N
N

N

HAL

open science

Exactly solvable models of two-dimensional statistical
mechanics: the Ising model, dimers and spanning trees

Béatrice de Tiliere

» To cite this version:

Béatrice de Tiliere. Exactly solvable models of two-dimensional statistical mechanics: the Ising model,
dimers and spanning trees. Probability [math.PR]. Université Pierre et Marie Curie - Paris VI, 2013.

tel-00909569

HAL Id: tel-00909569
https://theses.hal.science/tel-00909569
Submitted on 29 Nov 2013

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

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


https://theses.hal.science/tel-00909569
https://hal.archives-ouvertes.fr

UNIVERSITE PIERRE ET MARIE CURIE
LABORATOIRE DE PROBABILITES ET MODELES ALEATOIRES

Habilitation a diriger des recherches

Spécialité : Mathématiques

BEATRICE DE TILIERE

Exactly solvable models of two-dimensional
statistical mechanics:
the Ising model, dimers and spanning trees

Rapporteurs : M. Geoffrey GRIMMETT  University of Cambridge
M. Christophe SABOT Université de Lyon 1
M. Stanislav SMIRNOV Université de Genéve

Soutenue le 25 Novembre 2013, devant le jury composé de :

M. Bertrand DUPLANTIER CEA, Saclay

M. Thomas DUQUESNE Université Pierre et Marie Curie, Paris
M. Yves LE JAN Université Paris Sud, Orsay

M. Christophe SABOT Université de Lyon 1

M.

Wendelin WERNER ETH, Ziirich






ACKNOWLEDGMENTS

Even though the manuscript is in English, I decided to write most of this section in French.

Le manuscrit est fini, les rapports sont arrivés et la soutenance approche. Voici venu le moment
de s’arréter, de regarder en arriére et de remercier les nombreuses personnes que j’ai eu la chance
de croiser lors de toutes ces années.

Tout d’abord je souhaite exprimer ma gratitude envers mes trois rapporteurs : Geoffrey Grim-
mett, Christophe Sabot et Stanislas Smirnov. Stanislas, I am grateful and honored that despite
your heavy schedule, you accepted to refer this thesis. Thank you for your support, the invita-
tions to Geneva, and the conferences in “Les Diablerets”. I have always learned so much, and
spent very happy moments with all the people that you gathered around you. Thank you also
for considering coming to the defense. Geoffrey, I am so grateful and honored that you have
accepted to refer my thesis. I thank you for the invitation to Cambridge, I had a wonderful time
there. Christophe, merci d’avoir accepté d’étre rapporteur, j’en suis trés touchée et honorée. Je
sais que les dimeéres ne sont pas ton sujet de recherche a priori, je te remercie de toute 1’énergie
que tu as mis dans ce travail. Merci aussi d’avoir accepté de venir lors de la soutenance.

Aux membres du jury je souhaite exprimer ma gratitude : Bertrand Duplantier, Thomas
Duquesne, Yves Le Jan, Christophe Sabot, Wendelin Werner. Wendelin, merci de faire le trajet
depuis Ziirich, malgré ton emploi du temps trés chargé. Je suis trés heureuse que tu puisses
étre 1a. Le temps a passé depuis que j’étais en thése a Orsay. Je te remercie d’avoir accepté
de me voir lorsque Richard est parti, d’avoir été dans le jury de ma thése. Je te remercie pour
ta présence durant toutes ces années. Tes encouragements ont toujours été, et sont encore, trés
précieux. Bertrand, je te remercie de tout coeur d’avoir accepté de faire partie du jury. Je suis
trés honorée d’avoir un physicien tel que toi parmi les membres du jury. Yves, mille merci d’avoir
accepté d’étre dans mon jury. Tu étais déja dans le jury de ma thése, et je me rappelle encore
de ta question sur les “algébres extérieures”... Merci pour ton soutien, pour les discussions, pour
ton humour. Thomas, tu étais maitre de conférences & Orsay lorsque j’y étais en thése; j’ai eu
le plaisir de te retrouver Professeur quand je suis arrivée & Paris 6. Merci d’avoir accepté d’étre
dans mon jury, merci pour tous les conseils avisés que tu m’as donnés lors de la préparation de
cette habilitation.

Richard Kenyon, je te remercie pour la thése que j’ai pu faire sous ta direction. J’en garde un
souvenir formidable. Merci d’avoir partagé ce sujet avec moi, je ne m’en lasse pas ! Gérard Ben
Arous, je vous remercie de tout coeur d’avoir guidé avec autant de clairvoyance mes premiers
pas mathématiques.

Cédric, mon cher frére mathématique et cher co-auteur. Merci pour les heures de discussion, le
partage de notre passion pour les diméres. Merci pour toutes les collaborations que nous avons
faites et celles encore a venir. Merci pour ton amitié.



Erwin Bolthausen, thank you for the wonderful stay in Ziirich. I was very honored to have the
occasion to work with someone that I respect so much as a person and as a mathematician. I
was very happy to work on polymers ! I am deeply grateful that you trusted me for the post-doc,
eventhough I was eight months pregnant at the interview. Francesco, j’étais ravie de travailler
avec toi sur les polymeéres. Merci pour tous nos échanges. Je garde d’excellents souvenirs de
mon séjour & Ziirich et de toutes les personnes que j’ai eu 'occasion d’y rencontrer.

Merci a I'institut de mathématique de Neuchéatel, ol j’ai passé trois merveilleuses années. Merci
a Bruno Colbois de ne pas avoir changé d’avis lorsque je lui ai annoncé que j’étais enceinte. Merci
de m’avoir incité a organisé une école doctorale. Merci & Michel Benaim de m’avoir pris comme
co-requérante pour les demandes au FNRS, ce qui m’a entre autre permis d’inviter Cédric cing
mois, et de terminer notre travail sur Ising. Merci aussi pour ton amitié Michel. Merci Alain
Valette pour les discussions que nous avons pu avoir. J’étais ravie de te retrouver lors d’un
de tes passages a Paris. Merci & tous les membres de U'institut : Maria, Kola, Olivier Isely et
Olivier Besson, Felix, Murielle, Dany, Véronique, Alexandre, Grégory, Christine, Mathieu et a
tous ceux que j'oublie & cet instant, mais auxquels je pense souvent.

