cut v, = [uqv,] in the
double cover [Y(£5), uq, v,] which branches around wu, and v,. A priori, the
above correlator 1e(0u, th, Tu(c)Ho(c)) 0, 18 Well defined on [Y(s), uq, va] that
branches around nearby points u, and v,. The two sets [Y(€s), uq, vq] and
Y () can be identified except at the corner a. In terms of observables, this
“planarity” statement can be easily seen since whenever ¢ winds around both
branchings at the same time in [Y(Qs), uq, V4], it simply returns to the same
sheet, i.e. the branching effets around v, and u, simply kill each other. One can
thus restrict (o, i, Tu(c) uv(c)>g ; to one of its sheets to get the identification
with €5 ,. Still, in this sheet restriction, one has to prescribe the representant
of a. The split of a in a* and the choice of valuation 7, preserves the local
holomorphicity relation (which holds Qs ,), provided we assume that a* inter-
act (in a combinatorial way) respectively with right and the left and the part
of the edge [vaug]. O
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In particular, the associated diamond observable \I!g;a is not s-holomorphic at
a (since the associated projections only match up to the sign). Still, as mentioned
in the previous paragraph, using the corners a*t instead of a, one can preserve
the projection property and thus construct \Il‘é’;a . We also define the full-plane
observable (see appendix 4.8) G, in a combinatorial way, which turns out to
have exactly the same singularity as \I/é;a In particular, since \I/g;a and G,
have the same singularity at a, their difference \I"é’;a — Gy is now s-holomorphic
everywhere in {(€)s) (i.e. there is no need to use the graph €2, where a is replaced
by a™).

Assuming for example that a is a western corner, the definition of the fermionic
correlator, the identity ji, /1, = 1 and the computation G(4)(a +6) = na+5% =
na+5<auuaua+25>a directly yields that

W52 0 — Gallva] =t sl{0ua e 2s)ihs — (Ouau ) (44.30)

is the normalized energy density at u, up to an explicit modular factor. One can
deduce the same way that

[\I’gﬁa - G(a)”ua] = na—5[<ﬂvauva725>$§ - <Mvalu“va726>é5]’ (4.4.31)

Remark 4.4.18. One could see alternatively G(,) as the limit of functions
E
\IJQ’;Q when Qg T Cs.

The spin correlator Letu,ug,...,u, € Qf be distinct vertices and v € QS
be a dual vertex neighbouring u;. Denote w = {v,ug,...,u,}. We now define
the spin correlator depending on the mixed correlator O = p,0y, . . . u, using only
one dual vertex.

Definition 4.4.19. Given uq,uo,...,uy, v as above, one defines the spin cor-
relator ‘IJ‘FT(Q(;)@] for ¢ € [Y(8s), ] by
‘P%‘(Qg),w] (€) == Ne{Ouc o ltoOus - - - Oy ) Q- (4.4.32)

The next proposition discusses the properties of ‘I"[ST(Q(;),W}-

Proposition 4.4.20. The correlator defined in (4.4.32) is a spinor, s-holomorphic
everywhere on [Y(€s),w] and only branches over the points of w. Moreover,
one has the identity \I/g&w(c(ulv)) = :I:Eg(S [Ou - .. 0u,], depending on the fiber
c(uyv) taken for evaluation.

Proof. This is a simple consequence of the consturctions of O and 7. For
the last claim, one sees that (oy, flofbvOus - - Tuy)Qs = (TuyOus - - Oup )y =
Eg(s [Ouy - Ou, |- O
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4.5 . Riemann-type boundary value problems

As already mentioned, Smirnov introduced in [160] (via their loop represen-
tation) complexified fermionic observables in the isoradial context, which happen
to be a very powerfull tool to study the scaling limits of the Ising model defined
grids with thinner and thinner mesh size. The most remarkable feature of those
scaling limits is their conformal invariance/covariance i.e. sclaling limits compose
nicely under conformal maps. In the next paragraph, we recall the semi-discrete
integration procedure for the imaginary part of the square a fermionic observable,
which is the key tool to pass from semi-discrete to continuum and prove conformal
invariance.

4.5.1 . Discrete Integration procedure

Let Fts(l), 5(2) : T(Q5) — C be corner s-holomorphic functions. The next
definition precises how to construct a bilinear form that can be interpreted as the
imaginary part of the primitive of their product.

Definition 4.5.1. Let Hy = H[F\" F®] = (FY F®)Y - A(©;) — R be
defined by the following rules. The integration with respect to dz is the path
integral.

1. If v1 and vy are both in QF and such that Rev; = Re v, define

Hs(oa) = Hiwn) = [ PP FP () = FP (e F (el
1 (4.5.1)

2. If u; and ug are both in Qf and such that Reu; = Reug, define

u o N

[ES ()P () = F ()P (eh))dz.

Hs(us) — Hy(uy) = — / ; ;
(4.5.2)

ul

3. If v and u are horizontal neighbours in A(Qs) with v € Q§ and u € Qf,
define

H;s(v) — Hs(u) := —6F (cou) F? (Con).- (4.5.3)

Note that (4.5.1) and (4.5.2) are path integrations. It can be easily checked
that Hj is locally (and hence globally) well defined up to one additive constant on
A(£25), by showing that the sum of differences (4.5.1), (4.5.2) and (4.5.3) along
any closed contour is zero. This check is easy on elementary rectangles and extends
to any contour. Below we show the computation on elementary rectangles.

Consider two corners ¢; and ¢y such that Rec; = Recy. For ¢ = 1,2, write

218



¢i = (vi,u;) and assume that v; is on the left and wu; is on the right. Then,

)~ o)~ ) ~ i)
= [T @FP 0 - FP () ED )] de

+ [T @FD ) - B @FY () de
C1
c2 — v — —
= [TE@IFE ) - FP ) - FPOFD () - B (e )de
C1
c2 AN —
—is Fg”() 0,FP(c) + FP(c) - 9,F M (c)de

= 16/C2 F(S(Q)( )]de = 71/62 Oy[Hs(ve) — Hs(ue)]de.

Cc1

One can also easily check that Hy is a bilinear form on the Hermitian space of
corner s-holomorphic functions. Given a complex-valued function Fs : T(Q5) — C
defined at corners (requiring Fj to be a spinor when defined on the double cover)
one can define a primitive of its square by simply posing Hs = H;[Fs] := (Fy, Fs).
This recovers the definition of the primitive Hs in [109, Sec. 4.3] where the integrals
are one-dimensional integrals instead of path integrals. Recall that for z € A(£s),
we defined

Fy(2) = Fs(cl) + Fs(c,). (4.5.4)

Proposition 4.4.12 ensures that Fy is s-holomorphic on (€2s). The following pro-
position states that the primitive Hs has a nice interpretation in terms of Fy. We
omit the proof here since they can be found in [109, Sec. 4.3].

Proposition 4.5.2. The bilinear form Hs = Hg[F5| has the following proper-
ties :
1. Hs is well defined simultaneously on Q§ and Qf up to one additive
constant.
2. One can interpret Hs as the primitive of the imaginary part of (Ff)2
i.e.
(a) Let z,2" € O(Qs5) such that Rez = Rez' and [22'] C O(Qs). Then

we have

Hy(') — Hy(2) = Tm / T i(F (). (4.5.5)
(b) Let z € O(Qs) such that 2=, 21 € O(Qs). Then,
Hs(2") — Hs(27) = Im[F{(2)%(2T — 27)]. (4.5.6)

3. H® is subharmonic on primal lines and superharmonic on dual lines,
i.€.,

AOHsw) >0 and A®Hsv) <0

for all uw € Qf and v € QF, provided Fy doesen’t branch over u or v.
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One can see as in [38, Rmk. 3.8] that the above sub/super harmonicity property
is preserved near one of the branchings when the corner holomorphic observable
vanished at a corner nearby the branching, while it fails if the observable does
not vanish near the branching. One can also see that (which is a consequence
of [109, Prop. 3.15] and the sub/super harmonicity property) the semi-discrete
primitive of the square H satisfies the maximum and minimum principle i.e. in a
connected set S of A(€2s5) where the observable has no branchings (or vanishes
near its branchings as described above), the maximum and the minimum of H
is attained at the boundary of S. When integrating observables definded on a
double cover with a finite number of branchings, this integration procedure kills
the branching structure and provides a well-defined function on the planar domain.
We now present a trick already mentioned in [43, Lem. 3.14] that takes advantages
of the previous integration procedure to extract values of observables near their
branchings.

Proposition 4.5.3. Let F and G5, two diamond s-holomorphic spinors that
branch respectively over v € Q5 and u € Qf, separated by a corner ¢ = c(v,u).
Let C be a planar closed contour formed by lines of A(Qs) and medial edges,
surrounding v and w but no other branching of F and G¢,. We have then

Im | f’g FO(2)GS (2)dz] = £26F,(c)Gu(0), (4.5.7)

where & only depends on the orientation of C and the sheet of the lift of c.

Proof. The s-holomorphic functions F; and GY, are locally defined on two
slightly different double-covers, branching respectively around v and u. One
can naturally identify those two double-covers except at the two lifts of c.
Consider the planar contour C defined by p1 ~ py ~ -+ ~ pp ~ Pry1 = p1 as
in Figure 4.5.1. In our notations, either p; ~ p;11 are two neighbours A(£2s)
or Re[pi] = Re[piﬂ].

The integration procedure introduced in Definition 4.5.1 for the product
of F{ and G¢, is local and hence well defined away from the branchings. In
particular, local increments of H[Fy, G¢] are well defined. Modifying step by
step the contour (as done with pink arrows), it is possible to replace C by any
interior elementary rectangle surrounding ¢ and passing by v and u. Splitting
this last rectangle into two elementary rectangles containing the segment [vu],
the only remaing contribution comes from the two horizontal segments (drawn
in red and blue), where the non-identification of double-covers at ¢ implies the
increments do not cancel each other. Fix a lift ¢y of ¢ to the double cover
branching around v. Up to a global sign (depending on the orientation of the
contour and the choice of the lift ¢g), the total increment of the two horizontal
rectangles is

5Fy(c0)Gul(co) — 0F,(co)Gu(cl). (4.5.8)

The mismatch obtained is +2dF,(co)Gy,(cp) using the spinor property. O
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FiGURE 4.5.1 — Illustration of the proof of Proposition 4.5.3 : One
first modifies a contour surrouding ¢, v, u without changing the integral
around C (local moves represented by pink arrows) to get a standard
rectangle passing by v, u and surrounding c. We then split the rectangle
in two different elementary rectangle, containing the segment [uv]. Due
to the non-identification of double-covers at ¢, the increments in red and
blue are the same and sum up to £20F,(c)Gy(c).

4.5.2 . Characterisation of observables via semi-discrete boundary
values problems

For a semi-discrete simply connected region Rs and z.,: € ORgs, one defines

Vout(Zext) to be the unit normal vector at z oriented towards the exterior of Rs. It

is a classical fact [109, 48] that the s-holomorphicity condition (4.4.10) applied at a
boundary vertex z.: implies that Im[Fo(zem)viﬁ(zwt)] = 0. The latter fact reads

as Hy = H|[Fj] being constant along the boundary of Rs. Since the primitivation
procedure in Definition 4.5.1 is defined up to an additive constant, one can always
assume that Hjy vanishes along the boundary. We write now the energy and spin
observables (4.4.29) (4.4.32) as solutions to semi-discrete Riemann-type boundary
value problems. We keep the notations introduced earlier, with a € Y(Qy), w =
{v,ug,...,un}, and ¢y one of the lifts of c(vuy) in [T (), w]. We consider the
following boundary value problems 7355,& and PSEW[;, whose respective solutions
are denoted Fg = Fg&a and Fs = Fg&w(g
F¢ is double-valued + 1 at a™ as in (4.4.29).
Pé(w : ¢ Fg is s-holomorphic everywhere in Q5. (4.5.9)
Hs[F¢] vanishes on 0€s.

Fs is a spinor on [Y (), w]| branching around v, ua, ..., uy.

FS(CO) = 1.

Fs is s-holomorphic everwhere in [Y(€5), @] (e.g. even near the branchings).
H;[Fs] vanishes on 0.

S .
PQ(57W6 :

(4.5.10)
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Lemma 4.5.4. The observables Fé&a and Egé [Ouy - .Uun]*ng‘is s are res-

pectively the unique solutions to 7766 o and 7355 -y

FS

Q(g,w‘s

Proof. The results of the previous sections imply that Fé&a and B owon]
are indeed solutions to the corresponding boundary value problems.5 To prove
their uniqueness, consider Fg}g as the differences of two distinct solutions to
the corresponding boundary value problems. For the energy-energy boundary
value problem 77557(1, the double valuations at a cancel each-other, hence the
observable Fg is s-holomorphic everywhere thus Hy [Fg} is well defined on Qs
and satisfies the maximum and the minimum principle. Since Hg vanishes at
the boundary, it implies that both Hs and ﬁ'g identically vanish. For the spin
boundary value problem Pg&w(;, one sees that Fls vanishes near the branching
v, preserving the subharmonicity of Hg at v. Thus Hy is subharmonic everyw-
here and vanishes on the boundary, as a conesequence, it vanishes everywhere.
Assume that Fg is not trivial. In particular H is not constant, and its maxi-
mum has to be attained at the boundary. This implies as in [39, Prop. 2.16
and (4.7)] that the sign 7:Fs has to be preserved when traveling along the
boundary. This is incompatible with the fact that 7:Fs branches around any
of the other branchings. One can then conclude that Fs is trivial. O

4.5.3 . Continuous boundary values problem

The previous paragraph characterizes semi-discrete observables by semi-discrete
Riemann-type boundary value problems. The overall strategy to prove the conver-
gence of different Ising-related quantities starts by proving the convergence of
semi-discrete observables to their natural continuous counterparts, which arise na-
turally from associated continuous boundary problems. For completeness, we recall
simple facts on solutions to those continuous boundary value problems, which are
summurized in a very complete way in [39, Sec. 3 and 5].

Given a simply connected domain Q, a and @w = {u1,us,...,u,}, consider
735‘%’& and Pg’w the following Riemann-Hilbert boundary value problems, whoses
respective solutions are denoted by fe = fé,a and fs = fg%w.

fe is holomorphic everywhere in Q\{a}.
Ps%a : fe — ﬁ is bounded near a. (4.5.11)

Hg :=1Im [* f2(v)dv vanishes on 0.

fss is an holomorphic spinor in [Y (), @].
Hg :=Im [* f4(v)dv is bounded from above near us, ..., uy.

gl = Im fz[fg(y) — \/%]Qdy is bounded near u;.

Hg vanishes on 01).
(4.5.12)
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Each of the above boundary value problems has a unique solution, see [39]. We
explain briefly the ideas behind. The uniqueness proof goes as in the semi-discrete
treated above, while the existence comes from explicit constructions, first in a
concrete domain then mapped to general domains using conformal rules. Given a
conformal map ¢ : Q© — ¢(€Q) between two simply connected domains, one has

foa(2) =16'(@)] - foa) p (2], (4.5.13)

e H WIE - 1S e [0 (2)]. (4.5.14)

The link between Ising-related quantities and their scaling limits read near the
singularities of f§ , and fS _. For the solution to P§ ,, one has the expansion

1
foa2) = - =%

= %zg(a), (4.5.15)

where lo(a) is the conformal modulus of €2 seen from a [hongler-smirnov].

For the multiple energy correlation function, first recall that we write K(aq, .. ., a;,)
for the 7 x r matrix with coefficients K; ; = 1,;(a; — a;)~*. Given distinct points
ai,...,a, of H, set

(arCas - - -Eadiy = (&) "Pl(ar,...,ar,a1,...,@), (4.5.16)

where Pf denotes the usual Pfaffian operator. Given ¢ : H — © a conformal map,
one can define the continuous energy correlation in Q via

(€ar€ay -+ -€ay) H = H |o' (a)] Ego(al)E:(p(ag)" 890((17‘)>5‘ (4.5.17)
k=1

One can also see that the solution to 73[‘%( ) admits an expansion near u;

Qé 7w}
of the form

3
2

fng(z) =1 + 2./4[97“1,._7%}\/,2 —u; +O((z —u1)2)].  (4.5.18)

[ 1

V22— Ul
This expansion allows us to define the coefficient A, u.) = Ajui,...,u.]- Now,
one can define the continuous correlation fuction

(u1,.un) 2
(Cuy - 0w ) ::exp(Re/ Z (@1, zn)dTR]), (4.5.19)

+ 1

with a normalization chosen so that (o, ...0u,) ~ (Oug - Ouy )iy @S

lug—u1|4
u1 — uz. The above integration should be understood as an integration on the

space of n-tuples living on Q™.
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In the special case n = 2, one can also define the coefficient Bq(u1,u2) € R
via the expansion of f§ _ near uy, such that

6_2% 1
f8o=——Ba(ur,u2) + O(z — uz)?. (4.5.20)
(z —u2)2
Due to the branching structure, the coefficient Bq(u1,ug) is defined up to the
sign, thus one can simply chose it to be non-negative. This allows us to define
the correlation function with free boundary conditions, which is at stake in the

convergence of the model with  boundary conditions.

(00, 0u) = Ba(ut, uz) - (0w, 0u,) 7. (4.5.21)

For a conformal mapping ¢ and b € {+, f}, one has the conformal rule

ool

1
<Ju10u2>?2 - <Jgo(u1)asa(u2)>27(§2) ’ “p/(ul)‘g “Pl(u2)‘ (4'5'22>

4.6 . Derivation of main theorems

The proofs of convergence of semi-discrete Ising quantities start by proving that
semi-discrete fermionic observables constructed out of mixed correlators converge
to their continuous counterparts. The general strategy is to prove the existence of
subseqential limits (for the topology of the uniform convergence on compacts) and
that any of those sub-sequential limits (now viewed in continuum) is solution to a
continuous boundary value problem. As in the isoradial case, the precompactness
is achieved by using the semi-discrete primitive of the imaginary part of the square.
Next lemma recalls a sufficient condition for the family (F§)s0 to be precompact
via some control on (Hs)s~o.

Lemma 4.6.1 (Precompactness of s-holomorphic functions). Let Q@ C Q be
a rectangular domain such that 9Q C Q. Let (Fy)s>o be a family of diamond
s-holomorphic functions on A(Qs) and Hs = Im [ F§2. If (Hs)s>0 s uniformly
bounded on 9Qs, then (Fy) is precompact on Q5.

Proof. This result is proven in [109, Thm. 5.3]. O

4.6.1 . Convergence of semi-discrete observable to continous ones

In this subsection we prove the convergence of properly normalized semi-
discrete fermionic observables in the semi-discrete lattice to their continuous coun-
terpart. Those proofs follow the path of the isoradial case. Recall that the obser-
vables \Ilgéﬂ and \I/g&w are respectively the unique solution to 77557(1 and 7355@.
As mentioned in Section 4.3, it is enough to prove the convergence results when
Q is smooth, since the analoguous theorems for general domains can be deduced
using results in smooth domain, monotonicity with respect to boundary conditions
and FKG inequality.
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Proposition 4.6.2. Let a be an interior point of Q. Then the sequence of
observables (5*1F557a)5>0 converges to mf(gz,a, uniformly on compact subsets

of Q\{a}.

Proof. Denote Fg = 5_1(F55’a — G(q)) where G, is constructed in Appen-
dix 4.8, H := Im[[ (07" F§, ,)?(v)dv] and H} := Im[[(F])?(v)dv], both cho-
sen with proper additive constants so that Hs vanishes on dA(€)s) and Hg

vanishes at some fixed interior point different from a (this second choice is

irrelevant). We also set (M?)? := N 1\1}3&(}( : |H®|. Since the singularities of Fg
a,r

and G, cancel each other, the observable F, g is s-holomorphic everywhere.
There are now two potential scenarii (the second one is in fact impossible) :

Scenario 1 : For any r > 0, the family (M?)s-¢ is uniformly bounded
by a constant C(r). Using the precompactness lemma 4.6.1, one can extrat
a subsequential limit from the family (5_1F55,a)5>0 such that 5_1F55,a = f,

Hs — h =Im|[[* f2(v)dv] and Hg — bt =TIm[[*(f — =2=—)%dv] uniformly on

w(v—a)
compact subsets of Q\{a}, with f holomorphic away from a, h harmonic ex-

cept at a and vanishing along the boundary of 2. To obtain this last claim, one
has to prove that the semi-discrete boundary conditions of Hg survive when
passing to the limit in continuum (i.e. the function A has Dirichlet boun-
dary conditions). One can first use the boundary modification trick from [109,
Lem. 5.1] and modify the weights of the Laplacian operator (4.4.27) at the
boundary to preserve the sub-harmonicity of Hs on {13 even at the boundary.
Using the subharmnocitity of Hs on 23, the superharmonicity of Hs on €23, the
maximum principle for Hs and the fact that Hs vanishes along the boundary
one gets

Qs\B(a,r Qs\B(a,r
~Clro)(1 = hmgy "7 (2)) < Hy(2) < Clro) (1~ b, "7 (2),
Q‘S\B(a T)( ) stands for the harmonic measure of 9 in Qs5\B(a,r),
with respect to the random walk started at z. Due to uniform crossing es-
timates for the random walk generated by the Laplacian operator (4.4.27),

hmgfl}sB(a’T)(z) goes to 1 (uniformly in J) as z approaches 9.

where hmy,

On the other hand, the convergence of 6~ 1G( )t W(Z 2 and the maximum

principle applied to H 5 ensures that HI s is uniformly bounded near a already
in semi-discrete (since at a fixed definite distance from a, F] 5 converges to

f— W(Z a)) In particular, Fj§ Iis uniformly bounded near a. Passing to the limit

- ﬁ is then uniformly bounded near a (due to the maximum principle

applied to the s-holomorphic functions F (;r ). We can thus identify f as 7, fé o
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Scenario 2 : Conversly, assume that Mfo — o0 along some subsequence
£

. I a n FT ]
for some 79 > 0 and consider Fg&a = F(;r = 5 Hs = (]\f%)z and
TO TO

My,

~ T -
Hg = (]\fﬁ We first apply the Harnack inequality to the functions Hy [109,

Prop. 3.25] to deduce that Hj is uniformly bounded on any compact subset
away from a. This way, one can repeat the previous reasoning to extract a sub-
sequential limit from (6‘1F557a)5>0 and (Hj)s-o that converge respectively
(uniformly on compact subets of Q\{a}) to f and h = Im[[ f?(v)dv], with

h =0 on 0f2. Up to another extraction, we can also assume that the sequence
of points (zs)s=0 in Q\B(a, %) such that Hs(z5) = 1 converges to zoo. Since
((5M7§0)*1G(a) now converges to 0, we have (still uniformly on compact subsets
of Q\{a}) ﬁg — ht = h+cst = Im[[ f2dv]. In particular, since h! is bounded
away from a and satisfies the maximum principle near a (since Fg has no
singularity), hence so does h. In particular, f has no singularity at @, and thus

is trivial. This is not compatible with the Dirichlet boundary conditions of &

and the fact that h(z) = 1. O

Let w® = {v°,u,...,ul} be points of s, at a definite distance from each
other, approximating respectively interior points @ = {uq,...,u,} of Q, with the
usual convention that v® € Q% and g, ..., ud € Qf, and v° ~ ug.

Proposition 4.6.3. In the above mentioned context, the family of semi-discrete

observables (E§5 [Ouy - aun]‘15_%F£5 w5)§>0

on compact subsets of [ (), w]\w.

converges to (%)%fgw uniformly

Proof. We keep the notations of the previous proof. Denote for the rest of
the proof Fs := 5_%E$(5[aul...aun]_ng&w, Fg = Fy5 — 5_%G[U], Hs =
Im|[ [ (Fs)?(v)dv] and Hg = Im[f(Fg)Z(z/)dy], with Hs vanishing along 0€)s
and H;r vanishing at a point different from the punctures. One can see that

F (;f vanishes near the branching v?. We also set (M?)? := max |HY|.
QN\Ui=1...nB(u;,r)

There are two potential scenarii (the second one is again impossible).

Scenario 1 : If for any r > 0, (M?)s-o is bounded by a constant C(r).
Using the precompactness Lemma 4.6.1, one can extract a subsequential limit
from the family (Fj)s=o as § — 0. Any subsequential limit f of Fj is an
holomorphic spinor on [Y(£25),w] and h is harmonic function away from the
branchings. The sub/super harmonicity of Hs, the boundary modification trick
and the control of semi-discrete harmonic measures in smooth domains allow
to preserve again boundary conditions from semi-discrete to continuum, i.e.
Hs — h = Im[[ f2dv] uniformly on compact subsets of Q\w, with h = 0 on

)

0f. Since F (ST vanishes near v°, one can use the maximum and the minimum

principle in semi-discrete for H; near v° and the convergence (away from wuy)
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of F(;r to f— (%)% \/Efiul to deduce that Hg — ht =Im[[(f - (%)%%)de],

the latter convergence being uniform near u;. This ensures that h! is bounded

from above and from below near u;. By subharmonicity property of Hg, we

see that Hjs is bounded from above near ug, cee ui already in semi-discrete,
which implies the same one sided bound for h near us, ..., u,. This allows to

identify f as a multiple of fg}w and the normalizing constant is fixed by the
asymptotic near uq.

Scenario 2 : If Mf — oo along some subsequence, one normalizes again by
M,‘? as in the previous proposition and extracts a new subsequential limit f,
which remains an holomorphic spinor on [Y(€2s), =] and such that the function
h = Im[[ f?dv] is harmonic in Q\w, satisfies Dirichlet Boudary condition, is
bounded from below near us, . . ., u, and has a positive outer normal derivative.
We know that ijg satisfies the maximum principle in semi-discrete at a small
definite distance from v°. Moreover h = hf+cst thanks to the normalization by
M?. Thus h is bounded from below near all points w1, .. ., u,. This implies that
h vanishes identically. It remains to adapt the proof of [38, Lem. 3.10] which
states that no subsequential limits of (M?)™2H? is trivial. This (somewhat
technical) proof only relies upon the same sub/super harmonicity arguments,
and readily adapts. O

Having explicit asymptotics of the kernels G|, G,) and G(,), one can prove
the same statement only using one side of the sub/super harmonicity property of
functions H®, at least in smooth domains (e.g. [43]). It could be even possible
in principle to bypass the use of all sub/super harmonicity properties using ideas

of [33].

4.6.2 . Derivation of the main theorems

We are now going to use the kernels constructed explicitely and the convergence
theorems for s-holomorphic functions arising from boundary value problems to
derive Theorems 4.3.7 and 4.3.2. It is important to notice that, comparing to
the isoradial case, one has to be careful due to the denegeracy of the lattice in
the vertical direction. In particular, the use of the Dotsenko propagation equation
becomes crucial to derive the results in the vertcical direction. We start with the
proof of Theorem 4.3.5 which is the convergence proof for correlation ratios of
general spin-spin correlations.

Proof. As before, we work with 5, an approximation of a bounded smooth
simply connected domain Q. We assume that w® = {v%,u$,..., u®} approxi-
mate respectively the interior points w1, ..., u, of £, remaining at a definite
distance from each other and from the boundary. For simplicity of proof rea-
ding, we denote F% := (5_%F£5’w5. We start the proof of Theorem 4.3.5 with
the derivation of correlation ratio in the horizontal direction.
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F1cURE 4.6.1 — Configuration of points used to derive convergence of
correlation ratios, in the horizontal and the vertical direction. We chose
v® and v° + ie (respectively v’ and u’ + ic) to be on the same sheet
of the double cover. For the proof in the vertical direction, deforming
the contour leads to computing the two increments passing by ci, which
compensate each other due the opposite values of sgn(@ci ,v%) depending

on the position of corners compared to v°.