Je souhaite remercier le LPMA et tous ses membres. Un merci tout spécial a Olivier, mon cher
co-bureau. J’aime énormément notre cohabitation bureautique, nos discussions occasionnelles
mais néanmoins profondes et intéressantes, le respect des humeurs de I'un et de 'autre et I'esprit
de concentration qui régne le plus souvent. Je suis trés reconnaissante a tous les membres du
couloir de venir me chercher pour déjeuner alors que le plus souvent je mange un sandwich dans
mon bureau. Malgré ce qui pourrait paraitre, j’aime énormément votre compagnie : Nathalie,
Frédérique (merci pour tout ce que tu as partagé avec moi au sujet du CAPES), Nicolas, Omer,
Thierry, Nathanaél (tu ne m’en voudras pas de t’inclure & cette occasion aux membres du
LPMA ...), Damien, Michéle, Julien, Florent, Zhan, Gilles, Lorenzo, Francis, Amaury, Marie,
Sandrine, Elie, Philippe, Vincent, Raphaél, Sonia, Eric, Francois, David et tous les autres. Merci
Giambattista Giacomin de m’avoir accueilli dans ton équipe. Merci a I’équipe administrative et
a Jacques Portés pour son soutien et ses discussions.

Merci aux “genevois”, que j’ai toujours grand plaisir a retrouver : Vincent, Loren, Hugo, Ruti,
David, Ioan, et last but not least, Reda.

A ma famille, merci pour leur présence. En particulier, merci Guillaume pour ton soutien
indéfectible; Raphaél et Jérémie merci pour votre joie et votre énergie.

Paris, le 12 Novembre 2013

ii



FOREWORD

This report aims at giving an overview of my research work since the PhD thesis, by presenting
the papers [2, 3, 4, 5, 10, 11, 1].

The unifying theme of these articles is Statistical Mechanics, whose goal is to understand the
large scale properties of a physics system, based on a model describing interactions between
microscopic components. These spatially extended systems, consisting of a large number of
mutually interacting components, exhibit intriguing phenomena, and require the use of powerful
techniques from different fields of mathematics: probability by the very nature of these models
and combinatorics since a central quantity, known as the partition function, plays the role of
generating function for macroscopic quantities of the model. The nature of the mathematical
objects representing the systems require the use of discrete geometry and graph theory. Recently,
links have also appeared with complex analysis [Duf68, MerO1lb, CS11|, and algebraic geometry
[KOS06].

Statistical mechanics started with Maxwell and Boltzmann in the 19" century, and was part
of physics; mathematical activity followed, and rich interactions have now emerged between
the two communities. Many models belong to the field of statistical mechanics, as for example
percolation, the Ising model, the dimer model, spanning trees, the random cluster model, polymer
models... Within this diversity, common features appear, the most remarkable certainly being the
phenomenon of phase transition between different states of the system. At the phase transition,
also known as the critical point, models often exhibit a specific behavior. The understanding
of the critical behavior of two-dimensional models has been going through a phase of rapid and
exciting development since the introduction of SLE by Schramm [Sch00], in particular with the
work of Lawler, Schramm and Werner [LSW04| and Smirnov [Smi0O1, Smil0].

The six papers [2, 3, 4, 5, 10, 11| concentrate on the dimer model, the Ising model and spanning
trees in two dimensions. These three models have the common feature of being exactly solvable,
meaning that there is an exact, explicit expression for the partition function. Since the partition
function encodes much of the macroscopic behavior of the system, having an explicit expression
opens the way to a deep understanding of the models. The title of this report is motivated by
these papers.

The last paper [1] is about a polymer model, which is one-dimensional and not exactly solvable,
thus bringing a different flavor. It is not referred to in the title, since we wanted to keep it
relatively short. We now give an outline of this report.

e Chapter 1 is devoted to preliminaries. We define the Ising model, the dimer model, and
spanning trees. In each case we state a few founding result, aiming at setting the basis for
future chapters. We present Fisher’s mapping from the Ising model to the dimer model on
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a decorated graph. We also dedicate one section to defining critical versions of the models
on isoradial graphs, since these play an important role all along.

e Chapter 2 presents the papers [3, 4] in collaboration with Cédric Boutillier. Our main
theorems give a full description of the critical dimer model corresponding to the critical
Ising model on infinite isoradial graphs, by proving an explicit expression for the free
energy and for a natural Gibbs measure. In the first paper [3] we consider the Z2-periodic
case, in the second [4] we relax this assumption and prove local formulas in the spirit of
[Ken02].

e Chapter 3 is concerned with the papers [11, 10|, both having a combinatorial flavor. In
the first paper [11]|, we provide an explicit mapping from critical cycle rooted spanning
forests - the pendent of spanning trees when working on the torus - to the double critical
Ising model on the torus, via characteristic polynomials. This proves a surprising relation
between two well known models of statistical mechanics. The second paper [10] answers
a question raised when working on the first paper [11]. The main theorem can actually
be phrased in a more general context: we prove a half-tree theorem for the Pfaffian of
a skew-symmetric matrix, whose column-sum is zero. This is a Pfaffian version of the
classical matrix-tree theorem of Kirchhoff [Kir47|.