Correlation ratio in the horizontal direction Consider the vertices

d ,0

00, u’  ud and ¢, = (v‘sucai) as in Figure 4.6.1. Fix a (small) positive number

r > 0 and let Cf be a semi-discrete square of width 2r centered at v%, oriented

counter-clockwise. We apply the integration trick of Proposition 4.5.3 twice
1

with the contour Cf to the functions F;;; and 5_5G<[>u5} on one hand, and to

the functions F'° and 573G s
v u+]

>
) /c;§ Im[Fvg

on the other hand. One gets,

(z)éféGou (2)dz]

)

26 - 672 Fs(cd,
d

i v Y
)6 QG[ui](Ci
5

26073 Fys(c?) - 673G s (cV)

Jos Im[F5 (2)07 262,

>
vl

/Célm[

(2)dz]

(2)672 (G (2)

A
[u? ]

(2))d2]

1+ -
/C T [P ()53 (Gl (2) + Gy (2)) 2

1—

/C I [F(2)073 (Gl (2) — G (2)) k2]

/c I [E ()54 (67(2) + G ()]

The convergence of the spin fermionic observable given in Proposition 4.6.3

ensures that,

FO(; (z) e I 1 3
v = — +2A4 Vz—v+0((z —v)2)),
E?Sg[%i...aug] ﬁ(m (1,-.ostm) (( )*))
uniformly in z € QF, remaining at a fixed distance from the punctures and
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the boundary, where the coefficient A = A(q ;... .u,) is defined in (4.5.18).
Additionally, the asymptotic of the kernels G? 5] away from their branchings

. [ui
gives,
4G ) G = 2 U o
[l [l ] VT 2(z—v)% (z—v)% .

One first multiplies the two previous asymptotics, then uses classical bounds
on interpolation of countour integrals via their discretization, together with
the fact that integrals of the continuous limits do not depend on the contour
of integration. Since r can be chosen arbitrarily small, the residue theorem
ensures that when § — 0,

F%(z

- v (%) 072 (Gl (2) = Gy (2))d2]
= 2Re[A - (u’. — ud)] + O(r8) + o(9)

= 46Re[-’4(u1,...,un)] + 0(5>

Im[

N

Similarly, for § — 0, one has,
F;}(z)

Im |
cs Egg [Uui .. .ng]

07E(GY, 1(2) + G5 (2))d2] = 4+ o(1),

where o is uniform provided that wq,...,u, remain at a definite distance

from each other and from the boundary. Finally, it is enough to notice that
o o

]G[um(c+)\ = |Gy 1(c2)| =1 to conclude that,

Oy ]

5 . u
& = =1+ 20Re[A(u, . um] + 0(5). (4.6.1)
é

- Ou8

Correlation ratio in the vertical direction The proof in the ver-
tical direction is more tedious and requires the use of the propagation equa-
tion (4.4.10) and the asymptotics of correlation ratio in the horizontal direction
derived in (4.6.1). We first fix v%, 0% + is,ui,ui + ie,u as in Figure 4.6.1,

assuming v5,v5 + i¢ and u‘i,ui + is,u‘s_

are taken respectively on the same
sheet. Applying the previous reasoning on a macroscopic contour Cf of small

radius r one gets,

Im[ [ Foie(2)07 3G g () = B3 ()72 (2) ]

Egg [O-ui—i-zao-u /05 ’U5+’LE 5_7G<[>fu, +7,5}( )+ ;5(Z)5_§G[ ](Z)dz]
F .
EQ;[Uui Uu%] Im[ s F5+Z€( )5 %G[u(g -‘rlE}(z) —F;)( )57§G 6]( )dz]
1 —
Im[ [ Fy o (2)573Gs i (2) + Fs(2)07 3Gl g (2)d7]

cs
(4.6.2)

229



We use the factorization
%G ()~ ()G ()
= F’l?‘s(z)(GTuiJ,-fig]( z) — Gfui](z)) + (F1<;>5+z‘s(z) — Fs(z ))Gfu +ZE]< z),

and treat separately the two terms on the RHS of the previous equality.
First term Using the differentiability of the correlator with respect to its
branching position (see (4.8.7)), one can write the expansion,

(2) = Gy (2) = i€0, G5 (2) + 0(2), (4.6.3)

[u+]

o
G[u +ie]

where o is uniform provided ¢ is small enough. Thus, integrating on Cf , one
finds

Im [ s Fs(2)8~ (Gfu _HE]( z) — G[u ]( z))dz]

zelm[/c 16750,Gs (2)Fis(2)d2] + ofe).

Second term We take advantage of the propagation equation stated pre-
viously. To simplify the proof reading of the following lines, we introduce the
Kadanoff-Ceva correlator ¥},s .5 sl (c) == 57%%(#%0% H8Ty8 T8 Ous - Oun ) Qs »
where uJ. are taken on the same sheet as in Proposition 4.4.2. We also denote
by Y[O(s 5 ul its associated diamond s-holomorphic extension, see Proposi-
tion 4.4.12. One sees that Y[ 8 i) branches only around the three vertices
00 ud ud u . In that case, Proposition 4.4.2 reads,

1
072 ((Boe Ouc ks 1308 - - Tus )25 = (o Ouchs Oys - - 038 )25)
= (26) " sgn(O(c),v")Y]s 5 w81(0) + 0(e?),

where O is uniform over corners ¢ remaining at a fixed distance away from

ui, ug .. .qu. Moreover, one notices that, provided r is small enough, the func-

tion sgn(O(c), U‘S)Y[v(;’u(;_ ] has the branching structure of (ji,,_ oy, fi,s e T8 )0,
(this can be seen as a feature of Proposition 4.4.2). Using again the expan-
sion (4.6.3) and integrating on C2, one has,

[ [ (Fiya(e) — F(2)6 3G ()0
— - (26) Im]| /C SEn(0(), ) s ) (2D HGE,4 (2)2] + ofe).

A similar treatment shows that

1 _1
Im | F5+ZE( 2)d QG[U HE]( z) + Fs(2)0 2G<[>u5+}(z)dz]

—2Im | / F5(2)873GY,5(2)d] + 0. 0(1).
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Putting the previous asymptotics all together in (4.6.2) and taking the loga-
rithm, one deduces that 0, log EE; [Uutls ...0ys ] exists and is given by,

sgn(0(2), 0%, o (2)

u® U

Im[/C[sM 20) y Gl (2) s (2 )dz] +Im[/ 55 — 5—%6‘@1](2)(12]

/ Fos [5]() z]
(4.6.4)

We are now going to evaluate the contribution of the above terms as § — 0.
Repeating computations similar to the proof in the horizontal direction, one

sees that,
Im | / FSs ]( z)dz] = 2E§g[oui...oug] +05%0(E5§[‘7ui-"‘7u2])7
Im [/C 16730,G s (2)Fs ()02] = 260 -+ o, ] Re i)

T

+ 06—>0(E$g [O-ui e Oyg ])7

n

since the asymptotics of the derivative of the full-plane correlator away from
its branching is given by (see (4.8.7))

i )

(z — u)%

).

Now, we treat now the remaining term and prove it vanishes identically.

One first notes that the double covers {5 and Q[“i w948 can be canonically

identified. This only amounts to change the sheets of both corners c‘; neigh-

bouring v?. Thus, one can use the integration procedure of Proposition 4.5.3
applied to the correlators sgn(O(z), v‘S)Y[ 8 i) and 6~ 2G[ ) to modify the

contour and make it an elementary one passing by ¢ % . This is indeed a fair ope-
ration since sgn(O(z), v?) is locally constant away from the branchings. Thus,
by contour deformation, the only terms that do not trivially cancel out are
the increments of H[Y® (08 5],57’G[ 5](,2)] along the segment [v°ud] (since
the two double covers Q[v‘ﬂ and Q[u+] are not identified at lifts of ¢} % . We claim
that those two increments in fact do compensate each other. Indeed, fix a lift
of c‘i in Q[v(s}. Since the contour is oriented counter-clockwise, the “upper”
increment passing by c‘i is oriented from left to right. Up to a global sign
choice, the sum of those two increments (as in the proof of Proposition 4.5.3)
equals,

8- (+1)Fys ()02 Gy 3p(ch) =4 (~1)Fys(c})d7 3Gy

)

(<)), (4.6.5)

where in the above equation (+1) in the first term comes from the sign of
the 'upper’ increment sgn(Ocs+ ,v°) = 41 (i.e. coming from a deformation of
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the contour in the part of the graph above v?) while (—1) in the second term
comes from the sign of the "lower’ increment sgn((’)cg+ ,v°) = +1 (coming from

a deformation of the contour in the part of the graph below v°). Thus (4.6.5)
vanishes.
In conclusion, one can conclude that

0Oy log Egg [0—“(1; ooy ] = Re[l Ay un)) + 05-0(1), (4.6.6)
where 05_,0(1) is uniform in bounded compact subsets of 2. Whenever one has

the two asymptotics (4.6.1) and (4.6.6), it is enough to integrate them along
a sequence of paths linking b$ to ag, b3 to a3 ... b2 to ad to recover that

Egg [Uatls e Og5] a1oan)
- o0 X Re | / d 4.6.7

This concludes the proof.

One can now use a similar scheme to prove Theorem 4.3.6.

Proof. Let v§ € 25 be a neighbour of u$. Repeating the previous integration
formula 4.5.3 to extract values near the branchings with the observables Fy :=
5_%E$5 [Uuzls ng] FQ ol and 6~ 2G[v | via a macroscopic countour Co at a
small distance r > 0 from ug, one gets

E+°[:u’v‘5:u’v5]

g BN g [ [ 673G, () FF(2)dz]. (4.6.8)
E .[U 50, 6] Cé [ }
Q3L uy P ug

Using the asymptotics

743901,1,11,2) +O0((z — ug)%),

1 el T 52
774_0 -
\/%(z—ug)% ((z—v)g

one gets the result exactly as in the previous proof (taking again r arbitra-

G0 = )

rily small). To conclude, one uses Krammers—Wannier duality to note that
_Ef
Egg [iuv‘ls'uvg] - EQg [O—vf Uvg]'
O

Now that once Theorem 4.3.5 is proven, one has to find the proper normali-
zing factors in front of the correlation ratio to prove completely Theorem 4.3.7.
This goes by a comparaison with the full-plane lattice. This proof is done here by
induction over n and recalls elements introduced in [38].
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Proof. We start with the case n = 2. Define (oq04)¢ = [b — a\i. In this case,
Theorem 4.3.5 implies that,

_1
TECEL] (oo Enlounly Eloao]_Eeloacy]  fon
(0a0)$) (0aon)y  Edlouow]’ EE [0aoy] 671C2(0q0u)c  (0a0b)

Sending § to 0 first makes the first term on the RHS on both lines converge

ES [oa
to 1. Sending then &’ to a and using the fact that limy _,, lims_.o % =1
Cslo@ 4
(which is true by FKG inequality and the fact that B(a,b’) goes to 1 as ¥/

approches a), it simply remains to notice that (o400 )¢ ((daow)d) ™! goes to

1 as b/ goes to a. The latter is true when Q = H and holds by conformal
invariance for general domains.
For n = 1, one notices that,

Ea; [Ua]Q ((< 1 EE(; [Ja]) ‘ Egtg [Ua]E$5 o] ‘ 535 [U“Ub}’ (4.6.9)

§5C2((oa) )2 0a))? ESlon] ) Ed [oa0u] 5ic?

By sending d to 0, the first term converges to ({(04)&{0op)4) ! and the last
term converges to <0a0b>§. As b approaches the boundary, the second term
can be made arbitrarily close to 1 (uniformly in §, this is a consequence of
GHS inequality and the fact that Bq(a,b) goes to 0 in that regime). Still when
b approaches the boundary, the product (o,0b)¢,((0a)d(op)h) ™! is arbitrarily
close to 1. For n > 3, assume that the result is already proven for all n’ < n.
One decomposes

Eg(;[o-al“'o-an] _ Egé[aal Uan] ) <O'b0'a2...0-an>6
CrO5(0ay - 0a,)y  E[000ay - 0a,]  (0ay - 0a,),

Egé [0bTay - - - Ta,

X
Egé [Ub]Eg(s [Cay -+ 0a,]
E& [ob] Egé [Cay - 0a,] 1
cos Cr-15"5  (0b0ay - 0a,)

Sending first § to 0, the RHS of the first line converges to 1 (due to Theo-
rem 4.3.5). As b approaches the boundary, the second line can be made arbi-
trarily close to 1 (one side is FKG inequality while the other one is Russo—
Seymour—Welsh type estimates), uniformly in § small enough. Finally, the last
line converges to (0p) ¢ (Tay - - - 04, )5 ((0b - . . 04, );) ! due to the induction hy-
pothesis. It is then enough to note that the last mentionned quantity can be
be made arbitrarily close to 1 provided b is close enough to the boundary (this

is due to the structure of continuous correlation function, see [39, Sec. 5]). O

We now pass to the proof of convergence of Theorems 4.3.1 and 4.3.2. For
simplicity, we only sketch the proof of multiple-energy correlations since it can be
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derived clasically by induction using the Pfaffian structure of the model, up to the
amount of introducing the formalism of multi-point spin-dirsorder correlator (i.e.
introducing a correlator as a function depending on several corners).

Proof. We start with the case n = 1. One first notices within the deriva-

tion of Proposition 4.6.2 that the function Fg = 5_1(F55,a — G(y)) converges

to | fS%,a — %Zia] uniformly on compact subsets of 2 (since F(;T has no sin-

gularity). In particular the convergence holds at v, and u,. On the other
hand, one has the expansion féa(z) = %[ﬁ + 5=lg(a) + O(z — a)] near
a, which allows to identify the limit of Fg [va] = m&‘lEgg [€45]s Fg[ua] =

~Ta0 " (Edhs [Htatta—25] — Eds [Hatta—26))-
For the n-point energy case, one can reccursively construct as in the semi-

discrete case a multi-point fermionic correlator [39, Sec. 2.4] as a function of
2r corners
G(e1, 62, ... ,C20) 7 NeyMey - - - Near (Xer Xea - - - Xear ) Qs (4.6.10)

with proper double valuations at the corners ¢; and consistent choices of 7.
One gets that away from its diagonal (when the ¢;’s are distinct), one has

G(er,co,. .. cr) = PE [7701@7701 <XCkXCl>Q¢§] 1<k,I<2r (4.6.11)

Multiple energy correlation can be recovered as values of G near their diagonal
(i.e. taking the corners ¢y ~ ¢k, to be adjacent) and the convergence of the
single energy density proved in the previous lines together with the Pfaffian
formula (4.6.11) directly yields the result. O

The proof of Theorems 4.3.8 and 4.3.3 is a simple application of Theorems 4.3.7
and 4.3.2 with explicit formulas for solution to boundary value problmes, which can
be found in [39, Sec. 7] for the upper-half plane, and in the appendix for rectangles.

We are now able to prove Theorem 4.3.9 that states rotational invariance of
the model at criticality.

Proof. Fix ¢ > 0 and § a unitary vector. Let D‘;% be the approximation of
D(0, R) by Cs. There exist R(e) > 0 large enough such that, uniformy in § and
S,

E—’D_é [U—sas]

1—-e< <l+4e¢

Ea [0_s05]
Moreover, now one can use the convergence theorem in D‘Is%, which states that

EJDF% [U,SUS]EJDF%[ ]_1

the quantity (a_sas>$%((a_sas>

o_101]"! converges? to (J,SJS)JDFR(<J,SUS>JDFR)_1 = 1. Hence,

+§
DR

)~1 goes to 1 as § — 0. Sending § to 0 then

2. This comes from the rotational invariance of <U,SJS>JDFR, which comes itself from
the rotational invariance of the associated boundary value problem.
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£ to 0, one can deduce that EJCF(S [U_SJS]EJCF(; [0_101]7! is arbitrarily close to 1
as § goes to 0. We conclude by using the asymptotics in the vertical direction
derived in Theorem 4.7.9.

O

4.7 . Orthogonal polynomials and full-plane expectation

In this section, we discuss full-plane spin-spin correlations in the horizontal
direction (taken in the infinite volume limit) for the quantum Ising model, at
and below the criticality. In the homogeneous square-grid case, those results are
known since the 70's with the work of McCoy and Wu [124], and were originally
derived relying upon the formalism of Toeplitz determinants. Here, we follow the
strategy of [40], where a simplification using modern techniques only using the
theory of real-valued orthogonal polynomials was developed. This last mentioned
method admits a generalization to the case of the quantum Ising model. Instead of
using known results for rectangular grids and then smashing the lattice (which can
raise problems when exchanging limits), we prefer remaining with the formalism
of disorder insertion in the semi-discrete lattice to derive results for the quantum
model.

F1GURE 4.7.1 — Local picture for the full-plane observable with two bran-
chings (denoted in red).

0 D, N N D 0
n
A A A A A A VAN
VAS A A VAN A A VAS
N  —-D,y 0 0 0 D:, N

FIGURE 4.7.2 — Symmetrized (left) and antisymmetrized (right) semi-
discrete boundary value problems in the upper-half plane.

4.7.1 . Full-plane observable with two branchings
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Assume that the semi-discrete lattice on which the Ising model is so that its
primal vertices coincide with Z x R and its dual vertices are (Z+ 1) x R, see
Fig. 4.7.1. It is knwon [63] that at and below criticality, the quantum Ising model
only admits two extremal Gibbs measures (coming from ‘+' and ‘—' boundary
conditions at infinity). Those extremal measure are in particular translationally
invariant in the infinite volume limit. Given n > 0, we define the horizontal and
next-to-horizontal correlations

Dy, := EzxR[0{0,0)(n,0)] - D5 = Elzxry-lo E) é,O)JZ)n*%,O)]’
Dpy1 :=Ezyr|[o] 01,00 » Drii1 = Elzxry- [U(O 3.0) (n+%,0)]
[)n-i-l = ay [EZXR [U(. nO) ]y 0’ D;-i-l = ay [E?ZXR)*[U(()f%,y)a(OnJr%,y)Hy:O’

where the expectations in the second column are taken for the dual quantum lsing
model with dual parameters (see Section 4.2.4). In particular, one can view those
dual expectactions as disorder-disorder correlations for the quantum Ising model
defined on Q°.

Let v = (—3,0) and u = (n,0). Below we rely upon the full-plane obser-
vable Fj, ,j which can be thought of as a subsequential limit of observables defined
on an increasing sequence (G,,)n>0 of finite graphs exhausting the semi-discrete
lattice. The existence of this pointwise (subsequential) limit is justified by the
bound

‘<Mv(c)uvau(c)o—u>Gn| < <lu"l)(C)l’LV>Gn = EE;[US(C)US:] < 1 (471>

together by the equicontinuity of correlators (so it is enough to apply the diagonal
process on (Zi%) x Q). The uniqueness of the limit (and hence its non dependance
on the exhaustion used above) follows from Lemma 4.7.1. Let [Z x R; v, u] denote
the double cover of the lattice Z xR branching over v and u. We now introduce the
following symmetrized and anti-symmetrized versions of the observable Fj, (-)
on eastern and western corners, respectively (see Fig. 4.7.1) :

X (0) 1= C X [Flyu(©) + Fumg@)], c€[Z -1 xRiv,u],  (4.7.2)

[v,u]
X (e) == S5 [Flow(0) = Fo (@], c€[(Z+1) xRiv,u],  (4.7.3)

where the continuous conjugation z +— z on [(Z + 1) x R;v,u] is defined so it
maps the segment [j:%, n+ %] x {0} between v and u to itself (i.e., the conjugate
of each point located over this segment is on the same sheet of the double cover).
Once z — Z is specified in between of the branching points, it can be ‘continuously’
extended to the entire double cover [(Z £ 1) x R;v, u]. In particular, the points ¢
located over the real line but outside of the segment [:ti,n + %] are mapped
by z > Z to their counterparts ¢ on the other sheet of the double cover.

We now list some basic properties of the observables X[Sylﬂ] and X[a““] and
show they are sufficient to characterize them uniquely. Due to (4.7.1) we have

‘bem(k_zysﬂgl and ‘Xantl k—i—z,s)’gl for all (k,s) € ZxR.

[v,u] [v,u]
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Equation (4.4.27) ensures that the observables X[sf;l} and Xantli] are massive har-

[v,

monic away from the branching points v, u. In particular, one has

ACIXIRI(k-1,6) =0 and [APXEEI((k+1,5) =0 if s £0,
(4.7.4)

Moreover, the spinor property of the observable Fi, ,; coupled with the above
described choice of the conjugation ensures

X ((k—1,0)=0, k€ [0,n], [AMXI™)(k—10)=0, ke [1,n—1];

[v,u] [v,u]
(4.7.5)
XEm ((k+1,00)=0, k€ [1,n], [AMXEE)((k+1,0))=0, k & [0,n+1].
(4.7.6)

Finally, the definition of Fry g asa correlator imply (recall o0, =1, pppy, = 1)

X(=5:.0) = Doy XU ((n=1,0)) = Dyy; (4.7.7)
X[?,ﬁ]((—%ao)) = —Dpy1, Xﬁ,‘fﬁ]((n—l—%,())) =D}, (4.7.8)

where we assume that these pairs of corners are located on the same sheet of the
double cover [(Z+ %) x R; v, u] as viewed from the upper half-plane ; this explains
why the value D, at (—3,0) comes with an opposite sign.

Lemma 4.7.1. (i) The uniformly bounded observable X[S‘TIS} given by (4.7.2)
is uniquely characterized by the properties (4.7.4), (4.7.5) and its values (4.7.7)
near v and u.

(ii) Similarly, the uniformly bounded observable Xﬁf‘ﬁ] given by (4.7.3) is uni-
quely characterized by the properties (4.7.4), (4.7.6) and its values (4.7.8)
near v and u.

Proof. (i) Let X; and X5 be two bounded spinors satisfying (4.7.4), (4.7.5)
and (4.7.7). Let (Zk)r>0 be the semi-discrete Brownian Motion with killing
started at ¢ € [(Z — %) X R;u,v| that corresponds to the massive Lapla-
cian A This semi-discrete Brownian Motion almost surely hits the points
located over the set {(k—1,0),k ¢ [1,n—1]}} or dies. Since the process
(X1—X3)(Zg) is a bounded martingale with respect to the canonical filtration,
the optional stopping theorem yields Xi(c) — X2(c) = 0. The proof of (ii) is
similar. O

The next lemma allows one to construct explicitely X[y ) in Section 4.7.2
to get a recurrence relation between consecutive spin-spin full-plane correlations.
For n > 1, denote

0 ~ 0* ~

py— . oo - .
=g g D L= =g Di (4.7.9)

n
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Lemma 4.7.2. For each n > 1, the following identities are fulfilled :

—AMIXTR(=1,0) = Lot — [AMXYRI((n-1,0) = L
(4.7.10)

—ATXERNE0) = —La, = [AXRG(045,0) = 17,
(4.7.11)

with the same choice of points on the double covers [(Z+ 1) x Z;v,u] as above.
Ifn =0, the identities (4.7.10) should be replaced by —[A(m)XSym]]((—%, 0)) =

[v,u
*

L1+ L} while (4.7.11) hold with Lo := Wiw and Lj = 92#%

Proof. We proof the first item. Due to the symetrization procedure (which

amounts to take a cut of the double cover in the horizontal axis, outside of

the branchings) the value of X [S‘},'IE] at (—g, 0) vanishes. Thus one can reapply

the strategy of the proof of (4.4.26) but this time, and [A(m)X[Sg’IS}] equals

eigﬂ%ﬂv’u](—%, 0). Applying the equation (4.4.13) at ¢ = (—3,0) gives
Applying the equation (4.4.21) at ¢ = (—2,0)

Dyi1 = sgn(O,u) - 9*<X(7g,o)0>'
The check of the sign sgn(O,u) = —1 is left to the reader. The other items
are proved in a similar maner. ]

4.7.2 . Construction via the Fourier transform and orthogonal po-
lynomials

In this subsection, we construct explicitely in Lemma 4.7.4 and Lemma 4.7.5

two bounded functions satisfying the properties (4.7.4)—(4.7.8) using Fourier trans-

form and orthogonal polynomials techniques. Due to the uniqueness statement pro-

an

ved in Lemma 4.7.1, these solutions must coincide with nglfll] and X[v

ti
u]- Instead

of the double covers [(Zii) X R; u, v], we work only in the upper half-plane Z xR
only (the link between the two setups is fully explained in Lemma 4.7.3).

Given a function V' : ZxR — R, we keep the definition (4.4.27) for the massive
Laplacian [A(™V](k, s) when s > 0 and introduce the values

NV(k, 0) = —% [0V (k,0)+ 0,V (k,0)] (4.7.12)

where 8; and 0, stand respectively for the vertical partial derivative in the upper
and the lower half planes. The operator A/ should be understood as a version of the
normal second derivative of V" at (k,0), thus leaving the functions at stake in their
respective half-planes. We now define two intermediate explicit problems [Py ™]
and [Pant] whose solutions are useful to derive a reccurence relation on spin-spin
expectation in the full-plane. As a consequence of the uniqueness Lemma 4.7.1,
solving those problems is equivalent to construct the functions X[S"},’E and Xﬁ/nfll}
respectively ; see also Fig. 4.7.2.
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— [PY™] : given n > 1, construct a bounded function V : Z x R — R
such that the following conditions are fulfilled :

[AMV](k,s)=0if s >0;  [NV](k,0) =0 for k € [1,n—1];
V(k,0) =0 for k & [0, n]; V(0,0) = D,, and V(n,0)= Dy .

— [P224] : given n > 0, construct a bounded function V : Z x R — R
such that the following conditions are fulfilled :

[AMV)(k,s)=0if s >0;  [NV](k,0) =0 for k & [0, n+1];
V(k,0)=0for ke [l,n];  V(0,0)=—Dpi1; V(n+1,0)=Dr,,.

Lemma 4.7.3. Assume that VS¥™ (resp., V2% ) is a solution to [PH™] (resp.,
[Panti]). Then, the following holds :

NVVEY™(0,0) = Lny1,  INVY™(n,0) = L] 43 (4.7.13)
[Nvantl]( 0) = —L,, [Nvantl](n+17 0) = L. (4.7.14)

Proof. Take a section of the double cover [(Z+ 1) x R; v, u] with an horizontal
cut along the segment [—3,n] x {0} for the problem [P®™] and outside the
segment [—3,n] x {0} (in the horizontal axis) for the problem [P2%%]. Define
two functions respectively on the right and left corners of the lattice by

Vsym((:tk—%,s)) = Vrfym(k',s) V[anti((ﬂ:k‘—i-%,s)) _ iVa““(k )

[v.u] v,u
Since both functions vanish on their respective cuts, they can be viewed
as bounded spinors on the double covers [(Z + i) x R;v,u|, which satisfy
the entire set of conditions described in (4.7.4)—(4.7.8). Using the uniqueness
Lemma 4.7.1, this allows to identify X[Sg’ | = V[v ] and V[f‘,‘?ltll} = V[i‘?fll] The
identities (4.7.13), (4.7.14) are now easily deduced from (4.7.10), (4.7.11) and
the definition (4.7.12). O

Let V' be a solution to the problem [P$¥™]. We are going to construct V'
explicitly, starting first with a heuristic and more intuitive argument. Assume for a
moment that all the Fourier series

V(€)= ez Vk, )€k, s >0, tel0,2n],
are well-defined. Using the massive harmonicity condition [A™V](k,s) = 0
for s # 0, this implies (provided the serie/derivation exchange is proper) that
200* o 1 e,
1= g gmeost] - Vile!) = Ve (@), (4.7.15)

where the derivative in the above equation is taken with respect to the variable s.
A general solution to the differential equation (4.7.15) is a linear combination of
the functions e*5*(") where w(t) := w(t; 6, %) solves the quadratic equation,

_ 20 e W
02+02 7 024 0x7
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Let w(t; 6, 6*) to be the non-negative root of the above equation, i.e.,

w(t;0,07) = \/ (62 + 02) — 200* cost = |0 — 0.