e Chapter 4 describes two papers |2, 5| in collaboration with Cédric Boutillier, focusing on
loop configurations related to bipartite dimer models. The first paper [2] considers the
loop representation of the uniform dimer model on a subgraph of the honeycomb lattice
embedded in the torus. Our main theorem proves that, when the mesh of the lattice
tends to zero and the aspect ratio of the torus is fixed, the winding number of the loops
converge to a two-dimensional discrete Gaussian random variable. The second paper [5]
relates XOR-loop configurations, constructed from two independent Ising models, to loop
configurations of a dimer model on a bipartite graph. At criticality, this allows to shed a
light on a conjecture of Wilson [Willl|, stating that these loops are, in the scaling limit,
level lines of the Gaussian free field.

e Chapter 5 presents the paper [1] in collaboration with Erwin Bolthausen and Francesco
Caravenna. Our main theorem determines the quenched critical point for the local-
ization/delocalization phase transition of a polymer interacting with an attractive wall
through a diluted, disordered potential.

e Chapter 6 mentions work in progress and perspectives.
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CHAPTER 1

PRELIMINARIES

In this chapter, we define the models of statistical mechanics on which we have worked: the Ising
model, the dimer model and spanning trees. In each case, the physics system is represented by
a graph G = (V,E), where V denotes the set of vertices, and E the set of edges. Throughout
this report, we suppose that G is simple. When it is infinite, we suppose moreover that degrees
of vertices are uniformly bounded. For each model, we state a few founding results. This is by
no means a state of the art, but rather aims at setting the basis for future chapters. The last
section is devoted to defining critical versions of the models on isoradial graphs, since these play
an important role all along.

1.1 THE TWO-DIMENSIONAL ISING MODEL

The Ising model is a model of ferromagnetism introduced by the physicist Wilhelm Lenz in 1920
as PhD subject for his student Ernst Ising. Consider a finite graph G = (V, E) together with a
collection of positive real numbers (Je)ecg indexed by the edges of G. The Ising model on G,
with coupling constants J, is defined as follows. A spin-configuration o of G is a function of the
vertices of G taking values in {—1,1}. The probability of occurrence of a spin configuration o is
given by the Ising Boltzmann measure, denoted Prging:

1
[P)Ising(o') = ZIsing(Gaj)exp( Z JeO'uO'\,),

e=uveE

where Ziging(G,J) is the normalizing constant, known as the Ising partition function. Note
that the definition of the Ising model usually involves the inverse temperature 5. To simplify
notations, we suppose that it is included in the coupling constants.

In the two-dimensional case, when the inverse temperature is 0, all spin configurations have the
same probability of occurring and a typical configuration consists of a mixture of +1 and —1.
When the inverse temperature is infinite, spins tend to align with their neighbors and a typical
configuration consists of all +1 or all —1. For a specific value of the inverse temperature, the
Ising model undergoes a phase transition between the disordered and ordered phases, the model
is said to be critical.



CHAPTER 1. PRELIMINARIES

LOW AND HIGH TEMPERATURE EXPANSIONS

Suppose that the graph G is embedded in the torus T? = {(z,w) € C? : |z| = |w| = 1}. The low
and high temperature expansions of Kramers and Wannier [KW41la, KW41b| allow to rewrite
the Ising partition function as a sum over polygon configurations of the dual graph G*, and over
polygon configurations of the graph G respectively.

A polygon configuration of the graph G is an even subgraph, that is a subset of edges having
even degree at every vertex. Let P(G) denote the set of polygon configurations of the graph
G, and fP(O’O)(G) denote polygon configurations winding around the torus an even number of
times horizontally and vertically, i.e. having (0,0) homology class in Hy(T,Z/27Z). Polygon
configurations of the dual graph G* are defined in a similar way.

The low temperature expansion of the Ising partition function is based on the following identity:
Ve=uveE, el = eJe(d{(,u:UV} + 6_2‘]65{0“#@}).

Injecting the RHS into the Ising partition function and expanding the product, yields a sum over
polygon configurations of the dual graph G* separating clusters of & spins, with a contribution
of e=2/¢ for each edge e* present in a polygon configuration P*. Each such polygon configuration
is obtained from two spin configurations, one being obtained from the other by negating all
spins. We have thus sketched the proof of:

Proposition 1.1. [KW4la, KW41b|[Low temperature expansion| The Ising partition function
can be rewritten as:

Ztsng (G, ) = 2(1—[ eJe> Z ( H e—2Je).

ecE P*cP(0,0)(G*) e*eP*

The high temperature expansion is based on the identity:
Ve=uvEE, %% =cosh Je(1 + oy0y tanh Je).

Using this identity, the Ising model partition function is expanded as a sum over monomials
in (oy)uev. In the expansion, spin variables come in pairs of neighbors 0,0, and can thus be
formally identified with the edge connecting u and v, associated with a weight tanh J.. Each
monomial is then interpreted as a subgraph of G, the degree of o, being the degree of the
corresponding edge configuration. Because of the symmetry ¢ <> —o, when resumming over
spin configurations, only terms having an even degree in each variable remain, giving a factor 2
per dual vertex, and other contributions cancel. We have thus proved:

Proposition 1.2. [KW41la, KW41b]|High temperature expansion| The Ising partition function
can be rewritten as:

Z1sing (G, J) =2Vl (H coshJe> Z (H tathe>.

ecE PEP(G) ecP

Remark 1.1.
e Propositions 1.1 and 1.2 yield a relation between the sum over polygon configurations
of the primal and dual graphs with appropriate weights, this is known as Kramers and

Wannier (low/high temperature) duality relation.
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e In the paper [5], we prove an extension of the low and high temperature expansions to
Ising models defined on graphs embedded in compact, orientable surfaces of genus g with
boundary. In the literature, we did find versions of this duality for graphs embedded in
surfaces of genus g [LG94|, but we could not find versions taking into account boundaries.
This extension involves homology theory relative to a boundary and the intersection form.

1.2 THE DIMER MODEL

The dimer model represents the adsorption of di-atomic molecules on the surface of a crystal.
It is first mentionned in a paper of Fowler and Rushbrooke [FR37|. Consider a finite graph
G = (V,E), and suppose that edges of G are assigned a positive weight function v = (Ve)ecE-
The dimer model on G with weight function v is defined as follows. A dimer configuration, also
known as a perfect matching, is a subset of edges which covers each vertex of the graph exactly
once, see Figure 1.1 for an example.

Figure 1.1: A dimer configuration of a portion of the honeycomb lattice embedded in the torus,
opposite sides are identified.

Let M(G) denote the set of dimer configurations of the graph G, and assume that M(G) is
non-empty. The probability of occurrence of a dimer configuration M is given by the dimer
Boltzmann measure, denoted Pgimer:

I1 Ve
Pgimer (M) = _lleeM 7e
d ( ) Zdimer(G7 V)’

where Zgimer (G, v) is the normalizing constant known as the dimer partition function.

1.2.1 EXPLICIT FORMULAS IN THE FINITE, PLANAR CASE

Suppose that the graph G is finite and planar, and consider G as an embedded graph. Then, the
dimer model has the very nice feature of having an explicit formula for the partition function,
due to Kasteleyn [Kas61, Kas67| and independently to Temperley and Fisher [TF61]. We now
introduce the definitions needed to state their result.

An admissible orientation of the edges of G is an orientation of the edges such that all cycles
surrounding inner faces of the graph are clockwise odd, i.e. when traveling clockwise around
such a cycle, the number of co-oriented edges is odd. Kasteleyn proves that a planar, finite
graph always has an admissible orientation |[Kas67].

Given such an orientation, and writing the set of vertices as V = {uy,--- ,u,}, the Kasteleyn
matriz K is the corresponding weighted, oriented, adjacency matrix; it has size n x n, it is
skew-symmetric and is defined by:

Vu,u; if u; ~ u; and u; — u;
Vi, je{l,---,n}, Kuyu; =~V if uj ~ uj and u; - u;
0 else.
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It is sometimes useful to interpret K as an operator acting on CV:

Vf € (Cva (Kf)u = ZKu,va- (1'1)

veVv

The Pfaffian of a skew-symmetric matrix K is 0 if n is odd; if n is even, it is given by:

Pi(K) = Z Sgn(aﬂ)Kuﬂ(n,Uw(z) K ey (1.2)
ﬂ'EHn
where II,, is the set of partitions of the numbers {1,--- ,n} into n/2 unordered pairs, and o is

a permutation describing the partition .

Remark 1.2. Non-zero terms in the expansion of the Pfaffian correspond to perfect matchings
of the graph G, so that the Pfaffian can also be written as a sum over perfect matchings of G.

Theorem 1.1. [Kas61, Kas67, TF61| The dimer partition function is equal to the absolute value
of the Pfaffian of the Kasteleyn matriz:

Zdimer(G7 1/) = ’ Pf(K)|

Idea of the proof. By Remark 1.2, non-zero terms in the expansion of Pf(K’) correspond to dimer
configurations of G. The only issue preventing the Pfaffian from being a generating function
are the signatures of the permutations. Kasteleyn shows [Kas67] that if edges are oriented
according to an admissible orientation, signs of coefficients exactly compensate signatures of
permutations. ]

Using the explicit formula for the dimer partition function, Kenyon [Ken97| derives an explicit
formula for the dimer Boltzmann measure:

Theorem 1.2. [Ken97| Let Ex, = {e1 = ujvy, -+ ,er = ugvi} be a subset of edges of the graph G.
Then, the probability of these edges occurring in a dimer configuration of G chosen with respect
to the dimer Boltzmann measure, is equal to:

k

Pimer[e1, -+ ,ex] = )(U Kui,vi> Pf([KE_kl]t)

?

where KE_kl is the submatriz of the inverse Kasteleyn matriz K—' whose lines and columns are
indexed by {u1,vi,- - ,Up, Vi }.

Idea of the proof. The key to the proof of this result is Jacobi’s Pfaffian Identity, see for example
[IWO00], stating that:

‘Pf(KE;)

— [PE(EE) - PI(K)), (1.3)

where K| Eg IS the submatrix of the matrix K whose lines and columns are indexed by vertices

of V\ {ug,vi, -+, uk, i} O

BIPARTITE CASE

When the graph G is moreover bipartite, explicit formulas simplify and involve the determinant
rather than the Pfaffian. The set of vertices V can naturally be split into two subsets W U B,

4



CHAPTER 1. PRELIMINARIES

where W denotes white vertices, B black ones, and vertices in W are only adjacent to vertices in
B. With a slight abuse of notation, let us denote by K the submatrix of the Kasteleyn matrix
whose lines are indexed by white vertices and columns by black vertices. Then, in the bipartite
case, the full Kasteleyn matrix takes the following simpler form:

(e )

All information is contained in the matrix K, so that we refer to it as the Kasteleyn matriz.

Since the Pfaffian of a skew-symmetric matrix is the square root of the determinant, we have:

Theorem 1.3. [Kas61, Per69] When the graph G is bipartite, the dimer partition function is
equal to:
Zdimer (G, v) = |det(K)]|.

An analog of Theorem 1.2, involving the determinant instead of the Pfaffian, yields an explicit
expression for the dimer Boltzmann measure.

1.2.2 EXPLICIT FORMULAS IN THE TOROIDAL CASE

When the graph G is embedded in the torus, the dimer partition function and the dimer Boltz-
mann measure can also be computed explicitly. The result for the partition function in the
case of portions of Z? embedded in the torus is due to Kasteleyn [Kas67]. Extensions to graphs
embedded in higher genus surfaces are due to [DZM 96, GL99, Tes00, CR07, CROS].

If the graph G is embedded in the torus, the choice of an admissible orientation of the edges
does not suffice to cancel signatures of permutations in the expansion of the Pfaffian. One needs
a signed sum of 4 Kasteleyn matrices (229 matrices when the graph is embedded in a genus g
surface), defined as follows.