At level s = 0, the function Vj(elt) = Q,(e'!) is an unknown trigonometric
polynomial of degree n. Since we want Fourier series V, with bounded coefficients,
we are tempted to state that V,(e't) = Q,(e't) - e=5°(89%) for s > 0. A direct
computation at level s = 0 proves that

>rezVV](k, 0)el*t = w(t;6,67)Qn(e). (4.7.16)

The crucial point here is that the LHS of the previous equation should not contai-
nany monomials of the family {€lt,... "=Vt which simply reads as an ortho-
gonality condition for Q,,(e'?). Let us make now rigourous the previous analysis to
construct and identify the unique solution to the problem [P§™].

Lemma 4.7.4. Letn > 1. If a trigonometric polynomial Qn(e'') = D+ -+ - +Del™
of degree n has prescribed free (D,,) and leading (D},) coefficients and is ortho-

gonal to the family {€'t, ... e~V with respect to the measure w(t;6, 9*)%

on the unit circle, then the semi-discrete function defined by

Vi(k,s) = o= [T e kQ, (elt)ew (0" qy
is uniformly bounded and solves [P$Y™] in the upper half-plane. Moreover,

(Qn, 1>%dt =Lpt1 and  (Qn, eint>%dt = L:Hrla (4.7.17)

where the scalar product is taken with respect to the same measure on the unit
circle.

Proof. The values of V (k, s) defined above are uniformly bounded since |e~**®:80")| <

1. The massive harmonicity property [A™V](k,s) = 0 for s > 0 is straight-
forward and the properties required for V'(k,0) and [N F|(k,0) follow directly
from the assumptions made on @Q,,. The identities in (4.7.13) give (4.7.17). O

On can perform a similar construction to solve [P2:%], see Fig. 4.7.2. The only

difference is that at level s = 0, it is now required that V(e'*) does not contain
monomials elt, ... el TDt while

SrezINV](k,0)e % = w(t; 6,0°)Vo(elt) = —Ly,+---+ Ll (4.7.18)

is a trigonometric polynomial of degree n+1. In other words, the polynomial in the
RHS has to be ortgonal to {e'’, ..., e!™} with respect to the weight

w? (t:6,0%) = (w(t;6,6*)7L,  telo0,2n]. (4.7.19)

provided that w# is integrable on the unit circle. One can easily see from its
definition that this integrability condition holds if and only if 6 # 6*. The special
case # = 0* corresponds the model at criticality and will require modification as
explained in Section 4.7.4.
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Lemma 4. 7.5. Let n > 0 and assume that § # 0*. If a trigonometric poly-
nomial Qn+1( Y= —Ly,+ -+ LDt of degree n+ 1 has prescribed free
(—Ly) and leading (L},) coeﬁﬁczents is orthogonal to the family {e't,... ™}
with respect to the measure w(t; 6,0*) 3L 4t then the function defined by

2m7
Vi(k,s) =5 [T e*ith#H(eit)e*sw(t?e’e*)w#(t;6’,9*)dt (4.7.20)
is uniformly bounded and solves [P25%]. Moreover,

<fo+1a 1>u2fidt = _Dn+1 and <Qf+1v ei(n+1)t>1gidt = Dz—i-la (4'7'21>

where the scalar product is taken with respect to the same measure on the unit
circle.

Proof. The proof is identical to the one of Lemma 4.7.4. O

4.7.3 . Horizontal spin-spin correlations below criticality

In this section, we derive the asymtotics of the horizontal spin-spin corre-
lations D,, (as n — o0) by combining Lemmas 4.7.4 and 4.7.5. We assume
that < 6* and recall that D;; — 0 as n — oo. The latter claim is classical,
and can be derived from the monotonicity of D,, with respect to the temperature
together with the fact that D,, = D} — 0 as n — oo at cricicality, result which is
discussed in the very next section. Even without the next section, one can simply
mention RSW estimates at criticality to conclude.

Theorem 4.7.6. Let 0 < 0*. The spontaneous magnetization M(6,60%) of the
quantum Ising model defined below satisfies

M(0,0%) = lim DY/? = (0 +0)72(1 - (£)))5. (4.7.22)
Since we developped a formalism fitted to [40], this proofs goes as in Theorem
3.6. The next lemma has exactly the same proof as in [40].

Lemma 4.7.7. Set ®,(2) := 2" +--- — an—1 be the n-th unitary orthogonal
polynomial with respect to the measure w(t;0, 9*)7 on the unit circle. We
also set ®%(2) := 2"®,(271) = —ap_12" + -+ + 1 the polynomial reciprocal
to ®,,. Moreover, write By, := ||®,]|* = (@n,e‘"t> (®*.1) and B7F := || @,
where ®F is the n-th unitary orthogonal polynomial with respect to the measure
defined in (4.7.19). Then,

L2 1 — (Lhi1)? = BuBnot - (D2 — (D})?) for n>1,
Diyy — (Dyn)? = BB - (L2 = (L3)?) for n>0.

As a consequence, by applying the above two formulas recursively, we also have,

2m+1 2m—1
D3y — (D3y40)? H 5k IT 8 (L3 — (Ly)?), (4.7.23)
where L — (L§)? = e

(92+9*2)2 :
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Now we can complete the proof of Theorem 4.7.6.

Proof. Recall that D3, ,; — 0 as m — oo. It remains to apply the Szego
theory (e.g., see [79, Sec. 5.5] or [159, Thm. 8.1 and 8.5]) to the weights
w(t; 6,0%) and w¥ (t;6,0%). Let ¢ = 6/6*. We can write

w(t; 6,0%) =0 wy(t), where w,(t) = |1 — ge'’|,

Since w (t;6,6%) = (w(t; 6,6%))~!, we have

lim, oo [E7 87 - T2 B = 6°72- G2, (4.7.24)
where
logG—4 // ‘logl—qz’dA :Zi—:—%log(l—f}.
d k>1
Moreover,
I L L S L

(02 + 6+2)2 0+2 (1 + ¢2)2
Putting all the factors together, one gets (4.7.22).
O

Remark 4.7.8. In the proof of lemma 4.7.7, one uses the identities (3.24)
and (3.26) from [10], which are

[ Ly ] = P [ On—1 1 ] [ D, ‘| ’ (4725)
Diy | _ pu| 1 off L7
l T ] =t T (4.7.26)

We notice that, (4.7.26) applied to n = 0 provides the formula,

58

Di= 0 g~
A L

which is the energy density of the quantum Ising model.
Note that Equation (4.7.23) becomes useless at criticality since § = 6* and thus

Ly = L§. The asymptotic analysis needs to be treated in differently as explained
in the following section.
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4.7.4 . Asymptotics of horizontal correlations D,, as n — oo at
criticality

We now work at the critical and isotropical point of the model, i.e., § = 0*.
We generalize to the quantum Ising model the classical result by Mc-Coy and Wu
that states that spin-spin correlations D,, decay like m~1/% when m — oo. The
power-law type decay can be deduced by usual RSW arguments, but finding the
correct asymptotic requires some additional work, which we perform now. We keep
following the formalism of [40]. The proof of the next theorem goes as the one of

Theorem 3.9 and we only give its outlines.

Theorem 4.7.9. Let C, := 925¢3¢' (1) For the critical quantum Ising model,
one has the asymptotic as m — 0o

Dy ~ C2-(2m)~ /4, (4.7.27)
Proof. A straightforward computation shows that
we(t) = 2(sin 5t)2.

thus the weight w? := w_ ! is not integrable anymore and the arguments of the
proof of Theorem 4.7.6 have to be modified. We still can remark that D,, = D},
L,, = L} by Kramers—Wannier duality. Still one can keep using (4.7.25). This
allows to switch to the framework of orthogonal polynomials on the the segment
[—1, 1] instead of the working with weights defined on the unit circle. Let

We(x) = [1—-22)V2, zel-1;1], (4.7.28)

and P,(x) = 2™ + ... be the unitary orthogonal polynomial of degree n on
the segment [—1, 1] for the weight w.(x). The trigonometric polynomial

Qn(e') = D, - ezint. 2" P, (cos i)

fits the construction given in Lemma 4.7.4 to solve [P{¥™] (it has the proper
orthogonality relations with prescribed proper free and leading coefficients D,,
(recall that P, is unitary). The formula (4.7.17) gives for n > 1

wedx

1 ™ :
Loyi=5 [ On (e Ywe(t)dt = 7122 - | Po|2-go - D (4.7.29)

An analoguous computation for n = 0 gives (using Dy = 1 and due to the
modification required in Lemma 4.7.2 for the case n = 0),

2Ly = 2 [N Po(x)we(ax)de = 271 - || Pyl |2 (4.7.30)

Wedx

We construct similarly a solution to [P2%] treated in Lemma 4.7.5 in the
supercritical regime. Denote P (z) be the unitary orthogonal polynomial of
degree n on the segment [—1, 1] for the weight,

wi(z) = [1—2?]7Y2, zel-1,1], (4.7.31)

243



and,
QF () = Ly, (e'=1)ezi . 2" P#(cos 1t).

anti

The formula (4.7.20) indeed provides a solution to the problem [P3%Y], and

now the product (e’ — 1)w¥ (t) becomes integrable in unit circle as the ad-

ditional factor (e’ —1) removes the singularity of w# at ¢t = 0. Finally, the

computation (4.7.21) is still valid and implies for n > 0,
Duii == [ Q@) e = n 12 | PF I, Lo (4732)

Since Ly = 1 (see Lemma 4.7.2). Using the reccurence relations (4.7.30),
(4.7.29) forn=1,...,m—1, and (4.7.32) for n = 0,...,m, one gets

_ _ 2
D1 Dy = m2m712%m H il k”wcdaz'Hk o I1P% N2y, (47.33)

where the weights w.(z) and w¥ (z) on [~1, 1] are given by (4.7.28) and (4.7.31).
This is a classical problem of orthogonal theory, and going back to the unit
circle with a |t|-type singularity of the weights appears when e'’ = 1. General
results (accounted, e.g., in [55]) ensure that,

D1 Dy ~ 223e5S D 2m) =12 i — o0,

To conclude, it is enough to prove that D,,11 ~ D, as m — oo. This can
be seen in the convergence of horizontal correlation ratios in a finite box 4.3.5
and Russo-Seymour-Welsh estimates to pass to the full-plane. O

4.7.5 . Asymptotics of correlations above criticality

Proposition 4.7.10. The horizontal correlation lenght equals £ = %log(ei*).
Proof. One first notices that using (4.7.25) and (4.7.26), one has, for all n,
Dypio = quDy + 70, (4.7.34)

with ¢, = B#Hﬁn,l(l - af;lan,l) and r, = Bfﬂﬁn,l(an,l — ajirl)D;;. The
above formula gives, by induction, the following formula,

Do, = (Do + Z ) H .- (4.7.35)

k 0 9k
Note that ozjfE 1 and a1 converge to 0 exponentially fast [159, Thm. 9.1]
with the same exponential rate lim, .. |an|1/” = limy,—eo |a#|1/” = R,

with R = 6*/6 > 1 given by the radius of the disk on which w has an ana-
lytic continuation. We also know that D, converges to 0 as n tends to oo.
Moreover, using (4.7.24), when n tends to infinity, we have that the product
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I ! 0 @m converges to a positive constant and that 3] Hﬁn 1 tends to 1. The
aforementloned convergences all together imply that the factor

DO+Z

Hk 0 4k

goes to 0 as n — 0o, and can be consequently rewritten as the remainder of a
converging infinite series,
- Z i
k=0 G

The ratio of the two consecutive terms in the above remainder is given by,

#
. . o; — 1 1
rivt/gir R — (4.7.36)
" aj-1—ajyy B Bi-11 —ajfoe

which tends to R™! as explained below. Thus, the whold remainder (4.7.36)
converges exponentially fast at rate R~

We prove now the annouced fact that the given ratio converges to R~!. The
last two terms in (4.7. 36) converge to 1 exponentially fast. Let D(z) = 03 (1—
%z)% and D7 (2) = 6~ (1 - —z) 2 the Szego functions naturally associated to

the weights w and w?. Let D™1(2) = % dj—127 and (D#)71(z) = Z
=0

their decomposition as power series.

Asymptotically, we have d; _1 = 975( YR ~ 0~ ( 1)IT(3) 71 j7% and
d}il = 02 (%)R_j ~ 9%(—1)jF(—%)_1j . We now use the corollary (2) of
Theorem 7.2.1 [159, Thm. 7.2.1] that states that the asymptotics on dj7_1df_1
imply directly that a; ~ (C1)R™7j -3 and aj ~ Cl# R77j 3. This concludes the

proof.
O

4.8 . Construction of infinite volume correlators

In this section, we construct infinite-volume correlators in the semi-discrete
lattice, which we rely on to identify the scaling limit fermionic observables in general
simply connected domains. Those constructions are similar to the isoradial case,
and are made out of a proper integration of the so-called discrete exponentials,
introduced in the semi-discrete lattice in [109], following the path of [100, 12,

]. One of the key features here is to extend discrete exponentials to the entire
semi-discrete lattice, including the corner graph.

Definition 4.8.1. Let § > 0. Take p € A(Q25) U Y(Q5) be a vertex on either
the medial graph or the corner graph. Fix A € C. We define the semi-discrete
exponential exps(A, -, p) normalized at p using the following reccursion rules.
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— exps(\,p, p) == 1.

— exps(A, q,p) := exps [%] for any ¢ such that Re(q) = Re(p).

— exps(\, ¢, p) = exps(\, q,p)(1 + A(c — q))~! for each pair of adjacent
vertices ¢ € A(25) and ¢ € T(Qy).

Moreover, the reccursion rules ensure that if u ~ v are neighbours in A(Qs),

we have, 5
1+ 20— )
expg(A, v, p) = exps(A, u, p) ——5——
— 5 (v—u)
One can easily check that the semi-discrete exponential is well-defined and also
this definition coincides with the one from [109] if we restrict it to the semi-discrete

medial lattice.

Lemma 4.8.2. Given py € A(Qs) and X € C, the function ¢ — exp(\, ¢, po)
is discrete holomorphic everywhere.

Proof. This is a straightforward computation that we precise here. Assume
that § = 1, fix A € C and set F' = exp;(\, -, pp). Assuming that ¢~ ~ ¢ ~ ¢t
are naturally ordered neighbors, one has,

Fe) = 2 R0, Fe)= 2 R0, 0,5 ()
ch) = c), c) = c), )= ——~—— F(c).
1-2 143 Y 1+3)(1-3)
Thus checking discrete holomorphicity (4.4.11) amounts to verify that
1,1+3 1-3 1 iA
F(C)[i( i_ /2\)—*.—; )\]:0
I—5 1+5° 1(1+35)(01-35)
which holds.
O

We are now in position to construct the infinite-volume correlators out of semi-
discrete exponentials.

Definition 4.8.3 (Infinite-volume energy correlator). Given a € Y(Qjs), we
define the full-plane energy correlator normalized at a by setting for ¢ # a €
T(€2s5)

1 / Ta €xps (A, ¢, a)
C, 1= — ————"dA. 4.8.1
7]6<XCXCL> 5 2 R 1 inag )212 ( )

The previous definition should be understood at a® by

1 __
na<XaiXa>C5 = :l:i/ niiwd)\ (482)
21 JRy 1 — i, T

We also denote G ,) := 77a<Xch><(>:5 its diamond s-holomorphic counterpart.
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Definition 4.8.4 (Infinite-volume spin correlators). Given u € Qf and v € €,
we also define the infinite volume correlators 1.(Xcou)(cs,u] a0d Ne{Xctiv)(Cs 0]
by setting

_ix 1
Ne{XcOu)[Csu] = %/R iz exps (A, ¢, u)dA, (4.8.3)
e 1
770<Xc,uv>[C5,v] = or e )\1/2 exp(;()\ Cy ’U)d)‘ (4'8'4)

The correlators (Xcou)(cs,u and <XCUU>[C5,1;} are respectively defined in [Cs, u]
and [Cs, v], the double covers of the semi-discrete lattice Cg respectively bran-
ching around v and v. We also denote G : = (XcOu)f; Cyu) AN G <Xcl“v><[>c§,u}
the naturally associated diamond s-holomorphic extensions.

Proposition 4.8.5. The energy correlator (XcXa)g; » double valued at a® as
n (4.4.29), is corner s-holomorphic everywhere (even at a* with the proper
graph modifications). Moreover, uniformly on compact subsets of C\{a}, one
has the asymptotic 651G, (2) = )(1 + 0(0)) as 6 — 0. Finally, one has

Gay(a+06) =nats2.

7r(z a

Proof. The corner discrete holomorphicity comes from the fact that one can
(using simple deformation of contours) replace the line —R;.¢ — a by a contour
surrounding all the poles of the integrand at nearby corners. One can then use
the same contour for nearby corners and the corner discrete holomorphicity
comes directly from the one of discrete exponentials. In order to compute
asymptotics, a simple rescaling of the grid allows to work with § = 1 and
|c —a] — oo. One can cut the integral in 3 parts : |[A| < |¢ — a|7% , A€
[le — a|_%; lc — a\‘%] and |\ > |c— a|%. Using the fact that n? = —— the

integrand exp(\, ¢,a)(1 — zm“ )~! has the following asymptotics

— Taexp (M(c—a) + O(A\?) + O(|c — a|]X3)) as A — 0.
— dnan?A"2exp (A2 He—a) + O(A72) + O(Je — a|A73)) as A — oo.

— exp(\,c,a)(1 — i72%) " = O(exp(~|c — a|2)) for A € [|c — a| 753 |c —
aﬁ%] as in the proof of [109, Prop. 3.20].

Ve—1U

Applying the Laplace method one directly gets the asymptotic expansion

1.7 NaTl -
77c<Xch>C1:%(C_aa"i‘ca_c)-f—O(‘ CL‘ 2) as ‘C—CL|—>OO

The values at a* and at a + ¢ are obtained by a straightfoward computation.
The check of complex sign of the projection 7.(xcxa)c, is left as an exercice
to the reader (e.g. see Remark in [13, Sec. 5.2]).

O
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Proposition 4.8.6. The correlator nC<XCUu>[C5,u] is a well-defined corner s-
holormophic function everywhere on [Cs,u]. Moreover, one has the asymptotic
exrpansion

S L o
VTVz—u (z—u)g’

which is uniform on compact subsets away from w. Similarly, the correlators

672G, (2)

Ne{Xctw)[Cs,w) 8 @ well-defined corner s-holormophic function everywhere on
the double cover [Cs,v]. One also has the asymptotic expansion

_i 6% _|_O( 6 )
VT —v (z—u)% 7

which is uniform on compact subsets away from v. At corner neighbouring

IO

their branchings, both corner s-holomorphic correlators have an absolute value
1, with appropriate complex sign.

Proof. The spirit of the proof is very similar to that of the energy correlator.
Deforming again the half-line into contour (this time avoiding the poles of dis-
crete exponentials and u) and using the a asymptotics of discrete exponentials
allows to transfer the discrete holomorphicity of discrete exponentials to the
discrete holomorphicity of the correlators. Rescaling again the lattice, we work
with § = 1 when |¢ — u| — co. This time the integrand has the asymptotics,

— A bexp (e u) + Offe — uPA?) as A - .
— 2eT2A2 exp (AN e —u) + O(le — ul72A72)) as A — oo,

A2 exp(\, ¢,u) = O(exp(—|c— u\%)) for A € [|lc — u]_%; le — u|+§] as in
the proof of [109, Prop. 3.20].
This proves again that the integral is well defined and the Laplace method pro-
vides the announced asymptotics. The spinor property comes from the spinor
property of the function A~ and the values near the branchings are compu-
ted using the residue theorem. The check of complex sign of the projection
Ne(XcOu)(Cs,u) (1-6. nOt only the complex sign of its asymptotic which is given
by the above computation) is left as an exercice to the reader (e.g. see Remark
in [13, Sec. 5.2]).
O

Proposition 4.8.7. The correlator G[ua] 1s differentiable with respect to the
position of its branching u, i.e. uniformly over z’s at a fized distance from u’,

one has the asymptotic expansion

G[u‘5+i5](z) - G[u5](z) 1 ] 0

57%8 G1(2) = lim =4+ 0(———),
Y [6]() 50 - ﬁ?(z—u)% ((z—u)%)
(4.8.5)

where the asymptotic is given when § — 0.
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Proof. Let ¢ be a fixed corner, away from the u® and u’ + ic. By translation
invariance of the lattice, one clearly has G54 (¢ +ie) = Gl (¢?), thus we
immediately deduce that Gi,s +,L-5](C§) = G (¢” —ig). This implies that,

Glus+ie) () = Gy () _ Gy (¢ —ig) = Go)(<)
13 €

_Z.G[ué](cé + 5) — G[ua](05 — 5)

— 9y Gps () = 55 ,

e—0

where the last equality is justified by the fact that Gy,s)(-) is discrete holomor-
phic away from u. The announced asympotic is now easily recovered by the
two terms asymptotics of G|,s) away from its branching. O

4.9 . Hyperbolic metric on a rectangular domain

Let 0 < k£ < 1 and define R(k) to be the rectangle given by (— K (k), K (k)) x
(0, K'(k)), where K denotes the complete elliptic integral of the first kind,

1 dt
Kk) = /0 JA-2)1_re)

and K’ denotes its complementary, i.e. K'(k) = K(v/1—k?). Note that k —
K (k)/K'(k) is strictly increasing with limits 0 and +o00 when k tends to 0 and 1.
Hence, the whole family {R(k),0 < k < 1} describes all the rectangles of all the
possible aspect ratios.

Proposition 4.9.1. Let 0 < k < 1. The following Schwarz—Christoffel map-
ping fi transforms the upper half-plane H into the rectangle R(k),

: d
fu(z) = /0 VA2 -8

Proof. We can easily see that fi is indeed a Schwarz—Christoffel mapping
where —k~!, —1, 1 and k! are mapped to vertices of the resulting polygon
with angles all equal to 5, thus a rectangle. Moreover, the images of —1 and
1 via fi can be computed as follow, fi(1) = K(k), fr(—1) = —K(k). Finally,

we compute fi,(k™') — fi(1) = i K’(k) by a change of variables, similarly for

fe(=k71) = fr(=1). O
The hyperbolic metric of a simply connected domain D is defined by
2| (a)|
4 = —— D 4.9.1
'D(CL) 1_‘h(a)|27 ac ) ( 9 )

where h is any conformal map sending D to the unit disk D. It is important to
note that such a conformal map is well-defined only up to a Mébius transformation,
which does not change the metric defined via (4.9.1).
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Proposition 4.9.2. Given k > 1. The hyperbolic metric on R(k) is given by

_ cn(a, k)dn(a, k)

K’R(k) (a) = Im sn(a, k; R a < R(k‘)

Proof. Let g : H— D be a conformal map between the upper half-plane and
the unit disk given by g(z) = jT: for z € H. Then the map h := go fk_1
is a conformal map between R(k) and D. Moreover, f. ! is the inverse of an
elliptic integral and is given by the Jacobi elliptic function a — sn(a, k). Then
the result follows by applying (4.9.1) and the properties of the Jacobi elliptic

functions. O

250



5 - Crossing estimates on general s-embeddings

This chapter corresponds to the article [117], written alone and currently avai-
lable at the webpage of the author.

Abstract :

We prove Russo-Seymour-Welsh type crossing estimates for the FK-Ising mo-
del on general s-embeddings satisfying the assumption L1P(x,5) with an additional
geometrical constrain LENGHT-EXP-FAT(J) . This results extends the work Chel-
kak on 'flat’ s-embeddings providing a class of Ising models without any bounded
angle type property where crossing estiamtes at large scale are bounded away from
0 and 1, extending previously known results on the critical and near critical isoradial
grids.

5.1 . Introduction, main results and perspectives

5.1.1 . General context

The Ising model, introduced a century ago by Lenz, is one of the most studied
models in the statistical mechanics. Its planar version (i.e., the model in 2D with
nearest-neighbor interactions) have received extensive attention and shows a pro-
fuse structure of correlations (see e.g. the monographs [72, 123, 136]). We focus
in this paper on the model with no exterior magnetic field, and contrarily to usual
conventions, we prefer working with the ferromagnetic model defined on faces (de-
noted by G°) of a planar graph G (whose vertices are denoted by G*®). If G is a
finite connected graph and = 1/kT a positive number called inverse tempera-
ture, one attaches to each edge e € E(G) separating the two faces v (e) € G° a
coupling constant J. > 0. The partition function of the model is given by

Z(G) = Z exp |8 Z JerO_(e)Uvi(e)]- (5.1.1)

o:Ge—{£1} e€E(Q)

The domain walls representation (see e.g. [37, Sec 1.2]) allows to rewrite Z(G) as

Z(G) = 2[eemc) (€)% Coes(a) Heec x(€), where z(e) := exp[—28.J]

and £(G) denotes the set of even sub-graphs of G. Naturally identifying an edge e
of G to the associated face z(e) of the bipartite graph A(G) := G* UG® allows to
set an abstract parametrization (i.e. without any geometric interpretation) of the
coupling constant J, given by

0.y = 2arctanz(e) € (0, %7‘() (5.1.2)

This abstract definition does not require to fix an embedding of GG into C and was
used by Chelkak to introduce the notion of s-embeddings in [34, 33], aiming to
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study large scale properties of weighted planar graphs (G, x) carrying critical or
near-critical (in some way that is not precised here) Ising weights z(e). This study
is already rather complete and precise in tn the isoradial context. In particular, this
embedding procedure introduced by Chelkak already allowed him to analyze (in
some cases) the scaling limit of discrete fermionic observables, in the spirit of the
pioneering work of Smirnov [162, 160] on the square grid and further generalization
on critical and near critical isoradial grids [48, 38, 138, 39, 137, 87]. The notion of s-
embeddings is in fact encapsulated in the more general framework of t-embeddings
or Coloumb gauges, which is centered in the study of the bipartite dimer model
[103, 45, 44]. This later fact allows to benefit from the regularity theory of discrete
harmonic and holomorphic functions developed there, under rather mild geometrical
assumptions (see [45, Sec. 6]).

The long term motivation of [33] is to provide an embedding procedure adap-
ted to the study large scale properties of weighted graphs which are potentially
locally irregular, including some graphs sorted at random (where no kind of boun-
ded angle type property should be expected). This could in principle target the
study of the Ising model in random environments, and in the best case scenario,
help understanding critical random maps equipped with the Ising model -which
presumably converges to the Liouville Quantum Gravity (e.g. see [67]) but also
deterministic graphs sorted with random coupling constants (e.g. Z? with i.i.d.
coupling constants). We clearly emphasize that the current paper doesn't treat at
all any such difficult questions, which rather provides a really flexible framework to
attack the question of crossing estimates in a broad class of lattices.