Consider an admissible orientation of the edges of G and the corresponding Kasteleyn matrix K.
Let 1 and 9 be two edge-cycles in the dual graph G*, winding around two non-trivial directions
of the torus. For 6,7 € {0,1}, let K% be the matrix K in which the weight of edges crossing
the cycle y; are multiplied by (—1)?, and the weight of edges crossing the cycle v, are multiplied
by (—1)7.

Then, the dimer partition function and the Boltzmann measure are given by the following.
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Theorem 1.4. [Kas67, DZM196, GL99, Tes00, CR07, CR08] [Ken97|

o The dimer partition function is equal to:

1

Zaimer(G,v) = 5| = PE(K™) + PH(K™) + PE(K™) + PE(K )], (1.4)

o Let B, = {e1 = uivi, - ,ex = ugvi} be a subset of edges of the graph G. Then, the

probability of these edges occurring in a dimer configuration of G chosen with respect to
the dimer Boltzmann measure, is equal to:

(I Kurw) (= PECKE) + PECE) + PR(KE) + PI(KY))|

]P)dimer[ely T 7ek] - 274 (G I/)
imer \\3,

, (1.5)

where Kgg is the submatriz of the matriz K% whose lines and columns are indexed by
Vv \ {Ul,Vl, Ty uk:avk‘}~

When the graph G is moreover bipartite, the dimer partition function and the Boltzmann mea-
sure are computed explicitly by similar formulas, involving determinants instead of Pfaffians.

1.2.3 DIMER MODEL ON INFINITE PERIODIC GRAPHS

Assume that the graph G is infinite and Z2-periodic, meaning that G is embedded in the plane
so that it is invariant under translations by an underlying lattice Z?. Suppose that edges are
assigned a positive, periodic weight function v = (ve)ecg. The dimer model on the infinite graph
G is studied through the natural exhaustion {G,, = G/nZ?},>1 by toroidal graphs. The smallest
graph Gp of this exhaustion plays a specific role and is known as the fundamental domain. For
every n > 1, let us denote by P3,_  the Boltzmann measure of the graph G,,, and by Zgimer(Gn, /)
the dimer partition function.

The two key results one aims for in the first place, are an explicit expression for the free energy
and for the Gibbs measure(s), defined as follows. The free energy of the dimer model on G,
denoted by f, is minus the exponential growth rate of the partition function, that is:

f=— lim % log Zgimer(Gn, V).
n—oo N
A Gibbs measure on the set of dimer configurations M(G) of G, is a probability measure on
M(G), satisfying the DLR (Dobrushin, Lanford, Ruelle) conditions: if a perfect matching is
fixed in an annular region of G, then perfect matchings inside and outside of this annulus are
independent. Moreover, the probability of any interior matching is proportional to the product
of its edge weights.

BIPARTITE CASE

In 2006, Kenyon, Okounkov and Sheffield [KOS06] wrote a breakthrough paper, giving a full
description of the dimer model in the case where the graph G is bipartite. They prove an explicit
formula for the free energy, for a two-parameter family of ergodic, translation invariant Gibbs
measures. The authors also give a full description of the phase diagram of the model, using
algebraic geometry and Harnack curves. Some parts of the paper use techniques of the paper

6
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[CKPO1] by Cohn, Kenyon and Propp, where a very thorough study of the dimer model on Z2
is established.

NON-BIPARTITE CASE

When the graph G is not bipartite, there is no general theory for the dimer model. In the
paper |3] we give a full description of the dimer model on the non-bipartite graph corresponding
to the critical Ising model on isoradial graphs, see Sections 1.3 and 2.1. Some parts of the proof
are robust, but what is missing is a general understanding of the zeros of the dimer characteristic
polynomial, defined in Section 2.1.1. This is one of the big challenges in the dimer model.

1.2.4 LOOP REPRESENTATION

Dimer configurations can be interpreted as loop configurations in the following way. Fix a
reference dimer configuration Mg of the graph G and consider a generic dimer configuration M.
Define an alternating cycle to be a cycle whose edges alternate between edges of M and edges
of My, it has even length and if the cycle has length 2, it consists of a doubled edge, that is an
edge covered by both M and My.

The superimposition of the dimer configuration M and the dimer configuration Mgy, denoted
Mo U M, is a collection of disjoint alternating cycles covering all vertices of the graph G. This
is because, by definition of a perfect matching, each vertex is incident to exactly one edge of
the matching, so that in the superimposition of two perfect matchings My and M, each vertex
is incident to exactly one edge of M and one edge of My. We shall also refer to cycles as loops.

When the graph G is bipartite, orienting edges of the reference dimer configuration My from the
black vertex to the white one, and edges of the dimer configuration M from the white vertex to
the black one, yields a natural orientation of loops, see Figure 1.2. This collection of disjoint,
oriented loops is denoted by M — M.

Figure 1.2: Oriented superimposition M — My of a portion of the honeycomb lattice embedded
in the torus.

When the graph G is bipartite and planar (finite or infinite), dimer configurations can be inter-
preted as discrete surfaces in dimension 2+1, via a height function. A height function is a random
variable h on the set of dimer configurations M(G), assigning to each dimer configuration M an
R-valued function M on the faces of G. In the mathematics community, this was first established
by Thurston [Thu90| in the case of the square and honeycomb lattices. Following [KOSO06|, a
height function can be defined using the oriented superimposition M — Mg: set the height to be
0 at some fixed face, then change the height by +1 each time an oriented cycle is crossed, where
the sign depends on the orientation of the cycle. For a family of simply connected subgraphs of
the square lattice, Kenyon proves that the height function, interpreted as a random generalized
function, converges weakly in law to 1/4/7 times a Gaussian free field [Ken00, Ken01]. I have
generalized this result to all critical, bipartite dimer models on isoradial graphs, when the graph
G is infinite [9]. Loops of the superimpositions are conjectured to converge to a CLE(4) process.

7
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1.3 FISHER’S MAPPING FROM THE ISING MODEL TO THE DIMER MODEL

In the paper |Fis66|, Fisher introduces a weight preserving mapping from the Ising model defined
on a graph G embedded in the torus, to the dimer model defined on a decorated version GF of
G!. Since then, dimer techniques have been a powerful tool for solving pertinent questions about
the Ising model, as for example the simple derivation of the free energy by Fisher [Fis66], first
computed by Onsager [Ons44|, and the book by Mc Coy and Wu [MW73].

Consider the high temperature expansion of the Ising model defined on a graph G embedded in
the torus, see Proposition 1.2:

Ztging (G, J) = 2V (H cosh Je) 3 (H tanh Je>.

ecE PcP(G) ecP

The decorated graph G = (V¥ EY) on which the dimer model lives, is constructed from G as
follows. Every vertex of degree d of G is replaced by a decoration consisting of 3d vertices:
a triangle is attached to every edge incident to this vertex, and these triangles are linked in
a circular way, see Figure 1.3. Edges of decorations are referred to as short edges, and those
corresponding to edges of the original graph G as long edges. The graph G is also embedded in
the torus, and is known as the Fisher graph of G.

Figure 1.3: Left: a vertex of G with its incoming edges. Right: corresponding decoration of the
Fisher graph GF.

Here comes Fisher’s mapping [Fis66]. To any polygon configuration P coming from the high
temperature expansion, we associated 2!Vl dimer configurations of GF: edges present (respectively
absent) in P are absent (respectively present) in the corresponding dimer configuration of G
Once the state of these edges is fixed, there is exactly two ways to fill each decoration so as to
obtain a dimer configuration of G, see Figure 1.4 for an example.

Figure 1.4: (Left) Polygon configuration of a piece of Z? embedded in the torus. Right: corre-
sponding dimer configurations of the associated Fisher graph.

Let us assign to every edge e of G weight v, = 1 if it is a short edge, and weight ve = coth J,
if it is a long edge corresponding to an edge of the original graph G, also denoted by e. Then,
Fisher’s mapping is measure preserving, i.e. the probability of a polygon configuration P of the
Ising model’s high temperature expansion is equal to the probability of dimer configurations of
G containing edges E \ P.

'Prior to Fisher, Kasteleyn [Kas63] introduced a mapping from the Ising model to the dimer model on a
non-planar decorated version of the graph. Since planar graphs are more convenient to study the dimer model,
Fisher’s mapping is most often used.
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1.4 SPANNING TREES

The study of spanning trees goes back to the work of Kirchhoff [Kir47], who studied its relation to
electrical networks. Random spanning trees have deep and fruitful connections to many objects
as random walks, harmonic functions and dimers, see [Lyo98| for an overview and references.

Consider a finite graph G. A spanning tree is a connected subset of edges containing all vertices
of the graph G and no cycle. Let us denote by T(G) the set of spanning trees of the graph G.
Assigning positive weights (pe)ece to edges, the probability of occurrence of a spanning tree T,
chosen with respect to the spanning tree measure Piree, is defined by:

HeET Pe

Ptree (T) = m )

where Ziee(G, p) is the spanning tree partition function.

1.4.1 EXPLICIT FORMULA FOR THE PARTITION FUNCTION

An explicit formula for the partition function is given by Kirchhoff’s matrix-tree theorem [Kir47].
Consider a labeling V = {uy, -+ ,u,} of the vertices of the graph G, then the Laplacian matriz
A, is the n x n symmetric matrix, defined by:

Z Pu;u; ifi=j

uj;~u;
_pu7;Uj if i ~ ]
0 else.

Vijed{l, - n}, Ay, =

The terminology Laplacian matriz comes from the fact that when interpreted as an operator
acting on CY, A is a discrete version of the continuous Laplacian. The matrix-tree theorem
[Kir47] states that the weighted number of spanning trees is equal, up to sign, to any diagonal
cofactor of the Laplacian matrix. One way of proving this result is to use Cauchy-Binet’s formula.

1.4.2 EXTENSIONS

Kirchhoff’s matrix-tree theorem [Kir47| has been generalized in many directions. Let us state
the extension to directed graphs (di-graphs), due to Tutte [Tut48|.

Consider the complete di-graph G on vertices V = {uy, -+ ,u,}, fix a vertex and label it by r.
An oriented spanning tree of G, rooted at the vertex r, is a spanning tree with edges oriented
towards the vertex r, referred to as the root vertez. Let us denote by T'(G) the set of oriented
spanning trees of the graph G, rooted at r.

To every oriented edge (uj, uj), @ # j, assign a variable ay, ,;, and denote by A the n x n matrix
defined by:

Ay = 2 Guy =]
Ui, Uy _QUhuj le # ,]
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Theorem 1.5. [Tut48| Let A" be the matriz obtained from the matriz A by removing the line
and the column corresponding to the vertex r, then:

det(A) =+ ) |

TeT(G) e=(us,u; )ET

Remark 1.3.

e The interest of this generalization is that the only condition needed for a matrix-tree
type theorem to hold, is that the column-sum of the matrix is zero. This condition is in
particular satisfied by the Laplacian matrix.

e A very nice combinatorial proof of this result and extensions are given in the paper [Cha82]
by Chaiken. The phrasing of this theorem is also taken from |Cha82].

1.5 CRITICAL MODELS ON ISORADIAL GRAPHS

In this section, we define the critical versions of the Ising model, the Fisher dimer model, the
bipartite dimer model and spanning trees, in the case where the underlying graph G is isoradial.
Other critical models on isoradial graphs have been studied, as for example bond percolation,
see [GM11, GM12].

A graph G is isoradial [Duf68, Ken02], if it can be embedded in the plane in such a way that all
faces are inscribable in a circle of radius 1. We suppose moreover that circumcenters are in the
closure of the faces. An isoradial embedding of the dual graph G* is obtained by taking as dual
vertices the circumcenters of the corresponding faces. When we speak of an isoradial graph, we
actually mean an isoradial graph with a choice of embedding. Example of isoradial graphs are
the square, triangular and honeycomb lattice. A more general example is given in Figure 1.5.