In the current paper, we prove usual Russo-Seymour-Welsh crossing estimates
for the associated FK-Ising model (see [60, Sec. 5] for the usual statement on the
square grid) under the assumption LIP(k,d) , together with a mild geometrical as-
sumption LENGHT-EXP-FAT(9) . In particular, we do not rely upon any bounded
angle or comparable length assumptions, but rather assume that the embeddings
start to be non-smashed above some scale ¢ (defined via the assumption LiP(k,d) )
and that, at macroscopic distances compared to ¢, the share of exponentially small
faces (in 071) is negligeble in the overall picture (see below the precise defini-
tion of the assumption LENGHT-EXP-FAT(J) ). This hints that the s-embeddings
framework might be part of an interesting path for the analysis of the critical or
near critical Ising model on general weighted graphs, possibly chosen at random
(whether randomness is chosen on the local geometry or on the weights). The
roadmap would consist in first re-imbedding an abstract weighted graph via the s-
embeddings framework and then try to apply the strategy developed in the present
article. Let us emphasize that in order to apply the aforementionned strategy, one
should first ensure the possibility to construct a proper s-embedding associated to
the abstract weighted graph G, where faces that do not overlap each other. This
existence of a proper s-embedding associated to G remains a difficult question in
full generality and is not a priori automatic for general infinite grids.
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The idea of Chelkak to construct embeddings suited to the study of the critical
Ising model already allowed to prove in [33, Theorem 1.2] the conformal invariance
of properly embedded critical double-periodic graphs (setup where the criticality
condition was derived by Cimasoni and Duminil-Copin in [52, Theorem 1.1]) and
more generally for regular graphs with ‘flat’ origami functions Q° = O(6). In the
critical double-periodic case, even finding the correct cannonical embedding [33,
Lemma 2.3] and proving the convergence of FK-Ising interfaces to SLE(16/3) re-
mained open before the work of Chelkak. The convergence of the FK-observable
in arbitrary rough domains was also made quantitative in § , which was not known
even in the critical square grid case. In the present paper, we answer one of Chel-
kak's questions [33, Section 1.4 (I)] and treat the case Q% /4 0, also removing
bounded angles type assumptions on the local geometry. Among the consequence
of our current work on already studied models, there is

— An alternative derivation of the RSW property for the FK-Ising model on
critical Z-invariant isoradial lattices as in [48]. Our result extends beyond
the scope of the paper of Chelkak and Smirnov, as it allows to replace the
bounded angle property by the assumption LENGHT-EXP-FAT(J) introdu-
ced below. The removal of bounded angle property allows in particular to
rederive the RSW property for the FK representation of the quantum lIsing
model [62, Section 5].

— An alternative derivation of the RSW property for the massive Z-invariant
model on isoradial grids as in [138], using the re-embedding procedure of
[43, Section 3.3].

— An alternative derivation of the RSW property for double-periodic graphs
given in [33].

— The derivation of the RSW property for the FK-Ising model on circle patterns
introduced in [113] with bounded angles. The result was not known there
and in that case complements the dichotomy between the three phases of the
model, proving that correlation decay polyniomially fast with the distance.
One also notes that our proof goes beyond the bounded angle property
assumption made there.

We emphasize once again that our theorem goes beyond the aforementioned
list and is constructed to be applied in a way more general class of weighted graphs.

5.1.2 . Main results
In order to keep the presentation compact, we postpone to section 5.2 the
precise definition of the construction of an s-embeddings S. Discussing large scale
properties of a grid S, one should first define the notion of scale associated to
S. In the case of grids with comparable edges-lengths and non-smashed angles, a
quite natural definition (recalled below) was introduced in [33, Section 1.3].

Definition 5.1.1 (UNIF(5)). We say that the s-embedding S° satisfies the
assumption UNIF(9) if there exists constants 7,0y > 0 such that all edge
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lengths of 8% are uniformly comparable to § i.e. for any two neighboring ver-
tices v* € G* and v° € G°

s < |8°(%) = S°(v7)] < (r0)7'0

and all angles of quads in S? are uniformly bounded from below by 6. In parti-
cular, from the Ising model combinatorics perspective, under this assumption,
all interaction parameters defined via (5.1.2) are uniformly bounded away from
0 and from 1, as a direct consequence of the formula (5.2.11).

We provide now a more general definition of the scale of the s-embedding S?,
using the origami map Q defined in Definition 5.2.2. In words, the origami map Q
can be viewed as a real valued function defined by its increments beween neigh-
bouring vertices v*®,v° of the bipartite graph G* U G° with the local incremental
rule given by Q(S%(v*)) — Q(S°(v°)) := |S?(v®) — S%(v°)] i.e Q adds distances
when going from vertices of G° to vertices of G* and substracts distances in the
other direction (see Definition 5.2.2 and below for a precise statement and the
extension of Q to the entire plane). A definition of the scale of the embedding can
be proposed using the following assumption Lip(k,d) repeating the idea of [45].

Hypotheése 5.1.1 (LiP(x,d)). There exists a positive constant £ < 1 such
that

Q°(v) = @ (v)| K- |S°(W) = S°(v)| i [S°(v) = S°(v)| 2 4. (5.1.3)

One can then construct a definition of the notion of scale ¢ of the s-embedding
S° using the assumption Lip(x,d) following the framework of [45]. Fix some posi-
tive k < 1. The scale § of the embedding is the minimal length ¢ starting at which
the assumption LiP(k,0) holds.

When speaking about the scaling limit of a sequence of s-embeddings (S%)s-0,
this limit is taken along a subsequence of s-embeddings (S°)s, with 6, — 0 as
n — oo and all s-embeddings S satisfy Lip(k,d,) for the same x < 1. For
grids satisfying UNIF(§) , the definition of the scale using LiP(x,d) coincides
with the parameter 6 up to bounded (only depending on rg,6y)) factor. When
working with irregular local geometries, we introduce another mild assumption
LENGHT-EXP-FAT(4) that quantifies the degree of degeneracy allowed to still be
able to perform some meaningful analysis. This restriction on the local geometry
is a reinforcement of the assumption EXP-FAT(4) recall below, which ensures
precompactness of s-holomorphic functions (see Theorem 5.2.18).

Hypothése 5.1.2. We say that a family of proper s-embeddings (S%)ssg
satisfies the assumption LENGHT-EXP-FAT(§) on a macroscopic ball B C C if
for each v > 0 :

lim Z diam(z) = 0,

50
- zEQNB,r.<exp(—v6~—1)
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where 7, is the radius of the tangential circle associated to the face z of G°UG®
defined in section 5.2.

The second assumption is stronger that the Assumption denoted EXP-FAT(4)
which was first introduced in [45, Assumption 1.2] to quantify the local degenera-
cies allowed for the embeddings. We recall now that original assumption.

Hypothése 5.1.3. We say that a family of proper s-embeddings S° satisfies
the assumption EXP-FAT(0) on an open subset U C C if for each v > 0 :

after removing all quads (S%)°(z) with r, > exp(—yd~1) from U, the
maximal diameter of all vertex-connected components goes to 0 when & — 0.

Explained in words, the assumption EXP-FAT(J) means that the connected
components of faces with an exponentially small radius (in ') do not form
macroscopic regions, while the assumption LENGHT-EXP-FAT(J) reads as the
fact that the total H! measure of exponentially small faces (still in 6~1) is small
as 0 — 0.

Under the assumptions LiP(k,d) and LENGHT-EXP-FAT(§) , boxes of ma-
croscopic size satisfy the usual Russo-Seymour-Welsh box crossing property for the
associated FK-Ising model (see e.g. [60, Chapter 4] for precise defintions and basic
property of that model). This result is already known for critical and near critical
Ising model on isoradial grids (see [48, Theorem 6.1] and [138, Theorem 1.2]) as
well as for 'flat” s-embeddings (see [33, Theorem 1.3]). The proof of such theorem
starts with a proof of a lower bound for the magnetization of the spin-Ising model
with 4 alterating boundary conditions.

Theorem 5.1.1. Let 1 < 2, y1 < Y2, R := (z1,22) X (y1,¥2) C C, and
(8%) -0 be s-embeddings satisfying the assumptions LiP(#,5) and LENGHT-EXP-FAT(§)

Let R® = [R(x1, T2; 1, Y2)]35°® be a discretization of R whose boundary stays
05—0(1) from the boundaries of R. We consider the Ising model in R’ with
wired boundary conditions on the approximations (b°c®)° and (d%a’)° of hori-
zontal segments and free boundary conditions the approximations (a’b%)® and
(c?d®)* of the vertical segments. Then one has

llgrl_:(l;leRé [U(bécé)oo—(déa‘s)o] Z cst > O,
I

where the constant cst > 0 only depends on « and the ratio |ze—x1|-|y2—y1

Proof. The theorem is a consequence of monotonicity with respect to boun-
dary conditions (e.g. [60, Section 4]) and the proof of analoguous crossing in
extended shapes constructed in section 5.3. ]
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The next theorem follows from Theorem 5.1.1. Given u € C and d > 0, denote
the annulus

O(u,d) := ([Reuw —3d,Reu+ 3d] x Imu — 3d,Imu + 3d))

N (Reu —d,Reu+d) x (Imu — d,Imu + d))
and let ngimd) be the probability measure in the random cluster (or Fortuin-
Kasteleyn) representation of the Ising model with free boundary conditions on
both the outer and the inner boundaries of [1%(u, d). Then we have the following
theorem :

Theorem 5.1.2. There exists a constant pg > 0 only depending on s such
that for all u € C, d > 0, and all s-embeddings S° satisfying LiP(k,d) and
LENGHT-EXP-FAT(0) and covering the disc B(u, 5d), one has

.. £ . . . .. 5
llgligélf PO ) [ there exists a wired circuit in (0°(u,d) ] > po.
A similar uniform estimate holds for the dual model.

Proof. Once Theorem 5.1.1 is derived, one can apply the strategy of [01, Pro-
position 2.10] recalled in detail in [33, Sec 5.6].) O

In the case of s-embeddings satisfying UNIF(0) , both theorems hold not only
at macroscopic distances but also starting at distances d > L0, for some Lg only
depending on constants in UNIF(J) . One can also note that the same proof works
at mesoscopic scales compared to ¢ (e.g. 6% for 0 < a < 1), modifying accurately
the hypotheses on the degeneracy of the grid. With the current given proofs, it is
possible to weaken the assumption LENGHT-EXP-FAT(J) , working on grids that
satisfy EXP-FAT(4) and requiring that LENGHT-EXP-FAT(§) only holds in some
macroscopic (but arbitrarly small) regions of compacts of the embedding.

To prove Theorem 5.1.1, we use the geometrical flexibility of the s-embeddings
setup in order to extend the discretization of a rectangle in S by periodic layers
of kites, and paste those kites to pieces of the square lattice (see Fig 5.3.3 in
section 5.3.1). Once this extension is done, the proof goes by contradiction. One
first assumes that Theorem 5.1.1 doesn’t hold and repeat the scheme introduced in
[48, Section 6]. Namely, if the magnetization E737®[0/4506)0 0 (454)0] vanishes when
8 goes to 0, one can find a sequence of 4-points observables (F%);s¢, together
with the associated function (H®)s-o (see definition 5.2.5), converging respecti-
vely to f and h. In the boundary arcs attached to the square lattice pieces, one can
prove (using directly the arguments of [48, Section 6]) that the continous func-
tion h inherits the Dirichlet boundary conditions from its discrete counterparts. In
this square lattice region, simple estimates on the complex phase of the discrete
functions F near the boundary arc impose that their continuous limit f vanishes
identically at the boundary (and thus in entire region tilled by square lattices). This
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scenario is finally ruled out by using an additional analytic tool, namely the Stoilov
factorization of the primitive Ic of f, which imposes that f should be identically
0 everywhere.

Directions of generalization A first direction of generalization would concern
extending the previous results only assuming EXP-FAT(d) . One way to procede
could be based on a procedure that increases the lenghts of s-embeddings pictures
would allow to use the same strategy as the one presented here. Another interesting
line of research would be to extend the strategy of [64] to prove the so called
'Strong-RSW' property by boostraping Theorem 5.1.2 for UNIF(d) grids. We are
not able to handle such problem as for now, since a similar strategy requires a
comparison between primal and dual one arm exponents in the half-plane, that we
are not able to derive as for now and leave for further researches.
Acknowledgements. The author is grateful to Dmitry Chelkak for introducing
him to this field, constant support as well as careful reading of earlier versions
of this manuscript. The author is also greatly indebted to Sung-Chul Park and
Mikhail Basok for crucial help in the continuous analysis as well as to Niklas Affoter
Konstantin lzyurov, Francois Jacopin, Seginus Mowlavi, Mendes Oulamara and
Yijun Wan for useful discussions and helpful remarks.

5.2 . Definitions and crash introduction to s-embeddings

We recall in the section the construction of s-embeddings given in [33, Section
3], as well as the construction of Kadanoff-Ceva correlators and the regularity theory
of s-holomorphic functions. The notations we use in this paper follow exactly those
of [33] and agree with those of [37, Section 3] and [34].

5.2.1 . Notation and Kadanoff—-Ceva formalism

We fix G a planar graph (allowing multi-edges and vertices of degree two but
forbidding loops and vertices of degree one) with the combinatorics of the plane
or of the sphere, considered up to homeomorphisms preserving cyclic ordering of
edges around each vertex. In the sphere case, we prescribe one of the faces of G and
call it the outer face of G. We denote G = G* the original graph whose vertices
are denoted by v®* € G* and G° its dual, whose vertices are denoted by v° € G°.
The faces of the bipartite graph A(G) := G°UG* (with natural incidence relation)
are in bijection with edges of G. We also denote {>(G) the graph dual to A(G),
whose vertices are often denoted by z € {>(G) and called quads. Finally, we denote
by T(G) the medial graph of A(G). The vertices of Y(G) are in bijection with
edges (v*v°) of A(G). The vertices ¢ € T(G) are called corners of G. To make the
formalism consistent, one needs to consider several double covers of YT (G), see e.g.
[129, Fig. 27] or [33, Fig 3.A] for relevant pictures. Denote by T* (&) the double
cover that branches over all faces of T(G) (each v® € G*,v° € G°,z € $(G)).
When G is finite, this statement remains meaningful as #(G*)+#(G°)+#(O(Q))

257



is even due to the Euler Theorem. Given @ = {v},...,v5,,0%,...,v0} C A(G)
where n, m are even, denote by T X (G) the double cover of T(G) branching over all
its faces except those w, and by Y (G) the double cover of YT(G) branching only
over those . We call a spinor a function defined on one of the aforementioned
double covers whose value at two different lifts of the same corner differ by a
multiplicative factor —1.

In this paper, we consider the Ising model on faces of G, including the outer
face in the disc case, i.e. the model assigns 1 random variables to vertices of G°
with a partition function given by (5.1.1). The domain walls representation [
Section 1.2] (also called low-temperature expansion) assigns a spin configuration
0 : G° — {£1} to a subset C of edges of G that separates spins of opposite signs;
this expansion is a 2-to-1 mapping from spin configurations onto the set £(G) of
even subgraphs of GG, depending on the value of the spin of the outer face.

Given v, ..., vy € G° where n is even, fix a subgraph v° = Vwe,...0q) C G°
with odd degree at vertices of v{,...,vS and even degree at all other vertices of
G°. On can represent such configuration as a collection of paths on G° linking
pairwise vertices of v7, ..., vy. Denote

:E[v%mm%](e) = (_1)e-wu§’ ..... 9] z(e), e€ E(G),
where e -y = 0 if e doesn't cross v and e - v = 1 otherwise. One can see that
E[O-U(l)”'o-v%] = x[U% v n] /gj (521)

where 2(£(G)) = Ycee(q) 2(C), 2(C) = Ileec z(€), and similarly for e o).

For m even and v},...,v5, € G°, fix again subgraph 7* = 7[”1’ v m] c G*
with even degree at all vertices of G* except those of v},...,v",. Following the
formalism of Kadanoff and Ceva[93], one changes the signs of the interaction
constants J. — —J. on edges e € ~*. This inversion (which is equivalent to
replace x(e) by z(e)™! makes the model anti-ferromagnetic along those edges
favoring locally configurations with disaligned spins, and is shorten by the notation

[t - - - fvg, . More precisely, we introduce the random variable
fios - flos, = exp [ — 23 Ze@[v; ,,,,, ey Jeo’v‘i(e)avi(e)} ,

the domain walls representation of o shows that (e.g. [37, Propositon 1.3])

Eltg o 0g,] = o(E0E-031(@))/2(€(G)), (5.2.2)
where E[U1vn] denotes the set of subgraphs of G with even degrees at all vertices
except at those of v},...,v? and odd degrees at the last mentioned. This again

doesn’t depend on the choice of v*. A generalization of (5.2.1) and (5.2.2) reads
as (e.g. [37, Propositon 3.3])

Elfws - - fhos,Ovs - 003] = e 0oy (EPT0R)(@)) /2(£(G)),  (5.2.3)
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where fiys ... f1ys, are understood as above. The sign of this last expression in fact
depends on the parity number of intersections between 7° and ~°®. There is no
canonical way to chose of that sign in (5.2.3) staying on the Cartesian product
(G®*)*™ x (G°)*™. However, one can first fix S : A(G) — C is an arbitrarily
chosen embedding of G, and consider a natural double cover of this Cartesian
product, whose branching structure is the one of the spinor [[[;% [T7_1(S(vp) —
S(vg))]Y/2. As discussed in great details in [39, Section 2.2], the expectations of
the form (5.2.3) can be seen as spinors on the above described double cover of
(G*)*™x (G°)*™. When treating mixed correlation of the type (5.2.3), an extension
of the usual Kramers-Wannier duality (again [37, Propositon 3.3]) implies that the
roles played by the graphs G*® and G° are now equivalent.

One can also consider correlators with neighbouring disorders v*(c) € G*® and
spins v°(c) € G°, separated by a corner ¢, denote

Xc = ,uv.(c)avo(c), (524)

Using equation (5.2.3), one can then define the Kadanoff-Ceva fermionic obser-
vables by

Xo(c) = E[Xchuy - flo2,_ Ovo 0w ] (5.2.5)

The above remarks state that X (c) is a priori defined up to the sign but becomes
well defined when passing to TX(G). Around a quad z = (vg, v, v}, v]) whose
vertices are listed in the counterclockwise order (see [33, Figure 3.A] for the nota-
tion), that Kadanoff-Ceva fermionic observables satisfy a local linear propagation
equation, whose coefficients are determined by the Ising interaction parameters.
This propagation equation appeared in the works of [56], [142] and [129, Section
4.3]) and reads as follows :

X (cpg) = X(epi—q) cosb, + X (ci—p,q)sinb,, (5.2.6)

where the corner c,; = (vpvy) and the lifts of ¢y, ¢p1-g and of ¢1—p 4 to T (G)
are neighbors. One can see that the solutions to (5.2.6) are spinors on YX(G).

We conclude this reminder on Kadanoff-Ceva correlators by recalling the defi-
nition of the spinor 7. that is a special solution to the propagation equation (5.2.6)
on isoradial grids. Given an embedding S : A(G) — C of A(G) into the complex
plane, denote

hei= s ep [~ arg(S(TA) ~ S, o=t (527)

where the prefactor ¢ = €' is chosen to be consistent with [48, 33]. As explained
previously, one can avoid the sign ambiguity in the definition (5.2.7) by passing to
the double cover T*(G), understanding the products 7. X (c) : T (G) — C as
defined on the double cover T (G) than only branches over w. Below, we use the
notation (5.2.7) even when S is not isoradial.
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5.2.2 . Definition of s-embeddings

We present now in a consise way the explicit embedding procedure first pro-
posed by Chelkak [34, Section 6] and was developped in great details in [33]. We
start by recalling the concrete definition of an s-embedding given in [33, Definition
2.1], based upon the Kadanoff-Ceva formalism recalled in section 5.2.1.

Definition 5.2.1. Let (G, z) be a weighted planar graph with the combina-
torics of the plane and X : T*(G) — C a solution to the propagation equation
(5.2.6). We say that S = Sy : A(G) — Cis an s-embedding of (G, ) associated
to X if for each ¢ € T*(G), we have

S(v*(¢)) — S(°()) = (X(e))*. (5.2.8)

For z € {(G), denote by §°(z) C C the quadrilateral whose vertices are
S(v3(2)), S(v§(2)), S(vi(2)), S(vi(2)). The s-embedding S is said to be pro-
per if the quadrilaterals S°(z) = (S(v§(2))S(v5(2))S(v(2))S(vi(z))) do not
overlap with each other, and non-degenerate if no quads §°(z) degenerates to
a segment. In particular, the convexity of §°(z) is not required.

This definition extends to the set {(G) by setting [33, eq (2.5)]

S(v3(2)) — S(z) == X(cpo) X (cp1) cos b,

S(z) := —X(coq) X (c14) sin b, (5:2.9)
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where ¢, and ¢, (respectively, coq and c14) are neighbors on T*(G). The propa-
gation equation (5.2.6) implies directly the consistency of both definitions (5.2.8)
and (5.2.9). The second object of crucial relevance in the s-embeddings framework
is the so called origami map, whose definition [33, Definition 2.2] is recalled below
(see also [103, 45]).

Definition 5.2.2. Given § = Sy, one can construct the origami function
Q =0y :A(G) — R, up to a global additive constant by declaring its incre-
ments to be

Qv*()) = Q°(c)) = |X()]* = |S(v*(c)) = S(v°(c)) - (5.2.10)

Once again, the propagation equation (5.2.6) implies directly the consistency
of the definition (5.2.2). In words, this implies that alternate sum of edge-lenghts
around a quad vanishes, which means for the geometrical picture that S°(z) is a
tangential quadrilateral to a circle centered at S(z). We denote by r, the radius
of the circle, which can be recovered from , using e.g. [33, eq (2.7)]. If one
denotes ¢, the half-angle of the quad S°(z) at S(v), the Ising weight 6, (in
the parametretrization (5.1.2)) can be recovered from S using the formula [33, eq

(2.8)]

Sin g - Sin ‘PUIZ>1/2 (5.2.11)

sin ()01)8,2 sin (pvi’z

tanf, = (
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As explained in [33, Section 2.3] (see also [103, Section 7]), one can see that if
S is proper and non-degenerate, the map S : A(G) U (G) — C as a t-embedding
T and 7ce = e := 3. as an origami square root (see [45, Definition 2.4]) of T.
This identification allows (e.g. [45, Appendix]) to extend Q in a piece-wise (and
complex valued inside faces) linear way to the entire plane, and not only on edges

of A(G).

5.2.3 . s-holomorphic functions and associated functions Hp and
Ic

We recall here the notion of s-holomorphic functions, introduced first for the
critical square grid by Smirnov [160, Defition 3.1] and generalized in the isoradial
context by Chelkak and Smirnov in [48, Definition 3.1], where its name was coined.
Under the briefly recalled link between s/t-embeddings, the s-holomorphic functions
are special cases of t-holomorphic functions introduced in the dimers context in [45,
Definition 3.2]. We recall now the definition general definition on s-embeddings,

given in [33, Definition 2.4].

Definition 5.2.3. A function F' defined on a subset of {(G) is called s-
holomorphic if
Pr[F(2);n.R] = Pr[F(z");n.R] (5.2.12)

for each pair of quads z, 2" € {(G) adjacent to the same edge (v°(c)v®(c)) in
S.

The next proposition generalizes beyond the isoradial setup (e.g. [48, Lemma 3.4])
the link between real valued solutions to the propagation equation (5.2.6) and s-
holomorphic functions. This link was already presented in [33, Proposition 2.5] and
in [45, Appendix].

Proposition 5.2.4. Let § = Sy be a proper s-embedding and F an s-
holomorphic on a subset of {(G). Then, the spinor X defined at corners
¢ € T*(G) belonging to the face z € $(G) by

(v*(€) = S(°(c))|? - Re[F(2)]

X(e) = |S
= Re[gX(c) - F(z)] = <X(c) - Pr[F(z);n.R] (5.2.13)

satisfies the propagation equation (5.2.6) around z.
Conversely for X : T*(G) — R a unique real valued solution to (5.2.6),
there exists a s-holomorphic function F' such that (5.2.13) is fulfilled.

When F and X are linked by (5.2.13), it is possible to reconstruct the value
of Fat z € { from the values of X at any pair of corners c,,(2) € T*(G), e.g.
[33, Corollary 2.6]

F) = _Z-g.X(Cm(z))X(Clo(Z))—X(Clo(z))X(Cm(Z))’ (5.2.14)

Im[ X(C(H(Z)) /1’(010(2))
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To study the regularity of s-holomorphic functions as well as the behavior of
their scaling limit, one uses their 'primitive’ and a generalization of the 'primitive’
of the imaginary part of their square. The former is heavily studied in [45, Propo-
sition 6.15] and will is useful to derive local regularity theory for discrete functions
as well as the local equation satisfied by subsequential limits in continuum, while
the latter was introduced by Smirnov in [160] on the critical square grid and has
since been interpreted in several different contexts to identify the scaling limit of
fermionic observables. We start with the primitive Ic of an s-holomorphic func-
tion. In [33, Section 2.5 of], s-holomorphic functions are described as gradients of
harmonic functions on the associated S-graphs, specializing in the Ising context
the technology developed in [45, Section 4.2] for t-holomorphic functions. Given
an s-holomorphic function F' on {(G), one can define in the entire plane (up to a
global additive constant) [33, Section 2.3]

Ic[F] = / (cFdS + <FdQ) (5.2.15)

As for the primitive of the square H, we start by recalling first its combinatorial
definition (i.e. which doesn't require any particular embedding into the plane) for
spinors on Y *(G) satisfying (5.2.6). Afterwards, we precise its analytic interpre-
tation in the context of s-embeddings. This definition which is a generalisation of
the original work of Smirnov can be found in the following form in [33, Definition
2.8].

Definition 5.2.5. Given X a spinor on Y*(G) satistying (5.2.6), one defines
the function Hx up to a global additive constant on A(G) U {(G) by setting

Hx(vp(2)) — Hx(z) = X(cpo(2))X(cp1(2))cost,, p=0,1,
Hx(vg(2)) — Hx(z) = —X(coq(2))X(c14(2))sinb,, ¢=0,1,
Hx(vp(2)) — Hx(vg(2)) = (X(cpq(2)))?

(5.2.16)
similarly to (5.2.8) and (5.2.9).

The consistency of the above definition follows from once again from the pro-
pagation equation (5.2.6). Passing to an s-embedding S of (G, z), one can use
the correspondence between X and F' recalled in Proposition 5.2.4 to interpret
Hx via an s-holomorphic function F'. More precisely, it is possible to define |
eq (2.17)]

Hr ::/%Re(€2F2dS+\F\2dQ) :/%(Im(F2d8)+Re(|F\2dQ)), (5.2.17)

on A(G)U{(G). The function Hp extends linearly to a piece-wise affine function
on each faces of the t-embedding 7 = S (but not on each face of {}(G) as each
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face of T has its own origami square root dQ), at least if one doesen't handle
of G (see [45, Proposition 3.10]). The next lemma links to each other definitions
(5.2.16) and (5.2.17) as shown in [33, Lemma 2.9].

Lemma 5.2.6. Let I defined {(G) and X defined on T*(G) be related by
the identity (5.2.13). Then, the functions Hr and Hyx coincide up to a global
additive constant.