Figure 1.5: Left: example of isoradial graph. Center: corresponding diamond graph. Right:
rhombus half-angle associated to an edge e of the graph.

To such a graph is naturally associated the diamond graph, denoted G°, defined as follows.
Vertices of G® consist in the vertices of G and vertices of G*. Dual vertices are then joined to
all primal vertices that are on the boundary of the corresponding face, see Figure 1.5 (center).
Since G is isoradial, all faces of G® are side-length-1 rhombi (or half-rhombi on the boundary).
Each edge e of G is the diagonal of exactly one rhombus (or half-rhombus) of G®; we let 6, be
the half-angle of the rhombus at the vertex it has in common with e, see Figure 1.5 (right).

Isoradial graphs have two remarkable properties. First, they yield a natural setting to define
discrete complex analysis [Duf68, Mer01b, Ken02, CS11]. Second, the property of being isoradial
is preserved through Y — A transformations of the graph, also known as star-triangle transfor-
mations, underlying the concept of Z-invariance introduced by Baxter [Bax86|: a model is said
to be Z-invariant if the partition function only changes by a global constant when performing
aY — A transformation.

10
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We now state for each model, its critical version when defined on an isoradial graph. This
amounts to specifying the positive weights assigned to edges. Note that criticality is also defined
away from isoradiality, so that we are handling a specific family of critical models.

CRITICAL COUPLING CONSTANTS FOR THE ISING MODEL ON G:

1 1 + sin 6,
v E, Je=-1 — . 1.6
ecs 2 og( cos e ) (16)

These coupling constants were first derived by Baxter [Bax86|, by imposing that the Ising
model is Z-invariant, satisfies a generalized form of self-duality (the high and low temperature
expansions yield the ‘same’ model), and by assuming uniqueness of the critical point. When G =
72, one recovers the critical temperature computed by Kramers and Wannier [KW41a, KW41b].
These coupling constants have now been proved to be critical when the underlying graph is
periodic [CD13, Lil2].

Very precise predictions for the critical Ising model were established by physicists in the last
30-50 years, in particular by Cardy, Duplantier, Nienhuis and many others. In the mathemat-
ics community, following the introduction of SLE by Schramm [Sch00|, huge progresses have
occurred in the last 10 years: in 2006, Smirnov [Smil0, Smi06| proves conformal invariance of
the FK-representation of the critical Ising model on Z?, and the convergence of an interface
to SLE(16/3). This work has been generalized to the critical Ising model on isoradial graphs
by Chelkak and Smirnov [CS12|. On this subject, let us also mention the paper by Mercat
[Mer01b], where the author defines a new theory of discrete Riemann surfaces and proves equiv-
alence between criticality and existence of Dirac spinors. Recently, Chelkak, Hongler and Izyurov
[CHI12| computed n-points correlation functions, a result obtained independently by Dubédat
in a weaker form [Dubl1b].

CRITICAL WEIGHTS FOR THE DIMER MODEL ON THE FISHER GRAPH GY are obtained by ap-
plying Fisher’s mapping, see Section 1.3, starting from a critical Ising model on an isoradial
graph G:

1 if e is a short edge,

Ve € EF, Ve = 1 in 6, 6 3
coth Je = coth <log v/ %‘;ee) =cot % if e comes from an edge e of G.

CRITICAL WEIGHTS FOR THE BIPARTITE DIMER MODEL ON G:

Ve € E, 1 =sinbe. (1.7)

CRITICAL WEIGHTS FOR SPANNING TREES ON G:

Ve e E, pe=tanb..

The above weights for the bipartite dimer model and for spanning trees have been introduced by
Kenyon [Ken02|, and are referred to as critical weights. They are not derived explicitely, and one
may wonder whether they can be obtained using Z-invariance. A straightforward application of
Z-invariance yields nothing but, for spanning trees, a way out might be to use the primal and
dual graphs simultaneously. Critical dimer weights are then obtained in a specific bipartite case
using Temperley’s bijection [Tem74| and its generalizations [BP93, KPWO00].

11
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In the breakthrough paper [Ken02|, Kenyon proves an explicit local expression for the inverse of
the Kasteleyn matrix of the critical bipartite dimer model, and for the Green’s function. Locality
means that the expressions only depend on the local geometry of the graph. For example, an
entry K, }} of the inverse Kasteleyn matrix is expressed as a contour integral of an integrand
which only depends on a path joining vertices x and y in the isoradial embedding of the graph
G. This is a very surprising result since one would expect the combinatorics of the whole graph
to contribute.

12



CHAPTER 2

THE CRITICAL ISING MODEL VIA DIMERS

Let G be an infinite isoradial graph and consider the critical Ising model on G as defined in
Section 1.5, i.e. suppose that edges are assigned the critical coupling constants:

1 1 in 6
VecE, Jo=-log (-0l
2 cos B¢

Consider the corresponding critical dimer model on the Fisher graph GF of G, obtained through
Fisher’s mapping, see Sections 1.3 and 1.5: edges of G are assigned Fisher-critical dimer weights:

1 if e is a short edge, i.e. an edge of a decoration
VeecEY, .= { & &

cot %e if e is a long edge corresponding to an edge e of G.

In this chapter, we present two papers in collaboration with Cédric Boutillier giving a full
description of the critical dimer model on the Fisher graph GF: we prove an explicit expression
for the free energy and for a natural Gibbs measure. In the first paper [3], we consider the periodic
case, and prove explicit expressions in the spirit of [KOS06|. In the second paper [4], we prove
local expressions in the spirit of Kenyon [Ken02], and remove the periodicity assumption.

2.1 THE PERIODIC CASE

[3] C. Boutillier, B. de Tiliére. The critical Z-invariant Ising model via dimers: the
periodic case. Probab. Theory Related Fields 147 (2009), no. 3, 379-413.