If S is an isoradial grid, the origami map Q is constant on both G* and G°,
thus Hp is the primitive of § Im[F2dS], recovering the original definition given in
[48, Section 3.3]. We now recall the comparison principle for functions Hp = Hx
associated with s-holomorphic functions. This statement is due to Park and can
be found in [33, Proposition 2.11]. In particular, when one of the observables in
the following proposition is identically 0, this proposition becomes a maximum
principle.

Proposition 5.2.7. Let spinors X,Y : T*(G) — R both satisfy the propaga-
tion equation (5.2.6) and the associated functions Hx, Hy : A(G)U$(G) — R
be defined via (5.2.16). Then, the difference Hx — Hy cannot have an extre-
mum at an interior vertex of its domain of definition.

In particular if Hx is bounded at the boundary of a domain (which is trivially
the case for the observables defined in section 5.3.2), then Hx = Hp is bounded
everywhere in the domain.

5.2.4 . Regularity theory for s-holomorphic functions

One of the goals of this subsection is to recall in a concise way the regularity
theory of s-holomorphic functions, which is developed in [33, Sect 2.6], adapting
to the Ising context results from [45, Section 6]. We start by recalling that this
regularity theory requires adding some (mild) geometrical constrains on potential
local degeneracies of the embedding. The highest level of degeneracies authorized
up to now in the s/t-embeddings setups so that one can still extract sub-sequential
limits is made via the assumption EXP-FAT(0) introduced [45, Assumption 1.2].
In this article, we always assume that Lip(k,0) and ExP-FAT(¢) hold (recall that
they hold with a huge margin under UNIF(4) ). In that case, an s-holomorphic
function F satisfies a standard Harnack-type estimate that controls |F|? via the
oscillations of Hr (see [33, Corrolary 2.20] for the original proof).

Corollary 5.2.8. Let x < 1 and a sequence of s-embeddings S° satisfying
Lip(x,6) and Exp-FAT(S) in a disc U = B(u,r). Assume that F? is an
s-holomorphic function on S° and that max,.s)ev [ Hps(v)] < M for all 4.
Then, the following uniform (as ¢ — 0) estimate holds :

()P =0(@"'M) if 8%z) € B(u, ir). (5.2.18)

In particular, the functions Hps are uniformly Lipschitz on compact subsets
of U.
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Under the assumptions of Corollary 5.2.8, [33, Remark 2.11] also ensures that
the functions F%, form a precompact family in the topology of the uniform conver-
gence on compacts of B(u,r) as § — 0. Indeed, those functions are uniformly
bounded and -Hdlder (see [33, Theorem 2.17]) on scales above cst(k) - 6.

5.2.5 . Subsequential limits of s-holomorphic functions

We discuss now the behavior of subsequential limits of s-holomorphic functions,
under the general hypothesis LiP(k,0) , repeating a discussion already made by
Chelkak in [33, Section 2.7]. In what follows, we work with proper s-embeddings
S? all satisfying the assumption LiP(k,d) as § — 0, such that their respective
images cover a given ball U = B(u,r) C C. As the functions Q° all are x-lipchitz
above scale < d and defined up to an additive constant, there exist a sub-sequence
0r — 0 and a k-Lipchitz function 9 : U — R such that uniformly on compacts of
U,

Q% o (S%)~1 = . (5.2.19)

Assuming now we are in the setup of Corollary 5.2.8 and that (5.2.19), consider
let f : U — C be a subsequential limit of s-holomorphic functions F° on S°. Then
following [33, Proposition 2.21] and setting ¢ = ¢4 as in (5.2.7), the differential
form %(?fdz+§fd19) is closed. This comes as a natural counterpart of the definition
of the primitive Ic in (5.2.15). With a consistent choice of additive constants,
the associated functions Hps converge uniformly on compact subsets of U to
he= % [(Im(f2dz) + |f[?dD).

The previous condition on closed form is not easily tractable and hard to inter-
pret in termps of local relations satisfied by f. In [33, Sec 2.7], Chelkak provided a
nicer description when passing to the conformal parametrization of the an appro-
priate surface in the Minkowski space R%!. The author is deeply indebted to Dmitry
Chelkak and Mikhail Basok for explanations that lead to the following paragraph,
most of it being already present in [33, Sec 2.7].

On first recalls that the function ¢ is k-Lipschitz, thus differentiable almost
everywhere. Chelkak then considers [33, eq (2.26)] an orientation-preserving confor-
mal parametrization of the space-like surface (z,9(z)).cu equipped with a positive
metric coming from the ambient Minkowski space

D3¢ +— (2,9) €U xR cCxR =R (5.2.20)

As noted in [33, below (2.26)] when ¥ is a smooth function, the angles (measured
in R>1) of infinitesimal increments are preserved by mapping (5.2.20) if and only
everywhere in D one has [33, eq (2.27)]

2z = (00 and | > |9 > [7¢|, (5.2.21)

where z¢ := 02/0¢ (similarly, Z¢ and ¥¢) stands for the Wirtinger derivative.
If one wants to generalize this discussion without any smoothness assumption
on ¥, one can note that conformal parametrization of (5.2.21) can be equivalently
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rewritten as a Beltrami equation for the quasi-conformal map z — ((z) :

G = p(2)¢z, (5.2.22)

(or in an equivalent way to z; = —u({)z¢), with the Beltrami coefficient p fixed
by the equation

A z (5.2.23)

L [uf? 1-20:

This equivalence can be seen by plugging the identity ¢ = 9.2, +v:2¢ (which uses

the fact that ¥ is real valued) into (5.2.21), which rewrites as —1 = (¢, — 5)?.

Since ¥z = 9, this gives (5.2.23). Moreover the function z — ¥(z) is k-Lipchitz
K

for some x < 1, which proves that |).| < § and ensures that |u| < cst(x) < 1.
For a general k-Lipchitz function, one can now proceed as follows

— Compute the Beltrami coefficient € L* from the equation (5.2.23) al-
most everywhere as 1 is differentiable almost everywhere for the Lebesgue
measure.

— Use the Ahlors-Bers's measurable Riemann mapping theorem [3, Chapter
5] to solve the Beltrami equation (5.2.22), constructing a quasi-conformal
uniformization ¢ : U + D such that (5.2.21) holds almost everywhere in D.

In the ¢ € D parametrization, one can make a convenient change of variables
as in [33, eq. (2.28)], by defining the functions

P(¢) = Sf(2(0) - (20)"? + < Q) - ()2 (5.2.24)

Under this change of variables, Ic[f] := [5f(2(¢))f(2)dz + < f(z)dV reads as

90 = [wp(¢) - 20dC + <o) - (zp) 3. (5225)

Computing their Wirtinger derivatives and using the almost everywhere relation
(5.2.21), one sees directly that g satisfies a conjugate Beltrami equation

Ge=V"9 with vi=— =—— (5.2.26)

where the Beltrami coefficent v is bounded away from 1 as one can see from
Ve = 0,2¢ + U5Z¢ that [v| < 2|9, < k < 1. Moreover g is defined as a primitive
of a continuous differential form and thus inherits some a priori regularity from it.
One can, as long as f is locally bounded that

— The function g has bounded distortion (see e.g. [3, eq.(2.27)]), smaller than
14k

1-k
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— The function ¢ also belongs to Lll(;i. Indeed one has the formula g, =
Sf(2(0))z¢ + s f(2(€)9¢ and f(2(€)) is locally bounded. Moreover the Ja-
cobian at 2 satisfies Jac(z) := |z¢|* — |z5]2 > (1 — k?)|2¢|?, while (5.2.21)
ensures that ]z§| < K|z¢| in the ¢ parametrization. Computing area integrals
of [|z¢|?d?¢ < (1 — k?*) 7! [Jac(z)d?z = (1 — k*)"!Area(2) < oo alows
to conclude.

Combining the two previous observations, one can apply the Stoilov factorization
stated in Corollary 5.3.3 of [3] which allows to write the factorization g = gop
with p : Q@ — Q a 3(k)-Holder homeomorphism and g an holomorphic function. In
particular, g cannot be constant in an open set except if it is constant everywhere.

5.3 . A proof of crossing estimates under the hypothesis Unif()

In this section, we give a complete proof of Theorem 5.1.1 under the hypothesis
UNIF(§) . This proof contains already all conceptual ingredients required, and a
generalisation to wilder local geometries (that will be carried out in the following
sections) only requires being more carefull and efficient in the extension of a piece
of an s-embedding. We start this section by describing an explicit procedure to
weld a piece of a given s-embedding S° to a piece of the square lattice.

5.3.1 . Extension of a topological rectangle with a piece of the
square lattice

One starts with (S°)s-0, a sequence of s-embeddings, each satisfying the hy-
pothesis UNIF(4) for the same parameters 6y, ro. It is clear that up to increasing
the value of § by a factor that only depends on 6y, rg, there exist k < 1 such that
each grids satisfies LipP(x,d) . We aim to extend the approximation of a rectangle
of a fixed aspect ratio in S° such that :

— All the tangential quadrilaterals of the extended picture have a radius r, >
5200.

— The extended picture contains two macroscopic pieces of the square grid
lattice whose faces all have a radius 7, > §2%9.

We limit ourselves to the extension of a rectangle Rs that approximates up to
050(1) the rectangle [—1, 1] x [—3,3] (the rectangles with other aspect ratios
can be treated similarly), chosen with boundary quads in the left and right side all
having a radius . > 2. . Making such a choice of vertical boundaries is trivial
under the hypothesis UNIF(9) since all faces z € {)(G) of the original picture in
S9 have a radius r, > cst - §, for some constant cst only depending on constants
in UNIF(§) . We also denote R the approximation of [—3. 3] x [~5,5], assuming
its discrete vertical boundary in S% contains the respective approximations of the

vertical boundaries of R5. The main output of this section is the next proposition.
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Proposition 5.3.1. Given Rs in S°, and provided & is small enough, one
construct (see Figure 5.3.3) a finite piece of a proper s-embedding Rg’“, ap-
prozimating up o50(1) the domain ([5+; %] x [=5;5]) U ([3;3] x [-4;—5]) U
(=35 4] x [4;5]), such that :
— All quads of R** have a radius r, larger than
— One has Ry € R$Y and the left and right 'vertical’ boundaries of R

belong the boundary of Rg”‘t.
— There exists a horizontal line y = —%—i—o(gﬁo(l) such that below this line,

5200'

the tangential quadrilateral of RE* are kites with horizontal symmetry
axis, all having a radius . larger than §2°0.

— There exists a horizontal line y‘f = %4—05%0(1) such that above this line,
the tangential quadrilateral of RE* are kites with horizontal symmetry

axis, all having a radius r, larger than §2°°.

— R§Xt contains two pieces of a square lattice with an associated 7, larger
than 62 in the regions [3;2] x [~5;—3] and [—32;1] x [3;5].

— RE* satisfies L1P(k,50).

The proof is done by an explicit construction combining several steps and simple
geometrical features on tangential quadrilaterals. From a geometrical standpoint,
extending a finite piece of an s-embedding, while remaining in the s-embedding
setup (i.e. requiering that all faces A(G) are tangential quadrilaterals) is not a
trivial question. Still, one can remark that if all boundary vertices are aligned
along a straight line, there exist a rather simple extension procedure using periodic
layers of kites. Before starting the precise descrpiton of the construction, we recall
simple geometrical features on tangential quadrilaterals in the following sequence
of claims, that should be read with the associated pictures of Figure 5.3.1.

Let z = (vgvgviv]) be a tangential quadrilateral centered at Z with an inner
circle of radius r,. Then one has :

(A) The area of the tangential quadrilateral is a product of the radius of the inner
circle 7, by the half-perimeter of z. In the rest of this article, we bound from
below on multiple occasions the radius of a newly constructed tangential
quadrilateral. This is done by bounding from below the area of z and from
above its perimeter.

(B) Let ¢y, be one of the half-angles of z at v (i.e. the angle formed by an edge
containing v and the bisector that links v to 2). Then there exists a universal
constant C' such that ¢, . > Ctang, ., > C#. The first inequality is true
when ¢, . goes to 0 and is not used for larger values of ¢, .. The second
inequality is a direct computation using the straight triangle formed by v, 2
and the orthogonal projection of Z on one of the edges containing v.

(C) Fix an edge e = [v°v®] € z of a tangential quadrilateral attached to vertices
v° and v® whose respective angles are .0, and @ye .. The length of the
edge e equals r;(cot(@ye ) + cot(pye 2)) = 12 sin(pe 2 + Pue 2).
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F1cure 5.3.1 — (Left) Notations for the tangential quadrilateral with
center Z. The four bisectors intersect at the center Z of the tangential
quadrilateral. (Middle) Hyperbola C drawn in blue denoting in claim
(D) the set of points such that (vjvdviv®) is a tangential quadrilateral.
(Right) Transformation described in (E) of a triangle into a tangential
quadrilateral by adding as a vertex to tangent point of € and one of its
sides.

(D) Fix three vertices v ; and v§. The set C of points v® such that (vjugviv®) is
a tangential quadrilateral is an hyperbola (potentially degenerated to a line)
passing through vg and v}. Indeed, denoting (z, y) the coordinates of v* and
writing the equality |v® — o3| — [v® — 0S| = |v§ —v§| — |ug — v|, one recovers
the algebraic equation of a conical. This conical is clearly unbounded and
admits the bisector of the angle (v§vgv]) as an asymptote when v*® goes to
infinity.

(E) Let T' = (JKL) be a triangle (whose vertices are labeled in the counter-
clockwise order) and consider € the circle of radius r tangential to its three
sides. Consider e.g. M the point at the intersection of € and the segment
[JL]. Then one can view the quadrilateral (J K LM )(still labeling vertices in
the counter-clockwise order) as a tangential quadrilateral, whose tangential
circle is €.

We explain now how to slice horizontally a piece of an s-embedding to extend
it afterwards by periodic layers of kites. We start by giving a very concrete method
to replace the interesection of a tangential quadrilateral and a closed half-plane
by several tangential quadrilaterals whose bottom boundary vertices are all aligned
along the border of that half-plane.

Definition 5.3.1. Let z € {(G) a tangential quadrilateral and y a horizontal
level intersecting z. We say that Z C Z is a horizontal alignment of z at level
y if

— Z is the union of at most 3 tangential quadrilaterals.
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— Z =7%N(y+H) ie. Z is the intersection of z and the close half plane
above level y.

The next lemma ensures that it is possible to perfom a horizontal alignment
of a given tangential quadrilateral.

Lemma 5.3.2. Let z a tangential quadrilateral and y a vertical level (repre-
sented by the line passing by) that intersects z at a level that doesen’t contain
its highest vertex. Then there exist an horizontal alignement of z at level y.

Proof. The proof is made by an explicit construction using geometrical claims
recalled above about tangential quadrilaterals. We make a dichotomy depen-
ding on the number of vertices of z below level y.

(1) There is only one vertex of z below level y

Up to swapping colors, one can assume that the vertex below level y is
vy. Let C the be hyperbola (see claim (D)) of points v*® such that (vgvivv®)
is a tangential quadrilateral. This hyperbola is a continuous curve inside z
containing the points v§ and v]. A continuity argument ensures the existence
of a point 0°* with Im[0°®] = y such that (vjvjv]0®) is a tangential quadrila-
teral. As a consequence (e.g. checking the alternate sum of edge-lenghts), the
quadrilateral (v§udvio®) is also tangential. Set now the points 0§ and 7} to be
respectively the intersections of the segments [vgvg] and [v§vi] with the level
y. Using the claim (E), one can transform the triangles (0°v303) and (9*v79})
as tangential quadrilaterals by adding repectively the vertices 77, and 07, to
the segments [050°] and [030°].

(2) There are two vertices of z below level y

We make a dichotomy of two subcases that appear here.

(a) The two vertices of different colors v§ and vg that are below level y.
Consider first C; the hyperbola of points v® such that (vjvdviv®) is a tangen-
tial quadrilateral linking continuously v§ to v} inside z. There exist again of a
point 9°, with Im[0°] = y, such that (vgvdv{?®) is a tangential quadrilateral.
As previously, the quadrilateral (vgvv$0®) is tangential. One then reapply the
same strategy, this time to the tangential quadrilateral (vgv$v]9®) to construct
inside (vgugvit®) a tangential quadrilateral (vfv}o°0®) with Im[0°] = y. Set
this time 03 and 07 the respective intersections of the segments [vjvg] and
[v3vg] with the line y. Using claim (E), one can construct two tangential qua-
drilaterals out of the triangles (o§v7vg) and (75, vivg) by adding respectively

one white vertex to the segment [0Jv®] and one black vertex to the segment
[0650°], both located on the axis y.

(b) The two vertices v} and v} below level y are of the same color (that
we assume to be black here up to swapping colors). In that case, (vgvjviv®)
is non convex and z N (y + H) is formed by two triangles containing respec-
tively vy and v]. Denote by 9, 75;, 07, U1, the intersections of respectively
[voug], [vgvs], [vTvg], [vtve] and this axis y. Then the triangles (03,03,v5) and
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FIGURE 5.3.2 — Top : (Left) Case 1 (Right) Case 2a. Bottom : (Left)
Case 2b (Right) Case 3

(05,03,v7) can be viewed as tangential quadrilaterals by adding two white
vertices to the segments [07,00,] and [03,01;]-
(3) There are three vertices of z below level y

Assume e.g. that v] lies above level y. The consider 95 and 9] the intersec-
tions of y and the segments [v}vg] and [v}v]. Then one can view the triangle
(v30577) as a tangential quadrilateral by adding a black vertex to the segment
[2507]-

O]

In order to apply regularity theory for s-holomorphic function, one needs to
check the hypothesis Exp-FAT(d) , which could fail if some of the quads produced
by this slicing procedure have a too small radius r,. We explain in what follows
that under the assumptionn UNIF(J) , there is only a negligeable share of vertical
levels that produce too small tangential quadrilaterals, thus one can find a vertical
level y that produces fat-enough quadrilaterals.
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Definition 5.3.2. Let y be a horizontal a level that intersects the tangential
quad z. We say that y is a 8-bad level for z if one of the tangential quadrilaterals
constructed during the horizontal allingnement of Lemma 5.3.2 has a radius
r, smaller than . The complement of 8-bad levels are called 8-good levels.

The next proposition upper bounds the share of bad levels in a tangential
quadrilateral z of a grid satisying UNIF(d) . In words, it shows that S—bad levels
(for a small 3) are only those close to the horizontal lines containing vertices of z.

Proposition 5.3.3. Let z be a tangential quadrilateral of a grid satisfying
UNIF(0) . Then provided 6 is small enough, the (vertical) one dimensional
Lebesgue measure of 6°0-bad levels intersecting z is at most 46*.

Proof. Recall that all the angles ¢, . of the tangential quadrilateral are boun-
ded from below under the assumption UNIF(¢) . Fix a horizontal level y, at a
vertical distance at least 6* from the 4 horizontal lines containing the vertices
of z and perform an horizontal alignment at level y following Lemma 5.3.2.
We keep exactly the notations of that lemma and separate the four sub-cases
to treat, depending on the number of vertices below level y. We still denote 2
the center of the tangential quadrilateral.
(1) There is only one vertex of z below the axis y

One claims that, provided ¢ is small enough, the area of the tangential qua-
drilaterals (v§v$v$9®) and (v§ugv$s®) is larger than cst x §° for some constant
cst only depending on constants in UNIF(J) . Indeed, consider e.g. the triangle
(which is filled in blue in the left Figure 5.3.1) T(ygy025%) (V5 §*) = T(vs,6%) C
(vgvdviv®), isoscele at v such that

— The symmetry axis of T'(vg,d?) is the bisector of the angle (vjvJvs)

— Two sides of T(v§,d*) belong respectively to the segments [v§vg] and

[o7vg]-

— The height of T'(vg,d*) (along the bisector of the angle (vjvdvs)) is 6.
Since the angle goq, ~ is bounded from below, the area A(v vevooe) Of T(vg, %)
and thus the area of (v3vgv§D®) is larger than cst x &5. Moreover the perimeter
Per (e p80050) Of (vgvgvi0°®) is at most 40 (it is a general fact that if a convex

polygon lies inside another one, the perimeter of the outer-one is larger than
the interior one). We then deduce that
L r(guguooe) = 24500000 )Per(u%'v% o) = Cst X 6% - 671 > 6% using claim
(A) provided § is small enough.
2. The angles 1}5/1)8\17 and 1}5/1)f\27 are both bounded from below by the
quantity C7(,gyepoge)0 1> 8% 671 > 68, where the absolute constant
C' comes from claim (B) and ¢ is chosen small enough.

3. One can compute directly the area of the triangle [v§vg0®], which is
exactly equal to & sinv§vgo® |05 —vg||5® —vg| = $6°-6%-6* > 617, As the
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perimeter of [vjvgv®] is again smaller than 104, one gets Tugugeeng, 2 517
repeating exactly the area/perimeter argument given in step 1.
The same result holds for the triangle (v§v{0®) viewed as a tangential quadri-

lateral.
(2) There are two vertices of opposite color of z below the axis y

Recall that the horizontal alignement is constructed by modifying along the
appropriate hyperbola (v§vivivg) into (9°vfvivg) and then modifying along
the appropriate hyperbola (0°v{v}vg) into (0°v]v}0°).

Repeating the arguments of the case with one vertex below the axis y, one
gets

— The angles U(')/vf\ﬁ‘ and ﬁm are larger than 6%, as in (2). The radii
of the tangential quadrilaterals associated to the triangles (9§v{0°®) and
(5v37°) are then larger than 617 as (3).

o ~e

— The tangential quadrilateral (v59®v§v}) has an area at least §° as in (1).
Following this time (2) and (3), the angle 17'/1)i’\vf and the radius ryggesovs
are both larger than 65.

— One can now consider the triangle T(,gzev252) (V7 §9) = T (v§,4?), isoscele
at v§ whose height along the bisector of (v§o*v$v?) is §°. This triangle
is contained in (v§@*v§v}) and has an area i sin fﬁ)f\vf 6262 > 6%,
One can then conclude that ryegege,s > 62" as in (1).

(3) Remaining cases To handle the remaining cases (corresponding to

2b and 3 in Lemma 5.3.2) it is sufficient to note that in e.g. the case where three
vertices of z are below the axis y, the triangle T{ e 0080 (01, §4) =T (v}, 0%) is
inside the triangle (5v$75) has an area at least cstd®. The tangential quadri-
lateral associated to (35v$95) has then a radius 7, > 6% as in (3).

All together, this proves that the one dimensional Lebesgue measure of
5%0-bad levels intersecting z is at most 46%.

O]

Remark 5.3.3. One can note that in the previous proof, one uses a rather ge-
neral scheme to obtain a bound from below of the radius of the newly construc-
ted tangential quadrilaterals after perfoming an horizontal alignement. An a
priori lower bound on the area and an upper bound on the edge-lenghts gives
a bound on the angles and radii. In particular if one replaces the bounded
angle property by a lower bound on angles (which can be itself derived via a
lower bound on radii following claim (B)), one can apply the same strategy
with appropriate changes in the result.

We are now in position to prove Proposition 5.3.1

Proof. The proof is done by an explicit construction and should be followed
with Figure 5.3.3. We only treat the bottom boundary, the upper one can be
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treated similarly. Provided ¢ is small enough, Proposition 5.3.3 ensure that
the vertical Lebesgue measure of §3°-bad levels for one concrete quadrilateral
is at most O(4%). Under the assumption UNIF(J) there are at most O(52)
tangential quadrilaterals in a region of bounded area, thus it exists a good
level yg = —% + 050(1). We detail now the step by step construction of the
desired extension R§**.

Step 1 : Slicing S° to align all vertices of A(G) into a horizontal line. One

performs a horizontal alignement at level yg of all tangential quadrilaterals
intersecting level yg. In that case, Proposition 5.3.3 implies that the lower
boundary of the sliced picture is now formed by a sequence of tangential qua-
drilaterals with radius 7, > §%°. Moreover, in the proof of Proposition 5.3.3,
one sees that the angles of the tangential quadrilaterals attached to the axis yg

are all larger than §'9

, which implies that the sum of two consecutive angles
in each of those quadrilaterals is in [26'%; 27 — 2§1°]. One can now conclude,
using claim (C) on geometrical features of tangential quadrilaterals, that the
distance between two consecutive vertices (which are of opposite color) on the

axis yJ is larger than 6% sin(26'0) > 640 provided § is chosen small enough.

Step 2 : Create a second layer of horizontally aligned vertices

Once we have a discrete boundary aligned in the horizontal axis yg , one can

extend this boundary from below, using again tangential (at white vertices

of yg) quadrilaterals of triangular shape. More formally, let Gza be the set of
0

white vertices belonging to the axis yg . We extend the discrete boundary at
level yg by creating a layer of quadrilaterals, tangential at vertices of GZ‘” such
0

that their second white vertex lies exactly the level yg —26%9 (drawn with blue
dashes in Fig 5.3.3). Given three consectuive vertices v} ~ v° ~ v3, consider
the circle of radius r, centered at the point (Re[v°],Im[v°] — r) and T'(r) the
triangle tangential to the segment [vjv3] at v° (see Fig 5.3.3) and denote vy
its third vertex. As r goes to 0, T'(r) is smashed to the segment [v}v3] and vy
goes to v°. On the other hand Im[v

o

?] is strictly decreasing towards —oo up

the value 9 > 0 such that the tangents to the circle €(rg) passing respectively
by v} 5 become parallel. As both [v] 5 — v°| are larger than 540 one can easily
see that ro > 6% (as the two tangents to €(rg) passing by v}, clearly still
intersect for r < 6%0).

Consider now the hyperbola C, which represents the set of vertices v, such
that (vfv°v3vy) is a tangential quadrilateral (see the geometrical claim (D)).
By symmetry reasons, the tangent to C at the point v° € C is the vertical
axis passing by v°. Let us now write the equality |vy — v}| — |v) — v3| =
|v° — v}| — [v° — v3] and use Taylor expansions as |vy — v°| goes to 0. In the
leading term, it reads as :

A i IR B 07 = v
- _ O r — o o O T
T L s Ll s L e



which imposes that vy — v° is (at first order) vertical near v°. Going to the
second term of the previous expansion, one can see that this expansion is
a good one as long as |[v2 — v°| < §%9. More precisely, the difference between
iIm[vg —v°] and (vg —v°) is bounded by 75 |ve —v°|. In particular chosing then
the unique 7 so that Im[vy] = yg —26%0 proves the existence of a quadrilateral
(v3v°vtv?), tangential at v°, such that Im[v?] = y§ — 26%0. The radius of the
tangential circle associated to any of those newly constructed quads is at least
6120 as the area of T'(r) is 3[vs — v}| x 2610 > §12°. Moreover the distance
680 545

between two consecutive vertices v. lying on the axis yg — 26°° is at most

(as they are respectively %580 hotizontally away from their white counterparts
in ).
Step 3 : Symmetrize the picture to get a layer of kites

One can now symmetrize the boundary with respect to the (blue dashed) axis
yg —26%Y to construct kites whose bottom white vertices are all aligned along
the axis yg — 46%. Those symetrized edges are drawn in green. Repeating the
previous area argument, all the associated radii of the newly formed quads are
larger than 6%°. We finally replicate this symetrization vertically until the axis
y = —5+ 050(1). Those edges are drawn in green in Fig 5.3.3.

Step 4 : Add the squares at the bottom right
Let 2°. and 2

min max

denote respectively the minimal and the maximal x
horizontal coordinate of the lower boundary at the level yg used to slice (those
coordinates are respectively o5_o(1) from F3). One can close vertically the
left and right vertical boundaries of the extension using again ’triangular’
shapes by adding vertical vertices with coordinates (zmax, ¥ — (2k+1)6%°) and
(Zmin, Y3 — (2k+1)6%0) for k > 0 some large enough integer, until the new boun-
dary touches the level y = —5+05_,0(1)). This forms a sequence of alternating
vertices of G° U G*® separated vertically by a distance 20%°. These segments
%, one creates tangential quadri-
laterals of triangular shapes, attached to the orange edges, whose vertices are
located at position of the form (Zmax, ¥3 — (2k 4 1)650),(Zmax, 3 — (2k +2)6%0)
s (Tmax, Y3 — (2k+3)680) and (2mayx +26%, 1§ — (2k +2)680) and then continues

the picture to the right with squares in A(G) whose diagonal between white
580

are colored in orange. Below the axis y = —

vertices is horizontal and of length 46°". This concludes the construction.

To check the fact that the constructed grid satisfies Lip(x, 59), it is enough
to notice that in the original part of the grid it already holded, in the kite region
is holds as |Q(z + iy) — Q(x + iyd)| < 26 (as we copy periodically). As the
transition region between the original grid and the kite region is of vertical
depht smaller than §, one can simply bound the derivative of the origami
map by 1 there to recover that the assumption Lip(k, 56) holds for the entire
extended picture.

O]
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5 P

FIGURE 5.3.3 — (Left) Scheme used in step (3) to extend the grid below
the level . We draw several triangles T'(r) with different radii . (Center)
Local picture near the boundary after the entire extension procedure. The
slicing level 4 is drawn in purple, the piece that belonged to the original
picture before slicing is dashed, the lateral boundary used to construct a
square grid piece is drawn in in orange. (Right) : Final shape containing
the square grid pieces colored in orange. While considering the Ising
model on the next section, we discretize the blue arcs with free boundary
condition and the remaining of the boundary of Qs = (a’°b°c’d’®) as wired
arcs.

We denote a’, %, ¢, d’ the vertices at the junction between the original piece
of 8% and its extension R ordered counter-clockwise with a’ lying in the top
left. More precisely, a® lies at (—%; %)+05_>0(1), b0 lies at (—%; —%)+05_>0(1),05
lies at (3;—2) + 050(1) and d° lies at (3;4) + 05—0(1). The two square grid
regions are called the square grid districts and are colored in orange and we require
that the vertices of G° approximating the horizontal arc of the bottom right district

all belong to the same horizontal axis.

5.3.2 . Proof of Theorems 5.1.1 and 5.1.2 under Unif(¢)

We now prove Theorem 5.1.1 that allows to deduce Theorem 5.1.2 as recalled
in Section 5.1. The proof of positive magnetization between opposite boundaries
in the alternating wired/free/wired/free spin-Ising setup is done first in the do-
main RJ,, constructed in section 5.3.1 and then deduced in R? using standard
monotonicity arguments with respect to boundary conditions (e.g. [60, Theorem
7.6]). Since the graphs highly lack symmetries, the main tool to prove the positive
magnetization is to work by contradiction in a discrete 4-points setup (alternating
wired and free boundary conditions on the four arcs). Namely, one can construct
in the extended domain a sequence s-holomorphic functions F out of 4-points
Kadanoff-Ceva correlators and prove their convergence to a continuous function f
together with the convergence of the associated H? to a continuous function A,
which inherits Dirichlet boudary from discrete, at least in the square lattice dis-
tricts. If the magnetization vanishes under some sub-sequence 6 — 0, the only way
to reconcile discrete estimates for F° and continuous estimates for f is to have the
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latter vanishing identically in the sqaure districts, which is in its turn impossible.

The idea to prove the positive magnetization using observables dates back to
Smirnov and was first implemented in [48, Section 6] on isoradial grids. It was
then applied by Chelkak in [33, Section 5], without using the comparison between
functions H® and discrete harmonic functions, as this approach is not possible
outside of the isoradial context. Here, the introduction of pieces of a square lattice
near the wired arcs allows re-use the original technology introduced for isoradial
grids in [48, Section 5], modulo some uniqueness principle for solutions to Beltrami
equations. In this section we keep using the Kadanoff-Ceva formalism instead of the
loop representation for the FK-model used in [48, Section 6]. As a simplification,
one notes that in order to prove the non-vanishing magnetization in the limit,
there is no need of the rewiring procedure for the wired/free/wired/free setup
introduced in [48, eq (6.3) and (6.4)] and we present here a more transparent
derivation. Still, let us note that the rewiring procedure remains useful if one wants
to prove convergence of magnetization in the same 4 points setup.

Let (Q5;a®,b°, ¢, d°) be a discrete simply connected domain of an s-embedding
S°, with two wired boundary arcs (b°¢®)°, (d%a®)° and a two dual-wired boundary
arcs (c°d®)® and (a’h?)®. One can now define the Kadanoff~Ceva four points
observable by setting X(-) := Eq, [X()(eras)s O (a5q5)°] Via (5.2.5) and gets

Xé(aé) = xEq; [/J,(asbs).,u,(cada).], Xé(dé) = =1,
Xé(b(S) = :|:EQ5 [M(aébé)'M(c5d5)'0(b5c5)00(d5a5)°]7 X6(05) = :EEQL; [U(bacé)og(déaé)o].

Choosing properly the global additive constant in the definition of H ys associated
to X° via (5.2.16), one has

Hys((2d)%) =1, Hys((d°a%)°) =0,
Hxa((a5b5)') =1- E[M(aébé).u(cadé)-]Z, HX5<(b666)O) =1- E[U(bécé)oU(déaé)o]2.

We focus on the situation where Q5 = (b°,¢?,d’, a%) is the topological rec-
tangle R§** constructed in Section 5.3.1, approximating the domain = ([_71, %] X
[=5;5]) U ([3; 2] x [—4;—5]) U ([—3; 4] x [4;5]). One denotes by F and H’ =
Hps = Hys the functions naturally associated to X° via (5.2.14) and (5.2.16).
Using the maximum principle for H? coming from Proposition 5.2.7, one directly
deduces from the boundary conditions (5.3.2) that the functions H s are uniformly
bounded on €. Recall that all the faces of R§** have by construction a radius
r, > 619 (as one can see in the proof of Proposition 5.3.1), thus the assumption
ExP-FAT(9) is fullfiled, as well as the assumption Lip(k,50) (which is again an
output of Proposition 5.3.1). In particular, one can apply the regularity theory for
s-holomorphic functions recalled in Section 5.2.4 and conclude that there exist a

subsequential limit of the family (F%)s-¢ such that, uniformly on compacts of ,

F° — f, Hps — h =1 [Im[(f(2))%dz] + | f(2)*dv.
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In general d¥ # 0, and f is not holomorphic. Still, the function f is ho-
lormorphic inside in the regions [3,3] x [—5,—4] and [—3;3.] x [4;5], as ¥ is
constant there. This also implies that & = 3 [Im[(f(z))?dz] is a harmonic func-
tion in those regions. Assuming Eq,[0(ps00)00(g349)0] — 0 as § — 0, we have
Hys((0°c%)°) = 1 — Eq, [U(bécé)oa(déaé)o]z that goes to 1 as & goes to 0. The
contradiction is obtained in three steps :

— We show that h has Dirichlet boundary 0 in a piece of the arc of the top left
region and has Dirichlet boundary 1 in a piece of the bottom right region.

— In this scenario, the only way to reconcile discrete and continous estimates
in the bottom right district is the one when f vanishes identically in the
bottom right district.

— The Sloilov factorization of the primitive Ic implies that the function f
should actually vanish everywhere in 2, contradicting the change of boun-
dary values of & in different districts.

The author is grateful to Mikhail Basok for pointing out the Sloilov factorization
allowing to obtain the final contradiction.

Proof. Step 1 : Boundary behavior of the continuous functions f and h
Recall that Hys((b°c°)°) = 1 — Eq, [J(bécé)oa(déaé)o]z — 1 at the wired arc

(b%¢?). This statement remains in particular true at the horizontal arcs of the

bottom right square grid district. In the square grid districts and a priori only

there, one can apply [18, Proposition 3.6] and deduce directly that

— The function Hps is sub-harmonic on G° for the natural Laplacian on

G° defined in [18, eq (3.1)].

— The function Hps is super-harmonic on G* for the natural Laplacian on
G* defined in [18, eq (3.1)].

One can then apply the boundary modification trick of [18, Lemma 3.14, Re-
mark 3.15] to compare H® with discrete harmonic functions and prove exactly
as in [18, Theorem 4.3]) that discrete Dirichelet boundary conditions survive
when passing to continuum i.e. A extends continuously to 1 at the horizon-
tal arc of the bottom right square grid district. In continuum, the 1 Dirichlet
boundary conditions of h at the horizontal segment [3; 2] x {—5} and the fact
that h < 1 imply that f extends continuously up to the bottom boundary.
This implies that f2 € R~ near that arc, i.e. f € iR, as shown in [33, Proof of
Theorem 1.3].

Step 2 : Boundary behavior of discrete F?°

For discrete observables, at a boundary quad z of the arc approximating
the horizontal segment [3; 2] x {—5}, the increment of Hps between two conse-
cutive (from left to right) white vertices vanishes identically on the one hand
(this is a direct consequence of (5.3.2)) and is on the other hand proportional

to Im[F%(2)?]. This allows to conclude that F%(z)? € R and one can even go
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beyond that observation, as the value of the boundary argument of F?(z) is
given directly by the formula [33, Lemma 5.3], which implies that F?(z) € R.
In particular F(z) is purely real at the boundary, which means that Im[F?)
vanishes identically there.

In the square grid region, 2’ — Im[F®(2’)] is a martingale for the standard
random walk on quads (i.e. the probability to leave from one z € {(G) to one
of its four neighbours is %) This is a simple implication of the discrete Cauchy-
Riemann equation satisfied by F° (see e.g. [35, eq (3.1)]). Set zo = (3; =5+ )
and denote by R‘s% the square of width 251 centered at (%; -5+ s%) Using

S

the standard gamblers ruin estimates for random walks on Z?, the probability
that the random walk associated to Im[F?(2')] leaves R®, from its top side
s4

is O(s%) and the probability that it leaves R°, from one of its vertical sides
s4

at a height p (from its bottom boundary) is bounded by p%“ for some € > 0
independant of s and . We apply now the optional stopping theorem to the

stopping time the walk started at zp leaves R?, . One then has
s4

— The contribution of the bottom side of R?, vanishes identically as
s4d

Im[F°] vanishes there (which is a consequence of the construction of
the cut).

— The contribution of the top side is bounded by O(s% . s_%) as F9 is
1
bounded there by s™5 in the top segments of R‘S_i[.
S

— The contribution of the vertical sides is polynomial in s, as the pro-

bability to leave from one of the vertical sides at a height p from the
1.,
2

bottom side is bounded by p2*¢ and we have the upper bound |F?(z)| =

O(dist(z, 09Q) " 2).

In conclusion |Im[F?(zy)]| = O(s?") for some positive exponent 5”. Sending
first § to 0 and then s to 0 implies that f vanishes at ( %; —5). The same reaso-
%; %] x {—5}. Since f is holomorphic
| X [=5, —4] and vanishes in a boundary arc, it vanishes eve-

ning ensures f vanishes in the entire arc |
13
254
rywhere in [4, 3] x [=5, —4]. This implies in particular that its primitive I¢ is

in the region |
constant there. On can also note that a similar reasoning on survival of Diri-
chlet boundary conditions applied at the top left square grid district proves
that h = 0 near the arc [—2; 1] x {5}.

Step 3 : Final contradiction using the Stoilov factorization

We are now in position to conclude the final contradiction. Consider the
function g(¢) = Ic(¢) defined by (5.2.25) in the ¢ conformal parametrization
of (z,9(z)). As explained in section 5.2.5, g satisfies a conjugate Beltrami
equation (5.2.26) with a Beltrami coefficient which is bounded away from 1,
only depending on k. Since f vanishes in the bottom square grid region, g is
constant there, thus constant everywhere in 2. In return, this proves that f
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vanishes everywhere in 2. This contradicts the change of boundary values from
0 to 1 for the function h between the two opposite square grid districts. [

5.4 . Extension of the proof under the assumption Lenght-Exp-Fat(?)

We explain now how to adapt the preceeding methods to prove crossing es-
timates under the assumption LENGHT-EXP-FAT(d) . Those modifications are
rather mild and the only additional constrains compared to the proof under the
assumption UNIF(§) is to ensure that tangential quadrilaterals constructed when
slicing horizontally and extending the original picture do not have a too small ra-
dius 7. This allows to apply then the regularity theory for s-holomorphic functions
developped in the section 5.2.4 and extract sub-sequential limits. Once this is done,
all the arguments presented in the section 5.3.2 apply in the exact same way. We
explain here how to adapt the proofs and statements given section 5.3 to recover
the same the final contradiction if Theorem 5.1.1 doesen’t hold. The main addi-
tional ingredient of this section is Proposition 5.3.1 which is a clear generalisation
of Propositon 5.4.1.

Fix v > 0 and denote once again the rectangle R} approximating up to 05_o(1)
the rectangle [—3, 3] x [—3, 3], chosen with boundary quads in the left and right
side all having a radius 7, > exp(—vd~1). Provided § is small enough, such a
choice is always possible under the assumption LENGHT-EXP-FAT(J) (and even
under the assumption EXP-FAT(J) ). We also denote R;ﬁ the approximation
of [—3.,3] x [=5,5], assuming its discrete vertical boundary in S° contains the
respective approximations of the vertical boundaries of R}, and is also formed
by quadrilaterals all having a radius 7, > exp(—vd~!). The main output of this

section is the next proposition.

Proposition 5.4.1. Given v > 0, chose R} as above in 8%, assuming the se-
quence of embeddings satisfy the assumption LENGHT-EXP-FAT(J) . Provided
6 is small enough, one can construct a finite piece of a proper s-embedding
Rg’eXt, approzimating up os—o(1) the domain ([F; 4] x [=5;5]) U ([3;3] x
[—4; —=5]) U ([—2; 3] x [4;5]), such that :

12
— lim > diam(z) = 0, where the sum is taken on quads of
6_>Orz<exp(—25076*1)
v,ext
Rs™.

— One has R} C Rg’e’(t and the left and right "vertical’ boundaries of R}
belong the boundary of Rg’eXt.

— There exists a horizontal line y§ = —I + 050(1) such that below the
line yg, the tangential quadrilateral of Rg’eXt are kites with horizontal

symmetry axis, all having a radius v, larger than exp(—250y5~1).

— There exists a horizontal line y‘f = % + 05—0(1) such that above the
line y‘f, the tangential quadrilateral of Rg’EXt are kites with horizontal
symmetry azis, all having a radius r, larger than exp(—25075~1).
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— R}’em contains two pieces of a square lattice with an associated r, larger
than exp(—25075~1) in the regions [&; 3] x [=5; —4] and [—3; 3] x [4;5].
— RY satisfies Lip(k, 50).
In order to prove Proposition 5.4.1, one starts once again by proving the exis-

tence of a good horizontal slicing level, which is done by quantifying the share of
bad levels defined in Proposition 5.3.3.

Proposition 5.4.2. Let z be a tangential quadrilateral with a radius r, >
exp(—y0~1) and whose edge-lenghts are smaller than §. Then provided & is

small enough, the (vertical) one dimensional Lebesgue measure of exp(—40y5—1)-

bad levels intersecting z is at most 4exp(—4y5~1).

Proof. We keep exactly the notations and methods used in the proof of Pro-
position 5.3.3. Using claim (B) on the geometrical features of tangential qua-
drilateral, the angles ¢, . are now bounded from below (provided ¢ is small
enough) by 67! exp(—v6~1) > exp(—vyd 1), as r, > exp(—vd~!) and the edge-
lengths are smaller than ¢. Fix an horizontal level y, at a vertical distance at
least exp(—4vyd~1) from the 4 axes containing the vertices of z and perform an
horizontal alignment at level y. Again, we treat separately the four sub-cases
depending on the number of vertices below level y and still denote by Z the
center of the tangential quadrilateral z.
(1) There is only one vertex of z below the axis y

The area of the tangential quadrilaterals (v§viv{o®) and (vgugvio®) are
larger than $exp(—yd 1) exp(—4v6~1) exp(—4yd~!) > exp(—10yd~!). This
can be seen once again computing e.g. for (vgvjv{o®) the area of the isocele
triangle at v§ denoted by T(ysvsv25e)(v5, exp(— 446~ 1)), whose angle at vf is
now larger than exp(—vyd~!). This implies the following bounds, provided d is
small enough :

L rousvese) = 24(0us 0000 )Per_1 > exp(—10761)-671 > exp(—10y6~

(vgvdvyo®) =

2. The angles vo/vo\f)’ and 110/1)1\21 are both bounded from below by the
quantity C’r(vgvgviﬁ.)é_l > Cexp(—1076~1) - 671 > exp(—10y571).

3. The area of the triangle [vjv{0°®] can be computed explicitely and is now
larger than + exp(—1076~1)-exp(—4v5~1)-exp(—4y0~1) > exp(—2075~1).
As the perimeter of [vjui0°®] is still smaller than 100, one gets the lower
bound Togugoesg, = exp(—20v5~1).

The same result holds for the triangle (vjv7o®).
(2) There are two vertices of opposite color of z below the axis y

Repeating exactly the arguments of the similar case in the proof of Pro-
position 5.3.3 one has
— The angles 115/vf\17' and 170/11{\1)8 are larger than exp(—10y4~!) while the
radii of the tangential quadrilaterals associated to the triangles (95v{0°®)
and (55v}9°) are then larger than exp(—20y5~1).
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— The tangential quadrilateral (v@*vSv}) has an area at least exp(—10y5 1)
which implies that both the angle 9*v{v} and the radius Tygpsvout Are
larger than exp(—10y5~—1).

— Considering the triangle T(,z0y202) (V7 exp(—127671)) contained in (v§¥*vSv?)
whose area is %sinf}fv-\fv{exp(—1276_1)-exp(—1275_1) > exp(—40y6~1)
one can conclude that Tyogeon? = exp(—4075_1).

(3) Remaining cases The remaining cases are solved noting once again

e.g. for the sub-case where three vertices of z are below the axis y that the
triangle T(UBUSUIUT)(UI,exp(—4'y§*1)) is inside the triangle (9§v}og) and has
an area at least exp(—10y6~!) as the angle of z at v§ is bounded from below
by exp(—yd~1). In particular the tangential quadrilateral associated to the
triangle (95v$3) has a radius r, > exp(—10y6~1).
All together, this proves that the one dimensional Lebesgue measure of
exp(—40v5~1)-bad levels intersecting z is at most 4 exp(—4y5~1).
O

We are now in position to prove Proposition 5.4.1.

Proof. The proof mimicks the proof of Proposition 5.3.1 and only the dif-
ferences are highlighted here. We use the hypothesis LENGHT-ExXP-FAT(0)
for v > 0 fixed. Provided ¢ is small enough, the Lebesgue measure of ver-
tical levels y in [—4;4] intersecting quads with a radius 7, < exp(—y6~1) is
05-0(1). Consider A, the set of y € [—4;4] such that the vertical level y do
not intersect any quad with 7, < exp(—yd~1) i.e. any level of A, only in-
tersects quads such that r, > exp(—y6~!). There are at most O(exp(2y5~1))
different quads intersecting A,, since the overall area of a macroscopic rec-
tangle is bounded from above. Using Proposition 5.3.3, the one dimensional
Lebesgue measure of exp(—40v5~!)-bad levels intersecting a given quad of A,
is at most exp(—4yd~!). Thus the Lebesgue measure of exp(—40y6~!)-good
levels is 8 — 05_,0(1) and has a point near yg = —%. Fix such a level yg in A,
near —% assuming moreover that all vertices of A(G) intersecting A, are at a
vertical distance exp(—4yd~!) from yo. This is alwas possible since there are
at most O(exp(2yd~—1)) different quads that intersect A,. We detail once again
step by step the construction of the extension.
Step 1 : Slicing S° to align all vertices of A(G) into a horizontal line.

One performs a horizontal alignement to all tangential quadrilaterals inter-
secting level yg . One deduces from Proposition 5.4.2 that the lower boundary
of the sliced picture is formed by bipartite sequence of vertices separated by
a distance at least exp(—60v5~1) from each other.

Step 2 : Create a second layer of horizontally aligned vertices

One repeats the Step 2 of the proof of Proposition 5.3.1 and creates a
second layer of vertically aligned vertices of G° at the horizontal axis yg —
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2exp(—120v5~1) using triangular shapes T'(r). The radius of any of those
newly constructed quads is at least exp(—200v5~1) as the area of the associated
triangle is 3|vs — 3| x 2exp(—12075~1) > exp(—200751).

Step 3 : Symmetrize the picture to get a layer of kites

Symmetrize the boundary with respect to the axis yg — 2exp(—1207671) to
construct kites whose bottom white vertices are all aligned along the axis yg —
4exp(—12075~1). All the associated radii of the newly formed quads are larger
than exp(—20075~!). One can now replicate this symetrization vertically until
the axis y = —5 4+ 05-0(1).

Step 4 : Add the squares at the bottom right

Repeat motus mutandis Step 4 of the proof of Proposition 5.3.1 replacing
the distance 6% by exp(—12075~1).

The fact that Lip(x,5d) still holds is proven exactly as in Proposition
5.3.1. O

We are now in position to prove the theorem under LENGHT-EXP-FAT(¢)

Proof of Theorem 5.1.1 under the assumption LENGHT-EXP-FAT(J) . For any
fixed v > 0, provided ¢ is small enough, one can construct a topological rec-

*t7 with all the properties of Proposition 5.4.1. In particular, un-

tangle 7?,§
der the assumption LENGHT-EXP-FAT(d) , one can consider a sequence of
s-embeddings Rg‘;’e’(t, with 5 going to 0 as § goes to 0 that satisfy the as-
sumption EXP-FAT(J) . It is then possible to work again by contradiction and
extract a sub-sequential limit (using EXP-FAT(J) and LiP(k, 5d)) of 4-points
observables defined in the domains Rg‘s’e"t to conclude exactly as in Section
5.3.2.

O]
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6 - Convergence of fermionic observables on
s-embeddings with smooth limiting sur-
face

This chapter corresponds to an article in preparation [116], written alone.

6.1 . Convergence of fermionic observables on s-embeddings
with smooth limiting surface

In this chapter, we prove the convergence of the FK-Dobrushin observables
defined in approximations of smooth domains of the plane, in the case where the
limiting origami map ¥ is a smooth function. This result proves the existence of a
scaling limit for the model, which is not locally a holomorphic function, but admits
a nicer description (after a change of variables) as a solution to a massive Dirac
equation on conformal parametrization of the surface (z,9(z)) € R*! (see [33,
Below (2.28)]). The nature of this scaling limit in continuum was understood by
Chelkak in [33, Section 2.7] and we provide here the technical tools to derive the
convergence of the FK observables, when both ¢ and the domain 2 are smooth. A
more general convergence is expected to hold without imposing any assumption on
the smoothness of 4. In that last case, the description of the scaling limit should be
done via solutions to conjugate Beltrami equations, but is not included here. The
main obstacle to a generalization in the case of a rough limiting origami map turns
out to be proving uniqueness of solutions to some Riemann-Hilbert type boundary
value problem. In this chapter, we make the following assumptions :

— We work with a sequence (S°)s=o of s-embeddings, each satisfying the
assumption UNIF(¢) for the same positive constants rg, 6.

— We assume that the functions Q% converge to a C? smooth function ¥
uniformly on compacts of the plane. Note that the pre-compactness of the
family (Q°%)s-0 is always true, as those functions are 1-lipchitz and defined
up to an additive constant.

— The discrete domains % on which the FK observables are defined approxi-
mate in the Carathéodory sense (see [47, Sect 3.2]) a simply connected
domain € with a C! smooth boundary.

Given the methods we use in our proof, the first assumption could be in prin-
ciple weakened to an assumption similar to LENGHT-EXP-FAT(4) without chan-
ging any conceptual ingredient. We do not include such a generalization here to
simplify proof-reading. The assumption on the smoothness of ¥ is mainly done to
prove the uniqueness of solutions to the naturally associated Riemann-Hilbert type
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boundary value problem in continuum. Let us still mention that a generalization of
the comparison principle stated in [138, Lemma 3.6] to functions ¢ whose second
derivatives are in some LP space is plausible and would lead to a similar conver-
gence statement with the proof presented here. Finally, the purpose of the domain
smoothness assumption is to enable the use of the discrete comparison principle in
special topological rectangles to provide a short derivation of survival of Dirichlet
boundary conditions when passing to the continuous limit of the functions H?. The
study of convergence in rough domains, as performed in [138, 46], is seriously more
evolved, from both the discrete and continuous analysis perspective, even in the
case of smooth functions ¥ and is left for further researches. Let us still mention
the case of 'flat’ s-embeddings (assuming Q° = O(§)), where the convergence of
the FK-observables in arbitrary rough domains was proved by Chelkak (see [33,
Theorem 1.2]), extending already known results for the critical model on isoradial
grids that satisfy the bounded angle property [48, Theorem A and B] and proving
conformal invariance of the model.

In what follows, we fix a bounded simply connected domain Q whose boundary
is C! smooth. One distinguishes two boundary points a,b € 052, considered as
prime ends. Let Q9 be a discrete domain with two marked corners a%,b% € 9Q°
such that (Q7,a% b%) approximates (£2,a,b) up to 05_0(1) in the Carathéodory
sense. One can define the FK-Dobrushin correlator X° on (929, a° b°) with wired
boundary conditions on the arc (b°a®)° and free boundary conditions on the arc
(a%b%)* by setting

X(S(C) = E\(’vg’;;7a57b5) [XCO'(béaé)ou(aébé)o]. (611)

The correlator X° induces an s-holomorphic function F° defined via (5.2.14),
together with a function H? = H$ = Hps defined via (5.2.17) and (5.2.16). A
straightforward computation shows that |X%(a®)| = |X?(b°)| = 1, thus one can
choose the additive constant in the definition of H? such that H° = 0 on the arc
(b%a®)° and H® = 1 on the arc (a’b%)*. It is then possible to use the maximum
principle recalled in Proposition 5.2.7 to see that 0 < H° < 1 in the entire domain
Q°.

Controlling the values of H? at a small macroscopic distance from the boun-
dary is a rather delicate question in the general s-embeddings setup, to which we
provide here a completely novel approach, by proving first a similar statement for
observables defined in a local comparison domain, which has nicer boundary arcs.
To conclude for H? near the boundary of €, it is then enough to use the compa-
rison principle recalled in Proposition 5.2.7. We describe now the main result of
this chapter.

Theorem 6.1.1. Let (Q°,a’,b%)s>0 be discrete domains with wired boun-
dary conditions on the arc (b°a®)° and free boundary conditions on the arc
(a‘;bS)', approximating in the Carathéodory sense a simply connected domain
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(2, a,b), with two different marked points a, b in its C! smooth boundary. If
the functions (Q°%)sso converge to a C? smooth function 9 as § — 0, then the
s-holomorphic functions (F%)s-( converge to the unique continuous fonction
f such that

— the differential form (fdz + ifdd) is closed in ,

— h =1 [Im[f?dz] +|f|*dV extends continuously to 0 in the arc (ba) and
to 1 in the arc (ab).

In order to prove this theorem, we first focus on treating observables defined in a
local domain near a given boundary point, chosen with nice discrete boundary cuts.
In that case, the general interpretation of projections of s-holomorphic functions
as harmonic functions (in some particular sense) becomes extremely useful. We
give now a reminder on the interpretation of the harmonicity of projections of
s-holomorphic functions defined on an s-embedding S° via random walks on the
associated S-graphs. The next section repeats a discussion made in [33, Section
2.5].

6.1.1 . Short reminder on the link between s-holomorphic functions
and S-graphs

We first recall the notion of S-graphs associated to s-embeddings, which are
the key object to derive the regularity theory for discrete s-holomorphic functions
(see [33, Section 2.3]). We follow exactly the notations of [33, Section 2.6] and
recall the arguments given there. We start with following definition, introduced
first in the dimers context (see e.g. [45] and references therein) and adapted to

the s-embeddings setup in [33, Definition 2.7]

Definition 6.1.1. Given a proper and non-degenerate s-embedding S : A(G) —
C whose associated origami map is Q : A(G) — R and an unimodular number
a, we call the map S + a?Q : A(G) — C an S-graph associated to S. The
S-graph is called non-degenerate if for all v # v/, one has (S + a?Q)(v) #
(S+a2Q)(v).

When S is a proper and non-degenerate s-embedding, degeneracies in the S-
graph S+a?Q happen exactly at edges (v°v*®) such that S(v*) —S(v°) € —a?R..
One can see using (5.2.10) that for a quad z = (S(v])S(v5)S(v])S(v])) € G(G)
and p,q € {0,1}, the following geometrical observation, first stated in [33, eq
(2.13)], holds

Re[@Q(S—i—aQQ)(v;(z))] > Re[@Q(S—l—azQ)(v;)(z)], (6.1.2)

with an equality possible if and only if S + a?Q is degenerate. In that case, one
of the edges (S(vp(2))S(vg(2))) is collapsed into a point in the S + a?Q plane.
Geometrically, the image (S + a2Q)°(z) of a tangential quadrilateral S°(z) in a

non-degenerate S-graph is a non-convex quadrilateral (see e.g. [33, Fig. 3 (C)]).
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We recall now how the introduction of S-graphs is useful, as they provide an
interpretation to projections of s-holomorphic functions as harmonic functions. The
catch-point of this discussion is Proposition 6.1.3, that states that Pr[F;aR] is
a harmonic function with respect to some directed random walk denoted X, on
vertices of the S-graph S —ia?Q. This means that Re F' can be seen as harmonic
for some random walk on § — ¢Q while Im F' can be seen as a harmonic function
for another random walk on S +iQ. We only work here on non-degenerated S-
graphs. Indeed, the theory extends directly to the degenerate case as the law of
the associated random walks is continuous with respect to the variable & € T. The
appropriate modifications in the degenerate case are explicited in [45, Remark 4.7
and Remark 4.18].

There is a priori an inconsistency of notation in the previous paragraph, as the
function Pr[F'(z) ; aR] is defined on quads of {}(G) while the announced harmonic
functions on S-graphs are defined on the image of A(G) by S + a?Q. We clarify
now this ambiguity following [33, Definition 2.13]. Given S a proper non-degenerate
s-embedding and o € T, let z — v(®(2) be the map that sends = to the pre-image
of the non-convex vertex of the quad (S + a?Q)°(z). In the bulk, this mapping
z +— v(®)(2) is actually a bijection between ¢>(G) and A(G), that depends on
the value of . This bijection changes at values of o where S + a?>Q becomes
degenerate. We recall now the definition of a continuous time random walk X;
in S + a?Q, introduced in [33, Definition 2.14], whose transition rates admit a
natural geometrical interpretation.

Definition 6.1.2. Given S + o?Q a non-degenerate S-graph, set X; = Xt(a)
the continuous time random walk on A(G) defined such that :

(i) the only non-vanishing outgoing jump rates from v(z) = v(®(z) are those
towards the three other vertices of the quad (S + 2Q)%(2);

(ii) these three non-vanishing jump rates are chosen so that both processes
(S + a?Q)(X;) and Tr Var[(S + a?Q)(X;)] — t are martingales.

As noted in [33, (2.19)], the invariant measure p for the continuous time
random walk X; is independant from « and is given explicitly by u(v(z)) :=
$Area(S°(z)) i.e. the invariant measure has a fully geometrical meaning in S. One
can then define X; = )~(t(a) as the time reversal random walk of X; = Xt(a) with
respect to the invariant measure u. The relevance of backward walks was first
noticed in [45, Proposition 4.17] in the dimers context and was then translated
to the Ising context in [33, Prop 2.16]. We emphasize once again that the next
proposition is the key takeaway point of this reminder, and was first stated in [33,
Proposition 2.16].

Proposition 6.1.3. Let F' be an s-holomorphic function defined on S and o €
T. Then the function Pr[F'; aR] is a martingale with respect to the backward
walk X; = X\ on § — 2a2Q = S — ia2Q.
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6.1.2 . Construction of discrete half plane

In this subsection, we recall the definition and the construction of discrete
half-planes coming from S-graphs. Those special cuts, when mapped back to S,
induce fermionic observables with a nicer close to boundary behavior. As for now,
we fix a sequence of s-embeddings (S%)s-q satisfying Lip(k,0) and work for a
fixed grid S°, where 4 is chosen small enough. The construction of the discrete
half-planes of S?% was first performed in [33, Section 5.1], and we focus here on
discrete half-planes in S? coming from the S-graph S? — iQ°. The modifications
for other values of « are rather straightforward and detailed in [33, Section 5.1].
In order to simplify proof-reading, we identify the vertices in S° with their images
in S —iQ°, via the bijection z — v()(2), and only work with non-degenerated
S-graphs (which is always possible on compacts of the plane by a small rotation).
We use the hat " notation for elements of S-graphs.

Fix an horizontal line in the S —iQ? plane that doesn't contain any vertex of
(8°—iQ%)(A(G)) and assume (which is always possible up to a vertical shift of S°)
that this line is the horizontal axis y = 0. In that case, the geometrical inequality
(6.1.2) ensures that in any concave quadrilateral (8% —iQ%)°(z), the two 'black’
vertices lie below the two 'white' vertices. Let CA;E_) C 8§ —iQf (respectively

AZH c 8- Z'Q‘S) be the set of vertices of the S° — iQ° plane with negative
(respectively positive) vertical coordinate. The set CAJE_) is connected. Indeed for

07 € Gz_), let 03 be the other 'black’ vertex of the quadrilateral (S% —iQ?%)°(z)
convave at 0. Then the concavity at 97 and the fact that 97 , are strictly above 07
impose that 03 lies strictly below ©%. As the graph is locally finite, one can iterate
such a consideration to prove connecteness of GZ—)' We recall now the definition
of the discrete upper half-plane introduced in [33, Definition 5.1]

Deﬁnitior} 6.1.4. L(Et 8I:|f’95 be the simple path of the S —iQ? plane that
separates GE_) from GE+)' One denotes 8H;5 C G°UO(Q) its premiage in the
89 plane. The discrete upper-half plane is the connected component of the S?
plane that lies above OHS;.

An example of a piece of IHg; is given in [33, Figure 6]. As emphasized below
[33, Definition 2.2], aﬂgé is a simple path. When pulling back to S?, on views the
set OHS as a sequence of neighboring vertices of G°, each pair of neighbors being
separated by a quad z € OH%. As a consequence of the construction, for any two
adjacent vertices 97, 05 of OHG;, the quad (97979503) in S% —iQ? contains exactly

one black vertex 9} € GA»’EJF) while the other black vertex 935 belongs to GZ*)' It is
also easy to note that all points of 8I:|f95 lie at most at a distance 44 from the axis
y = 0 in the S® — iQ? plane (as all edges of S° are of length smaller than § and

Q% is a 1-lipchitz function).

Lemma 6.1.1. Let o € T and fix L a (straight) segment of lenght | > 1008 in
8% —ia?Q? plane, parallel to the direction o®R and parametrized in the positive
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direction of &2R... Then there exist a polygonal line D of the S® —ia2 Q% plane
formed by adjacent edges of S® —ia?Q? such that

— Disa simple path that remains at a distance at most 46 from L.
— D belongs to a discrete half-plane in S? —ia?QP°.

We denote D C A(G) the pre-image such a polygonal line D in 8.

The polygonal line D is called an adapted straight cut to S —ia2Q°. In the
case of a = 1, the above lemma simply means that provided ¢ is small enough,
any horizontal segment £ in the S° — iQ? plane of length at least 1008 can be
approximated by simple path formed by edges of S° —iQ° at a distance at most
40.

Proof. This is a simple consequence of the construction of discrete half-planes
recalled above, from which we only keep a finite piece to construct D. O

To construct discrete half-planes in S®—ia?Q?, one repeats the same procedure
using a line parallel to a?R and the geometrical inequality (6.1.2). Let us also
mention that similar constructions of discrete half-planes of the form OH%; are
possible and are precised at the end of [33, Section 5.2].

The focus on construction of discrete half-planes is based on the following
observation

— When the backward walk in an S-graph jumps across a discrete half-plane,
it is possible to redistribute its values to nearby boundary quads of OH%;
while maintaining the martingale property, which allows to keep applying the
optional stopping theorem [33, Definition 5.5 and Lemma 5.6].

In the following discussion, we keep exactly the notation of [33, Section 5.3]. As
mentionned in the previous lines, one needs to be careful about the interpretation
of the projection Re[3F] as a harmonic function near the boundary of OHZ;.
Indeed, consider a boundary vertex v° € OHZ; corresponding to a quad 2 € ¢(G)
via the bijection z — v(~%*)(z). Then, it can happen that the values Re[3F(z)]
are distributed outside of HZ;, which doesn't allow to apply the optional stopping
theorem for martingales stopped at the boundary of OHg; (as Re[3F] is not defined
outside of the domain). Following the notation of [33, Definition 5.5 Lemma 5.6 and
5.7], fix 24 € OHS; attached to a boundary vertex v° € JHZ;. If Re[3F(2)] is sent
outside of H%; by the backward walk, one can redistribute the value Re[3F(z)] sent
to quads outside of Hg; to Re[3F'(2+)] while maintaining the martingale property,
at least if the boundary is chosen coming from a discrete half-plane. To see that, list
(asin [33, Lemma 5.6]) in the counterclockwise order z; = zp, ..., 2, = 2— € HZ;
the neighbors of v° in Hg;. Working e.g. near a wired arc, one has the identity
(which is a direct analogue of [33, eq (5.9)])
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where the coefficients k:(f) are given by
B ._ Im[X(C++)X(C+*)] . Im[gﬁx(cout)]
S T ey R o)) RO (ery) — Xy O
k(_ﬁ) — _Im[X(C**)X(C*Jr)} . Im[gﬁX(Cout)] (614)

[ (1) X(our)]  RE—2B(X (1) — X ()]
This observation is similar to the one of [33, Lemma 5.6], replacing formally in the
proof F' by BF, n by A1 and X by BX. If one wants to apply the redistribution
procedure to 24, one needs to check that the redistribution coefficients kf) for
the backward walk on S% — i32Q9 are positive. With the boundary cuts chosen in
the kite region in Section 6.1.3 for the FK observable in the comparison domain, it
will be the case. Considering e.g. the coefficient k:gf), one has (from the discussion
below (6.1.5) in Section 6.1.4) up to a global choice of sign in the definition of the
Dirac spinor X of the comparison domain (in the setup used in Section 6.1.5) :

— The observable F? has a boundary argument in [~7: 7] and is positively

41
colinear to exp (is(Xe(ci4) — Xe(er—))).

— One works with 3 € T such that [arg(3)| < § — cst(k). In that case one

directly deduces that Re[—i58(X:(c44) — Xz(cy—))] is positive.

This is sufficient to conclude on the positivity of kgf) when |arg(8)| < § —
cst(k) since (fixing the sign of X:(cou) in @ 'continuous counterclockwise turn’

starting from X.(c_4) in the notation of [33, Figure 7]), one sees that

— the first factor in kgf) is positive, exactly as in the proof of [33, Lemma 5.7]
(this first factor is in fact independant from /3)

— If v° corresponds to z for 1 < k < n—1 via the bijection v (=8 this then
means that the ray iBQR+ lies in between (S(vg)—S(v°))Ry and (S(vp ) —
S(v°))R4. This implies in particular (with the notation of [33, Figure 7]) that
the ray iBQRJr lies in between (S(v}) —S(v°))Ry and (S(v?) — S(v°))Ry
and implies that Im[¢SX-(cout)] is positive (still as in the proof of [33,
Lemma 5.7]).

Let us emphasize that the possibility to redistribute the walk while maintaining
the martingale property (which amounts to check that 1Y) is positive) is not only
true for the value (-) = S that will be fixed in the third step of Section 6.1.3 but
also for values Bei*#0(%) for some small enough positive constant ¢g(x) that only
depends on k.
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6.1.3 . Surgery and extension of the original domain

One of the key ideas we introduce in the chapter to control the values of the
functions H° macroscopically close to the boundary of Qs (that is still assumed
to approximate a bounded C' smooth domain ) is to control first the boundary
values of the function H§ associated to a correlator defined in a local topological
rectangle around a given boundary point. This topological rectangle will be chosen
such that a part of its boundary contains the pre-image of properly chosen straight
cuts. Recall here that we assumed that the functions Q° converge uniformly to a
C? smooth function ¥ as  — 0. All the different surgeries described below are local
near one of the boundary points and the structure of Q away from that boundary
point is irrelevant to our construction.

Step 1 : Surgery in 2
One first orients the boundary of € in the counterclockwise direction and
parametrize it by a smooth arc v : [0;1] — C. Fiz a point (tp) = z € 92. One

can define 4 = (2) the unitary tangent vector at z, oriented in the same direction
as 01, a well as 7 = 7(z), the outer normal at z € 9Q. Fix € > 0 a small number.
For Iy small enough, consider the square QU := z+ ([—5lg; 5lo]-@) x ([~5lo; 5lo] - 7)
of width 10y and centered at z. One can make the following observations :

— ~~1(Qb) is a finite union of disjoint intervals [t;; t;r] such that?o € [t;; t;g]

— The arc (drawn in red in Figure 6.1.1) C..;, = fy([tj_o;t;;]) is smooth
and connects the two opposite sides of the square QU inside the rectangle
2 + ([=5lo; 5lo] - @) x ([—¢lo; elo] - T)

— Considering the two connected components of Q% separated by C.clor the
one on the left of 4 is entirely included in Q (if [y is chosen small enough).

It is possible that the boundary of € is self-touching at z, but with an arc (oriented
in natural parametrization of 7) coming from the connected component of Qb
that is on the right of @(z). This is a consequence of the fact that the interior of
2 is always on the left of the tangent vector u(z).

Step 2 : Extension of S° by periodic layers of kites
We describe now the second step of the surgery procedure, which focuses on
modifying the graphs at the discrete level. We keep working near the boundary

point z = 0, still assuming that @ = 1, 7 = —i. This construction is a simple
consequence of the extension procedure described in the proof of [117, Proposition
3.1]. Fix lp = lp(# = 0) (that is a local quantity that depends on z = 0) small
enough to be able to apply Step 1. Using the work of [117, Section 3] and under
the hypothesis UNIF(8) , one can find a level yJ = —2¢ly + 0s5_.(1) and perform
a extension from below of rectangle [—4lo;4lo] x ([—2¢lo;elo] + 05— (1)) while
remaining in the s-embedding setup such that

— below the level yg, the extension of [—4l; 41o] x ([—2¢lo; elo] +05—0(1)) fills
the rectangle [—4lo; 41o] x ([—4¢lo, €lp]) by periodic (in the vertical direction)
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Cz,a,lu

FIGURE 6.1.1 — (Left) Global picture of the domain 2 with wired arc
(ba)° and free arc (ab)®. The boundary arc C, ., near z = 0 is drawn in
red. The green arc corresponds to the free arc of the discrete comparison
domain Qie,lo. The interior of 2 is filled in orange pale. (Right) Zoom
near the boundary point z = 0. The zone in grey is filled with kites
(below the axis y = —2¢ly drawn in purple) by the surgery procedure

described in Step 2.

layers of kites, whose symmetry axes are horizontal.
— All the faces of the extended picture have a radius 7, > 6290,
— The entire extended picture satisfies Lip(x, 50).

The kites region is filled in grey in Figure 6.1.1. As a consequence of the periodical
copy procedure in the vertical direction, below the level y3, one has dQ°%,, =
0 between two vertically aligned vertices of the same kite (for both colors). In
particular, as § — 0, one can see in the region [—4ly; 4ly] x [—4ely, —2¢lp] that
dOezt = 0 in the vertical direction, while d¥e¢y(x + iy) = d¥ert(x — 2iloe) for any

x € [—4lo; 4lp) and y < —2lpe.

Step 3 : Choice of the boundary of the extended domain

Fix a small number £ > 0 and assume we are still in the setup where z = 0,
il =1, 7 = —i. Also assume that Q%(0) = 0, which is always possible up to a
proper choice of additive constant. Recall that ¥ (which still denotes as for now
the limiting origami map before the surgery procedure of Step 2) is differentiable
at z = 0. It is possible to choose Iy small enough such that

— The construction of the domain QU given in Step 1 is possible.
— The kites surgery given in Step 2 is possible.

— There exist a,b € R, such that ¥(z,y) = ax + by + (|z| + |y|)p(z,y) for
any (x,y) in the square of width 10y centered at z = 0, with an error term
p(z,y) satisfying [p(z,y)| < &2.

Using the k-lipchitzness of ¥ for a small enough multiple of the unitary vector
1
(a® +b%)"2(a,b), one can see that a® + b? < K2
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As recalled at the end of Step 2, the discrete surgery procedure amounts to
copy the boundary of the original graph (after slicing it in the horizontal direction)
in the vertical direction. It produces then a vanishing vertical increment of dQ9_,
for any two vertically aligned adjacent vertices of the same color. This implies
that after the surgery procedure, (whose embedding after adding the kites is still

denoted by S%), one has the following estimates for Q2

ext :
— Qi(@,y) = ax + by + p(z,y)(|z] + |y]) + 05-0(1) if y > —2¢ly,
— ngt(l‘, y) = ax — 2bely + p(z,y)(Jz| + |y|) + 0s—0(1) if y < —2¢lp.

for some function |p(z,y)| < &2 in the entire rectangle [—4lo; 4ly] x [—4loe; 4lo).
In what follows, we write Q° = ngt and assume the above surgery consisting in
adding the kites near z = 0 has already been done at discrete level.

We are now going to define the boundary of the discrete extended domain in
the S plane, by pulling-back straight cuts of properly chosen S-graphs. The choice
of the S-graph used to construct the discrete boundary near a given point is made
to send segments parallel to the tangent at z € 92 to almost straights cuts in the
corresponding S-graph (i.e. small segments parallel to the tangent at z in the S°
plane are sent close to segments parallel to 3°R in the S% —i32Q?° plane). The
following description still concerns the case z = 0, 4 = 1, 7 = —i and can be
easily adapted for any boundary point.

Let 8 € U be chosen such that 32 = cos(28;)+isin(2/), with sin(23y) +a =
0 and cos(2/3g) > 0. Since |a| < &, one can choose |3y| < § — cst(k) for some
positive constant cst(x) only depending on . We keep identifying the vertices in
the 8% plane with their counterparts in S-graphs, writing the latter with hats. We
define now the boundary of the extended domain as follows. For ¢ € [—4elp; 5%l0],
set

— o := [S® —i32Q%](it) as the image of the point it in the S® —i32Q° plane.

— LY :=3B%cos(200)[—lo; lo] + 0 as a straight segment in the S® — i32Q°
plane passing by ©¢ and parallel to the direction 5%R. We emphasize that ﬁf
is not an approximation by some edges of the discrete set [S°—i32Q](A(Q))
but a usual segment of the S? — i32Q? plane. We also set its pre-image
LY = [8% —ip2 Q%Y (L?) in the S° plane (drawn in orange in 6.1.2). It is
clear that L{ contains the point it.

— L? := 3[—lo; lo] + it as a straight segment in the S plane (drawn in blue in
6.1.2). We claim that L and L? are at most at a distance O(lpe?)+0s_,0(1)
from each other in the S? plane, where the constant O only depends on
k. In words, it means that Lf is almost an horizontal segment in the S9
plane, up to O(lpe?) + 0s_0(1) vertical fluctuation. To prove this claim,
we first show that the images of L and L by 8% — i32Q° are close in
the S® — i32Q0 plane. As distances above scale § are comparable (up to a
constant factor only depending on ) in the S% and S —i3%2Q?° planes, this
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allows to conclude. This announced proximity between the cuts L and L!
is a consequence of the following facts :

1. The set [S® —i5%2Q%)(LY) clearly contains the point 7.

2. Using the two different expansions of Q% = Q2 , above and below the
axis y = —2elp, one has for |z 2| < 3y :

B (187 =iB2Q") (w1 +it)—[$"—iB2 Q" (wa+it) ) = B’ (w1—2)—ia(w1—2»)
+ O(loe®) + 05-0(1).

As Im[ﬁ2 — ta] = —sin(208y) —a = 0, one can directly see that
Im[BQ(fCl — x9) —ia(x1 — x2)] = 0 and thus deduce

[S°—i2 Q%] (z1+it) — [S° =i B2 Q°) (wa+it) = B2 cos(260) (x1—22)+O(loe?)
+ 05%0(1)'

This implies that [S? — i82Q°%| (L) = 382 cos(260)[~lo; lo] + 09 +
O(lpe?) + 05-,0(1), i.e. with that specific choice of 3, horizontal seg-
ments in the S plane are mapped in the S° — i32Q? plane to curves
almost parallel to 3°R.

3. As a combination of the quasi-conformality of S° —i32Q° above scale §
and the fact that the images of L9 and L? are O(lpe?) + 05_0(1) close
in the S® —i32Q? plane, one deduces that L and L¢ are O(lpe?) +
05-50(1) close in the S° plane.

— One can now use Lemma 6.1.1 to construct at a simple path formed by edges
of [S% —iB?Q%(A(G)) at a distance smaller than 46 from the segment
332 cos(2f0)[—lo; lo] + 17‘13510 in the S —i32Q?, coming from the discrete
half-plane attached to the last mentionned segment. One denotes by ﬁ?’gdo
this simple path, as well as L'z’élzo = [S? —iBQQ‘S]_I(IAfz’gEZO) its pre-image
in the S plane, formed by consecutives edges of A(G).

There is a geometrical observation on the path L'z’gelo in the S? plane, which
has an important implication regarding boundary values of fermionic observables
defined in what will be called later the comparison domain (see Section 6.1.4).
One first labels the vertices of Lé_i’galo = (Uk)kgkg with the natural neighboring

order, going (at macroscopic level) from left to right in S? plane, assuming that
vertices of G° correspond to even labels. As the kites have an horizontal symmetry

axis, there are a priori four possible orientations (see Figure 6.1.3) for the vectors

formed by consecutive vertices of 29 .
3elp

— Either v5,v3; 5 is vertical, in the upper or the lower direction.

— Either v5,v3; ,, is horizontal, from left to right or from right to left.
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FIGURE 6.1.2 — (Left) Cuts used in the in S° plane to define the boundary
of the comparison domain. The lower boundary of the comparison domain
is L“Z’;fdo. (Right) Image of the same cuts in S° —i3?Q° plane. The image
of an horizontal segment in the S? plane is sent close to a segment parallel
to 4?R in the in 8° —i3%2Q? plane. The image of L?’gdo in the §° —i32Q°
plane is at a distance at most 49 from a segment parallel to 3°R.

We claim that the right to left case is in fact not compatible with the construction
of discrete half-planes. To see that, recall that the kite region is a sucession of per-
iodically (in the vertical direction) symmetrized kites. In particular, Q° is constant
along vertices belonging to the same vertical axis (whether it concerns two black
or white vertices). Assume that v3,v5, 5 is positively co-linear to (—1). Then we
have the following facts.

— As the cut goes macroscopically from left to right in the S° —i32Q?° plane,
there exist two consecutive vertices v5,.,v53,. 5 of L?’galo (with r > k), be-
longing to the same kite, such that Re[vy.] = Re[vg,] and Re[v5, 5] =
Re[v3;, 5], but this time v3,v5, 5 is positively colinear to 1. As L‘E’gdo is a

simple path, one has v5,. # v5, and v5, 5 # V5, 5.

— Let v, € G* be the vertices of the tangential quad containing v5;, v, o
(and also denote by 7 5 the two vertices of G* belonging to the kite contai-
ning v, and v3,,,). Those two vertices are vertically aligned in the S°
plane. As Q%(v}) = Q%(v$), one directly sees that [S? —i32Q0%](v}) —[S? —
iB2Q%(v3) = S(v}) — S°(v3) € iR,

— There exist a line y in the S — i32Q° plane (used to construct L?’gslo),
parallel to %R, such that 0} is above y while 93 is below y. This observation
comes from the construction of discrete half-planes for general values of 3
(recalled in [33, Section 5.2]) and the fact that |arg(5?)| < 5 — cst(k).
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— In the case where v, is strictly above v5, in the S% plane, then the non-
convex quad (3,0395,.503) in the S° — i32Q° plane is a translate in the
upper vertical direction of the non-convex quad (05,0703, ,03). In parti-
cular, this implies that the vertices 5{72 both lie above the axis y (as 5{72
both lie at or above ©%). This is not compatible with the construction of
the discrete half-planes via the line . One can apply a similar reasoning
in the case where v3, is strictly below v, in the S plane to get a similar
contradiction.

We are now in position to define the discrete comparison domain Qg,a,lo with
Dobrushin boundary conditions near a wired arc of Q9 in the case where z = 0,
@ = 1 and 7 = —i. Simple modifications allow to construct similars extension
for other points of the wired arcs as well as points of the free arc (ab)®. In the
following construction, z # a, b and is assumed to belong to the approximation of

the wired arc (ba)°.

— The wired arc of Q£:07€7l0 is formed by

9,6
1. L7,

2. The approximations (up to O(9)) of two vertical segments (dashed in
black in Figure 6.1.2) near £3l, that link Liﬁfdo to the approximation
of C, ey in (Qs,a%,0°). We denote respectively by Vattright € OS5
the points of juctions between the approximation of those vertical
segments and 0523.

(¢}

3. The two discrete arcs of 95 that link respectively vig and vigy,
the axes © = F5lp+O(0) (each of those two discrete arc approximates
a piece of C, . 1,)-

to

— The free arc of Qg:O,a,lo connects 00 to itself inside Q° from the axes
F5ly + O(9), approximating the boundary of Qiozo that is above C, .
This free arc is drawn in green in Figure 6.1.1.

In the following proofs, we keep working in the case where z = 0 belongs to
the wired arc, with @ = 1 and ¥ = —1, as a similar treatement can be done for
any boundary point by rotating the picture accurately and swapping colors.

6.1.4 . Boundary arguments of fermionic observables in the exten-
ded domain

In this short subsection, we explain how the choice of special cuts for the
extended domain near z = 0 allows to gain some information on the behavior near
L?’gdo of the FK-Dobrushin observable defined in 922075710. The main output of
this discussion is the fact that one can compare the modulus of the s-holomorphic
function associated to the FK correlator in Qg:o,s,lo to one of its projections, using
basic random walks estimates. With the given construction, some of the projections
of the observable defined in the extended domain are bounded from below near the

wired boundary arc L(z’galo, repeating a discussion made in [33, Lemma 5.3].
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Let 9 be the s-holomorphic function associated to FK-Dobrushin observable
defined by (6.1.1) in the domain Q‘;EJO (the associated Dirac spinor is denoted by
X.), assuming once again that z = 0 (still with @ = 1 and 7 = —i) belongs to
the wired arc and is away from its prime ends a,b. Recall that, by construction,
the quads along the arc L‘i’gdo are kites with a horizontal symmetry axis. Up to a

global choice of sign (which corresponds to a choice of sign for X.), one has as in
[33, eq (5.7)]

arg F () = arg (is(Aa(ey) — Ae(e))), (6.1.5)

for the boundary half-quads (v*v5;, zv5, . ,) on the wired part Lé’gdo (see [33, Fig.
7] or Figure 6.1.3 for the notation). One can deduce that

— If v, 05, o is vertical, then arg F2(2) = +Z. Indeed, beyond the formula
given by (6.1.5), a way to check (at least up to 7) this fact is based on the
observation that dQ° = 0 between v, and v5;, ,. As H? vanishes identically
at both v3; and v5,,,, this implies that Im[F?(2)? - i] = 0.

— If w3, v5;, o is horizontal, it is oriented in the positive direction by the previous
discussion on the orientation of the path La_’gelo. The formula (6.1.5) ensures
directly that |arg F2(z)| < F. Once again, beyond the direct computation
coming from the formula (6.1.5), a way to check this fact (at least up to
) is based on the observation that H? vanishes identically at both vS,
and v3, ,, which implies that its increment between neighboring vertices of

S5(,0 0% (,0
G° is proportional to Im[F? (2)2 +i|F2(z)|? §65v§k+2) ?5 (vgk)
V3k42)—S°(V3)
while it is clear that |Q°(vS,_,) — Q°(v5,)| < 55(v§k+2) — S8%(v,).
In any case, the argument of F? at any boundary half-quads is smaller than
7. Itis thus straightforward that it exists po(x) > 0 small enough, only depending
on k, such that Re[BFJ(2)e?] > 0 for all || < ¢o(k) and all boundary half-
quads of the wired arc L‘z’galo. An important output of that observation (coupled

| and vanishes,

with the formula (6.1.5)) is that redistribution coefficients kfew) given in (6.1.3)
and (6.1.4) are positive for all |p| < @o(k) (choosing § accurately as in 6.1.3).
Indeed, the boundary argument of the observable in the comparison domain is
given by (6.1.5) and is in [~7; 7] along L‘i’gslo. As long as arg(Be’?) stays in
[—% + cst(k); § — cst(k)], one has Re[—icfe’? (X (cy4) — X(cq—))] > 0, which
is (as explained at the end of Section 6.1.2) enough proves the positivity kiﬂe%_
The treatement of %) is similar. It is in particular possible to apply the optional
stopping theorem for backward walks stopped at the boundary of S — i32e%¥ Q?
for any value || < @o(k), with the appropriate redistribution via z4.

The combination of the aforementionned observations allows to prove the
next proposition, which in words means that either |F?| and Re[SF?] are both
bounded or at least one can compare them at a bounded multiplicative factor

(only depending on k), not only at the boundary L?’galo but also macroscopi-

cally close to L‘i’ggl . This repeats a discussion made in [33, Lemma 5.14]. We
0
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FIGURE 6.1.3 — Consecutive vertices of L?’;fd , are either vertically aligned
or horizontally aligned in the positive direction. The argument of the FK
™ 7T] .

observable F defined in the comparison domain is in [—5; %

. . =2 . .
note in what follows $,,;, = Im[3 Ui3€l0] as the coordinate along the i3°R of
the line used to construct L(z’gdo in the S% — iB2Q?° plane. One can easily see
that §,,:, is negative and its absolute value is comparable to lpe. We also define

§mid = Im[B ’06

lo(—3e+e )]

3
2

Proposition 6.1.2. There exist positive constants §9 = So(k), o = @o(k),
Mo = M 2(k) and csty 2 = csty2(k) only depending on K, and independent
from e >0, lp and & small enough, such that

Proj[F2(2); BeTR] > — M (k), (6.1.6)

for any 2 = 8% + 582 of the S° —iB2Q? plane, as long as
— & € cos(260)lo[—1;1],

8 € [Smid; S0lo],
— p €{0;+po}.

In words, this means that Re[3F?e'*%] is bounded from below near L‘z’gelo. As
a consequence, for 3 in that region, one has |F2(2)] < My + csto Re[BF2(2)].

Proof. The proof adapts the arguments given in [33, Lemma 5.14], with the
appropriate identifications between S° and S% — i2Q%. The overall idea is
to transfer the positivity of some projections of Fg at the boundary into the
bulk, using random walks estimates on S-graphs. As recalled in Section 6.1.1,
the quantity Proj [Ff : BR] can be interpreted as a harmonic function for some
random walk in the S-graph S° — i32Q°. Moreover (see [33, Section 5.4.1]),
that random walk satisfies uniform crossing estimates above scale cst(k)d.
This means that for r > cst(k)d, there is a positive and bounded from below
probability (uniform in § and only depending on x) such that the backward
walk associated to Proj[F?; fR] makes a full turn in any annulus formed by
two concentric circles of radius r and 2r without leaving it.
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We first treat the case ¢ = 0. For kg > 0 small enough, define the ’dis-
crete’ triangle T9(kg) in the S? — i32Q0 plane, approximating up to O(4) the
triangle whose three corners are located at zﬂ2(§mm + 4kolp) and 1828 min £
2 cos(2f30)lo/3%, assuming its "bottom side’ belongs to [Afi’gelo. This triangle is
drawn in Figure 6.1.4.

Consider now the backward walk Xt(—iﬁ *) started at 2 associated to the har-
monic function Proj[F?; BR] as in Proposition 6.1.3. One of the consequences

of uniform crossing estimates above scale cst(x)d is the following fact :

— Provided kg = ko(r) is chosen small enough (but still macroscopic, i.e.
larger than ei), there exist v > 0, only depending on &, such that the
probability the backward walk associated to Proj[F?; BR] started at 2
visits the ball of radius 4p (drawn in red dashes in Figure 6.1.4) near

one of the two lower corners of the triangle 7°(kg) is of order O(p%‘w).

This fact is stated in [33, Section 5.4.1] and can be proved by recursive appli-
cations of crossing estimates at each scale, near a corner of the triangle, in the
spirit of the proof of weak Beurling estimates (see e.g. [17, Proposition 2.11] ).
One can now apply the optional stopping theorem for the harmonic function
Proj[F?; BR] at the time the backward walk started at 2 leaves T (k).

— The previous discussion on the argument of Fg at the boundary ensures
that Re[BF?] is positive along L‘z’gslo, thus the contribution of bottom

side is positive. If the backward walk jumps above ﬁ?’gdo, one uses the
redistribution procedure recalled at the end of Section 6.1.2, which is

legitimate as the coeflicients kf ) are positive

— The contribution of the two lateral sides of T%(kg) at a distance larger
than cst(k)d from ﬁ‘z’gdo is uniformly bounded. Indeed, one can use the
fact that the probability that backward walk exits T9(kg) from one of
its vertical sides at distance p < 1 from IAE’?felo is of the order ,0%+7

together with O(pfé) bound (coming from (5.2.18)) for |F9| there.

— The contribution of the two lateral sides of T°(kg) at a distance smaller
than cst(x)d from f)?’gglo is bounded from below by —0(5_%), where O
only depends on . To see that fact, fix a vertex 2y = 282 +i82(8min+70)
with 0 < rg < cst(k)d. Once again, one can the compute Re[3F(%p)] via
the optional stopping theorem for the walk started at Z; and stopped
when it leaves the square of witdh 5ly cos(25p) (symmetric with respect
to the axis i3?) whose bottom side is attached f)‘i’galo. The contribution
ot the bottom side is again positive, while the bound (5.2.18) directly
ensures that the contribution of the three other sides at a distance larger
than cst(k)d from ffé’gslo is 0(67%) using. As stated in [17, Remark 3.18],
the probability that the walk started at Zy leaves the square of width
5lgcos(28y) from one of its vertical sides at a distance smaller than
cst(k)0 from f)‘i’gdo is exponentially small in ©. As the kites have an
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FIGURE 6.1.4 — Triangle T°(kg) in the S° —i3%Q? plane near the straight

cut E?’;fdo. This triangle is used to apply the optional stopping theorem

and prove that Re[Be’*# F?] is bounded from below near L%, . The
probability to visit the ball in red dashes, at a distance p from i‘};fdo is of

order pz 7. The control of the values of Re[BF?] at a distance closer than
cst(k)o from L‘i’;fdo is obtained via a slightly more elaborated reasoning.

associated circle of radius larger than §2°° |F?| is bounded by ¢~
near L?’g -1, and the contribution of those vicinities goes to 0 as 0 goes
to 0. One can then conclude as in the previous point.

This proves the result for ¢ = 0. Applying the same reasoning for the
two backward walks on the S —ie!T%932Q? planes started close enough from
the lower boundary and associated to Proj[F?; Be’*%9R] leads to the same
conclusion. Indeed, Re[ﬁeiw’oFE‘;} is still non-negative along f)é’gelo, thus one
recovers that Re[BeT¥0F?] is uniformly bounded from below as long as 2 is
close enough to [A/Ej’gslo.

Packed together, the above conclusions prove the existence of absolute
constants csty and My, only depending on s, such that |F2(2)| < csty -
Re[SF?(2)] + My, provided 2 is close enough from the boundary ﬁ?’galo. Note
that this reasoning can be applied as long as § < kglg which proves this rea-
soning still holds inside Q°. O

6.1.5 . Conclusion of the proof

We are now in position to state the key proposition that proves survival of
boundary conditions near wired arcs when passing to the continuous limits for the
functions H?. A similar idea, based on the control of area integrals of F2 near the
boundary was introduced in [33, Section 5.5] but the proof given there turns out
to only apply in a fairly more restrictive setup (still it concerns a very particular
case and is by huge means surpassed by the main result the same paper). More
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importantly, the final argument used there to conclude is the Herglotz representa-
tion theorem for harmonic functions, which doesen’t admit an extension for general
functions 9. We bypass here such problem by using here the comparison principle
in discrete with primitives of constant s-holomorphic functions. Let us emphasize
that the next proposition doesn’t require more than the differentiability of + at the
boundary point z (which holds almost everywhere as ¥ is a lipchitz function).

Proposition 6.1.3. Fiz e > 0 a small positive number. Let H® be associated
via (5.2.16) to the FK observable in Qs given by (6.1.1), chosen with 0/1
discrete boundary conditions. Assume as above that the point 0 € 0 (still
with @ = 1, ¥ = —i) is away from the prime ends a and b and belongs to the
approzimation of the wired arc (ba)®. Choosing lo = lo(z = 0) small enough
to be able to apply the surgeries described in Section 6.1.3, one has H‘s(z’) =
O(ei) + 0550(1) for any 2" € ([—lo; lo] x [—2¢lp; 2elp]) N Qs.

Before proving Proposition 6.1.3, we first show that the function H? associated
to the FK-observable defined in the comparison domain Q2 _ 1, remains small at a

distance O(loeg) from the lower arc L?’gdo. This is done to bypass the fact that

at a distance O(9) from L?’gdo, one cannot use the bound (5.2.18) for F? and
has to stick with the trivial bound coming from radii of kites. The next proposition
also allows to introduce in its proof the comparison with primitive of constant s-

holomorphic functions, which is a powerfull tool to conclude in Proposition 6.1.3.

Proposition 6.1.4. Let Hg be the FK-Dobrushin observable defined in the

§
2,8,lo

the surgeries of Section 6.1.8 can be done. Then for any x € [—ly; o], one has
3 1

the following upper bound H® (x +ilo(—3e +¢c2)) = O(e2) 4 05_50(1), where O

only depends on k.

comparison domain ) near z = 0, with ly chosen small enough such that

Proof. Define via (5.2.17) the primitive of (a real valued multiple) of the
constant s-holomorphic function 5 € T by setting

e _ Cst(k)

comp,e

e (Im[B2S? +iQ°] + cst/), (6.1.7)

for some large enough constant Cst(x) only depending on x and some additive
constant cst’, that will both be fixed in the proof. One has the following facts :
A)

Given two points x1 2 + it of the same horizontal segment E? in the S —

Hgomp@ is almost constant along horizontal segments

i82Q? plane, a computation similar to the one made in the third step of Section
6.1.3 ensures that

[8‘5—%1’32 Q° (1 +it)— [85—&-1'32 Q] (wo+it) = (:c1—3:2)—1—2‘320,(:61—m2)+0(52l0)+05%0(1),
which implies as Im[32 + ia] = 0 that

Im [B3(S°+iB° Q%) (z1+it)—Im [B2(S° +iBF Q%)] (wma+it) = O(2l) +05-0(1).
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This means that Im[32S° + iQ‘;] varies at most by O(g2lg) + 05_50(1) along

L. As L?’galo and E‘ZMO are O(g%ly) + 050(1) close from each other and

Im[ﬁQS‘S + iQ‘s] is 2-lipchitz, one can fix the additive constant cst’ in the
. . C

definition such that Hgomp’s is O(e2ly x %O“)) = O(Cst(k)e) + 05—0(1) along

the bottom boundary arc L‘z’gdo.

B) HgomnE grows at positive linear speed in the upward direction

One can see that Im[32S° + iQ‘S] grows linearly at a positive and boun-
ded from below speed (only depending on k) when traveling in the upper
direction inside the region [—lo;l] x [—4elo; lo] of the S° plane. Indeed recall
that a® + bv? < k2, cos(280)? + sin(26)? = 1 and sin(239) = —a. It is then
straightforward to deduce that cos(28)? = 1—k2+b2. In particular there exist
cst(k), only depending on &, such that cos(28y) > |b| 4+ cst(k). Separating the
cases on whether t1 o belong or not to the kite region and using the associated
expansions of Q5_, in [~lo;lg] x [—4¢lo;ly], one can see that for t; > to

Im[3%8°4+i Q%) (z-+ity) —Im[B2S° +iQ°] (w+ita) > cst(k)-(t1—t2)+O(loe?)+0s0(1)
(6.1.8)
In conclusion, choosing the constant Cst(k) large enough ensures that the
function 1"-130nmE is larger than 2 at the segment ffido. One can now apply the
comparison principle of Proposition 5.2.7 in the discrete topological rectangle
(in A(G)) delimited by the boundary of Qi,é,lo and ]NL‘S_ElO. The cost of the
discretization to apply the comparison principle (i.e. including vertices of G*
separating nearby vertices of GQS,QZO) is encapsulated in the o05_,0(1) error
term, as the increment of H? between a vertex of G° in its wired arc and one of
the neighboring vertices of G* is the square of a disorder-disorder correlation.
That disorder-disorder correlation vanishes in the limit 6 — 0 , using crossing
estimates on general s-embeddings and the fact that that z = 0 is away from

prime ends. One can then make the following simple observations

— On the lower arc L% H? = 05_,0(1) while H? is O(e) + 05-0(1).

—3elp? comp,e
— On the vertical sides of 093,5,10’ H? = 05_,0(1) while HgomP’8 is larger
than O(e)+05-0(1) (as the function grows HY,, . when traveling in the

upper direction and is O(e) at the bottom of those vertical segments).

— On the approximation of L Hg < 1 (by the maximum principle for

elg?

the FK-Dobrushin observable in Q9 ) while H? is larger than

2z=0,¢,lp comp,e
2.
All together this implies that H? — HS, ., . < O(€) + 050(1) at the boundary
of the discrete domain used to compare H? and Hgomp,s» and is thus true in
this entire discrete domain. Evaluating H(‘fomlm5 at the horizontal level y =
—(3e + E%)lo gives the result. O

We are now in position to prove Proposition 6.1.3
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Proof of Proposition 6.1.3. The proof is a combination of several simple ob-
servations and is now detailed step by step. We focus first on the control near
z = 0 of the values of the function H’ (associated to the FK-Dobrushin cor-
g,e,lo) and conclude a similar control for H°

using the comparison principle of Proposition 5.2.7. We keep identifying the
points in S® with their counterparts in S? —i52Q0. Before going into technical

relator in the extended domain €2

details, we explain briefly the different steps of our strategy.
1. First prove that one projection of the boundary integrals of FE‘S along
1
segments of width < Iy in the S° —i32Q° plane are O(I3).

2. Deduce the same estimate for |F?|. Use then bound (5.2.18) to control
an area integral estimate of |F?|? near L‘i’gdo. Recover a similar area

integral estimate near L‘z’gglo in the S% plane.

3. Find two vertical segments x = x1 2 of lenght losé such that H g remains
small along those segments.

4. Use those two vertical segments and the comparison principle with the
primitive of a constant s-holomorphic function to conclude for H g.
5. Use the comparison principle between Hg and H° to conclude for HY.
Recall that 3,,;g = Im[5°° , ] and §p = Im[F90 ]
lo(—3e+€2) loe2
Step 1 : Integrated horizontal estimates for one projection of Fg
Fix 8 € [$,mid; S0lo] and define as previously, in the 8% — i32Q? plane, the
straight segment (drawn in orange in Figure 6.1.5) £3 := cos(280)5%[~lo; lo] x
{i8/3%}, as well as 7%‘;710 the square of width 2l cos(25y) whose bottom boun-
dary is £9 (also drawn in Figure 6.1.5). One denotes £J and 72‘;10 the pre-

images of ﬁg and 7%2710 in the S° plane. The boundary of Rglo is a continuous

closed curve denoted Cfg’lo and is oriented in the counterclockwise direction.
Consider the integral Ic[F?] along the closed contour Cg,lov
We are going to bound the different contributions of Ic[F?] along three of the

which vanishes.

)
four arcs of C§7lo.

— Combining the estimate |F?|(z) < O(dist(z,@Qia’lo)_%) coming from
(5.2.18), an upper bound on the integral of r — r~3 near 0, the fact
that |d| < d|z| and the comparability between distances (above scale
cst(k)d) in the S% and S° —i32Q? planes, one can see that the contribu-

tion of the lateral sides of Cg,lo is of order O( éo dist(z, 0(2276’10)_% |dz]) <
1
O(féo r_%dr) = O(l3), where O only depends on k.
— Combining the a priori estimate |F?(2)| < O(dist(z, 0Q° )_%) coming

2,&,l0

from (5.2.18), the comparability between distances in S° and S° —i3?Q?
and the fact that the upper arc of Cg,lo is of length O(lp), one concludes
1

_1 1
that the contribution of the upper arc is again O(ly x [, *) = O((3).
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Taking the projection on SR allows to conclude that

/ Re[B(F2dS® + iFIdQ%)] = — / Re[B(FIdS? + iF3dQ%)] = O(2).
£ €21y \£2
(6.1.9)
Step 2 : Integrated area estimates for |F?|?

One can always write Re[B(F2dS® 4+ iF9dQ?%)] = Re[BF?(dS°® — i3>dQ%)].
When traveling along Eg from left to right, one has by definition of the segment
L2 that (dS° —i3%dQ°) € B?R*. Plugging this observation into (6.1.9), one
recovers that

1

/ Re[BFS (262 + i56%)]dz = O(12). (6.1.10)
€lg cos(2Pp)[—1;1]x {8}

Using the inequality |F?| < csty Re[SF?] + My near ﬁ’;fdo coming from Pro-

position 6.1.2, one deduces that for [y small enough

1
/ FO (22 + i367]|dd = O(12). (6.1.11)
Z€lp cos(28p)[—1;1]x {8}
Using once again the upper bound |F?| < O(dist(z,@Qia,lO)_%) coming
from (5.2.18), one deduces that

1
/ F3 @6 + i56%) i = OUF (5 — min) H).  (6.0.12)
Z€lg cos(2B0)[—1;1]x {8}

One can now integrate the estimate (6.1.12) in the i3? direction, from the level
A 1 1
ﬁgmid up to the level i 3234, to deduce the area estimate (as [ §72ds = O(y2))

~ cA A TA 1 1.1 1
/AE[—I;l]lo cos(ay) [F2 (£6° +i38%)Pdids = O((10)? - (lo=?)?) = Olloe™).
§e[§mid§~§top}

(6.1.13)
As areas in the S plane and in the S° —i32Q? are comparable above scale
cst(k)0 while F? is Hoelder above scale cst(x)d, one deduces that

4 S\ (2 _ 1
//9610[—36—1—5%;5%} |F8 (m + Z$)| d.ﬁUdS - O(l064 ) (6114)
z€lp[—1;1]

Step 3 : Smallness of Hg along some segments inside {24
Using the Fubini theorem, one can rewrite (6.1.14) as

/ / o o |[Fo(@+is)ds)dz = O(loe?), (6.1.15)
z€lo[—1;1] s€lp[—3e+e2se

2]

This implies the existence of x1 9 near respectively £/, such that

/ s 1 |F2 (w10 +is)|?ds = O(si) (6.1.16)
s€lo[—3e+e2;e

2]
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Integrating (6.1.16) along the axes = 12 in the upward direction from the

segment L (where H? = O(E%) + 05_,0(1) by Proposition 6.1.4), one

(—3a+€%)lo
1 3 1
deduces that H (w12 +is) = O(e1) 4+ 0s5_0(1) for any (—3e+¢£2)ly < s < lpe2

Step 4 : Concluding for Hg by comparing with the primitive of 3>

Define once again via (5.2.17) the primitive of (a real valued multiple) of
the constant s-holomorphic function § € T by

HY = CL(?)(ImWsJ +iQ°] + cst'). (6.1.17)
comp,¢e 2 l065

Fixing cst’ accurately and taking Cst(k) large enough (only depending on k),
one has the following facts (as in the proof of Proposition 6.1.4 and still up to

05-0(1))

— H° , is O(e) on the horizontal segment L s of the S° plane.
comp,e 2 —3elo+lpe2
— H? , is O(e) on the vertical segments at the axes x; 9, as it grows

comp,e 2
linearly (at a speed larger than cst(m)(logé)_l) when traveling in the
upward direction.

— The function H? . is larger than 2 at the segment L9,
&

comp,e 2 2lp
One can now apply the comparison principle of Proposition 5.2.7 in an
approximation of the rectangle [x; z2] X [(—3¢+ Eg)lo; loeé] (drawn in blue in
Figure 6.1.5). One has (up to 05-0(1)) :

— On the lower arc that rectangle, H? = 0(5%) while H° . is O(e).

comp,e 2

— On the vertical approximations of the axes x = x1 9, HS = O(si) while
H® , is larger than O(e) (as the function grows H? 1 when tra-

comp,e 2 comp,e 2
veling in the upper direction and has value O(e) at the lowest point of

those arcs).

— On the approximation of L%, | H® 1 is larger than 2, while Hg <1
€2lp comp,e 2

by the maximum principle for FK-Dobrushin observable defined in the

comparison domain.
All together this implies that H® — H? . < 050(1) + 0(5%) in the en-

comp,e 2
tire rectangle used to perform the discrete comparison principle. Evaluating

H® . in the region [—elg; 2¢lo] N Qs gives directly the upper bound H? =

comp,e 2
1
O(eh) + 05 0(1).
Step 5 : Concluding for H° by comparing with Hg

One can apply the comparison principle between H® and H. g in the discrete
domain delimited in A(G) by the wired arc 0Q§ and the free arc of Qi clp- One
sees directly that H® < H? + 05_,0(1) in the entire domain Q5. Once again,
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FIGURE 6.1.5 — (Left) Definition of the square 7@27[0 in the S° —iB2Q°

plane, whose bottom side is ﬁg (Right) Local picture to apply to com-
parison principle in Step 4 of the proof. We first use Proposition 6.1.4
to prove that at a distance loe? from the lower arc of the comparison
domain, the function H? is bounded by O(e2). Then we prove that in-
tegrale along the axes x2 to use the comparison principle in the blue
rectangle.

the cost of including the vertices of G* near the wired arc 0€)§ is encapsulated
in the 05_,0(1) term, as the increment of H % there is the square of disorder-
disorder correlation, that vanishes in the limit § — 0 as z = 0 is away from
the prime ends. This concludes the proof. O

We are now in position to prove Theorem 6.1.1. The author is grateful to Sung-
Chul Park for explaining how to prove the uniqueness statement in continuum,
repeating an argument of [138, Proposition 5.8]

Proof of Theorem 6.1.1. Consider f : & — C, obtained as a subsequential
limit of the s-holomorphic functions (F°)sso, uniformly on compacts of Q.
Then the differential form (fdz + ifdd) is closed. The associated functions
also (H°)s>o converge uniformly to h = 5 [ (Im[f2dz] + |f|?d¥), which takes
its values in [0; 1]. Fix z a boundary point of the arc (ba)°® (away from the prime
ends) and £ > 0 small enough. Up to rotation and translation, we assume as
previously that z = 0, 4(z) = 1 and 7(z) = —i. Choosing [y small enough
to perform the surgeries of Section 6.1.3, one deduces from Proposition 6.1.3
that H(2') = O(e1) + 0550(1) for any 2/ € ([=lo; lo] x [—2elo; 2elp]) N Qs.
Let (zn)n>0 a sequence of interior points of Q converging to z = 0. Then
lim sup,, H%(z,) < 0(5%) + 05-0(1). Sending 0 to O first, this ensures that
limsup,, h(z,) < O(£71). As € can be chosen arbitrarly small, one deduces that
lim,, A(x,) = 0 and thus h extends continuously to 0 at z = 0. A similar
reasoning (away from prime ends) on the free arc ensures that h extends
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continuously to 1 on (ab)® there. To conclude, one needs to prove there is only
one function satisfying those conditions.

Consider f12 as subsequential limits of functions F5, together with the
naturally associated functions his. We have |fi2(2)|> = O(dist(z,0Q)71).
One first passes to the conformal parametrization used in (5.2.21). Since the
second derivatives of ¥ are smooth, so does the function ¢ — m(({) defined
below [33, eq (2.28)] (5.2.21), as well as ¢ — z({). Recall that the function ¢
defined by ¢ :=35f - (24)1/ 246f- (74)1/ 2 satisfies the massive Dirac equation
(as in [33, (2.28)]) given by

e =1im(C) - P (6.1.18)

where m = %HE, with H the mean curvature of the surface (z,v) at z({) and ¢
the metric element at z(¢). The metric element is bounded from above by some
constant only depending on x. It is also possible to see that h = [Im[p?d(] in
the ¢ parametrization. Consider now the parametrization by D of € (the lift
of  to (z,9)) and let w € D. One can define as in [138, Proposition 5.8] the
following function associated to ¢

9(w) = [[ Go()m(Ole(6)PdA() (6119

where Gp((,w) is the Green function in D associated to the Brownian motion
started at w. Standard arguments (see e.g. [77, Lemma 4.2]) ensure that Ag =
Ah = 8m(¢)|d¢h|, thus one has Ah(¢) = 8m(¢)|0ch] = O(m(¢)dist(¢, D) 71).
Since m/(() is smooth (and thus bounded in D), one can repeat the computation
of [33, Lemma A2] and prove that g extends continuously to 0 as w goes to
the unit circle.

Consider now two functions g 2 associated to fi 2 via (6.1.19). Both func-
tions g2 extend continuously to 0 at the boundary of D. This implies that
(h1 — g1) — (h2 — g2) is bounded, harmonic extends continuously to 0, except
potentially at pre-images of the lifts of @ and b. As there is no non-trivial func-
tions with this property (see e.g. [74, Lemma 1.1]), this means that hy — ho
continously extends to 0 up to the entire boundary of D (i.e. including at
pre-images of the lifts of a and b). This means that h; = hg at the boundary
of D. The comparison principle stated in [138, Lemma 3.1] ensures h; = ho
everywhere in D and concludes the proof. O
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