Suppose that the isoradial graph G is infinite and Z?-periodic, then the corresponding Fisher
graph GF is also Z2-periodic, and the dimer model is studied through the natural exhaustion
{GE = G /nZ?},>1 of GF by toroidal graphs, see Section 1.2.3 for definitions.

In the paper [3]|, we prove an explicit expression for the free energy and for the Gibbs measure
obtained as weak limit of the Boltzmann measures of the graphs GE. These results are of the
same type as those obtained by Kenyon [Ken97], Cohn, Kenyon, Propp [CKPO01] in the case of
the dimer model on the honeycomb and the square lattice, and by Kenyon, Okounkov, Sheffield
[KOS06] for the dimer model on general bipartite graphs. The results of [KOS06| do not apply
to our setting because the Fisher graph is not bipartite, the bipartite assumption being a key

13
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requirement of their paper. The two main difficulties that we had to face are: understanding
the zeros of the dimer characteristic polynomial, see Section 2.1.1 and proving convergence of
the Boltzmann measures for every n, see Section 2.1.2. The second part is robust and could be
used for other dimer models on non-bipartite graphs.

2.1.1 DIMER AND LAPLACIAN CHARACTERISTIC POLYNOMIALS

Similarly to the bipartite case [CKP01, KOS06|, the key object involved in the explicit expres-
sions of the free energy and the Gibbs measure is the dimer characteristic polynomial. 1t is
constructed from the Kasteleyn matrix of the fundamental domain in the following way.

DIMER CHARACTERISTIC POLYNOMIAL

Suppose that edges of the fundamental domain G} are oriented according to a Kasteleyn ori-
entation, and let K7 be the corresponding Kasteleyn matrix. Let «; and 72 be two oriented
edge-cycles in the dual graph GJ], winding around the two non-trivial directions of the torus,
and let z,w € C*. Multiply the coefficient (K1), of the edge uv of G!' by 2*! (resp. wtl)
whenever it crosses 1 (resp. 72), the + sign (resp. — sign) is chosen if the vertex u is on the left
(resp. on the right) of the path, see Figure 2.1. This defines a modified weight Kasteleyn matrix
K;(z,w), which is skew-hermitian when |z| = |w| = 1. The dimer characteristic polynomial,
denoted Pgimer(z, w), is the determinant of K (z,w):

Pimer (2, w) = det K1 (z,w).

Figure 2.1: Left: example of fundamental domain G; (opposite sides are identified). Middle:
isoradial embedding of Gp, underlying rhombus graph (dotted lines) and rhombus half-angles.
Right: Kasteleyn orientation of the corresponding fundamental domain G, and modified weights
of the Kasteleyn matrix K;(z,w).

In the paper [CKPO01], Cohn, Kenyon and Propp provide a general argument allowing to prove
explicit expressions for the free energy and for Gibbs measure(s), see Section 2.1.2. One of the
key points is to have a precise description of the zeros of the dimer characteristic polynomial on
the torus T2.

In the case of the bipartite dimer model, Kenyon, Okounkov and Sheffield [KOS06| prove that
the zero set of the dimer characteristic polynomial is a Harnack curve of genus 0, implying
in particular that the polynomial has at most two conjugate zeros on T2. Their result is very
powerful since it applies to all bipartite dimer models, but it does not extend to the non-bipartite
case.

Quite surprisingly, we prove that for the non-bipartite Fisher graph G¥, the zero set of Pyimer (2, w)
is also a Harnack curve, by relating it to the Laplacian. This is one of the main results of our
paper [3], in order to precisely state it, we need to define the Laplacian characteristic polynomial.

LAPLACIAN CHARACTERISTIC POLYNOMIAL

Consider the Laplacian matrix Ay of the fundamental domain G; of the isoradial graph G, where
edges of the graph G; are assigned the critical spanning tree weights, see Section 1.5:

Vee E, pe=tanbe.
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The modified weight Laplacian matrix Aj(z,w) is constructed in a way similar to the modified
weight Kasteleyn matrix, see Figure 2.2. The Laplacian characteristic polynomial Ppap(z, w) is
the determinant of Aj(z, w):

Prap(z, w) = det Aq(z,w).

Figure 2.2: Modified weights of the Laplacian matrix Aj(z,w). The Laplacian characteristic
polynomial is equal to Prap(z,w) = tan(fe,)(2 — w — w™1) + tan(fe,) (2 — 2 — 271).

We prove the following;:
Theorem 2.1. [3| There exists a constant C' # 0, such that:

YV (z,w) € C?, Piimer (2, w) = CPpap(z, w).

Moreover {(z,w) € C%: Pyimer(2,w) = 0} is a Harnack curve of genus 0 and its unique point
on T2 is (1,1) and it has multiplicity 2.

Remark 2.1.

e The proof of the first part consists in showing that Ppra,(z, w) divides Pgimer(2, w) and
that the Newton polygon of Pyimer(2,w) is included in the Newton polygon of Ppap(2z, w).
We don’t give more details here since we provide a combinatorial proof of this equality in
the next chapter. The remainder of the proof consists in using results of [Ken02, KPWO00]
to relate the polynomial Pp.p(2,w) to the characteristic polynomial of a bipartite dimer
model, implying that its zero set is a Harnack curve [KOS06]. The fact that the zero is
located precisely at (1, 1) is a consequence of a result of Forman [For93|, see Theorem 3.1.

e Since the publication of our paper [3], two related results have been obtained. The Ising
partition function can also be computed using Kac-Ward matrices [KW52]. In the paper
[Cim12], Cimasoni proves a result similar to Theorem 2.1, relating the determinant of
the Kac-Ward matrix to the determinant of the critical Laplacian matrix. Using a slight
variation of Fisher’s mapping, Dubédat [Dubllb| proves that the dimer characteristic
polynomial of Glf is equal, up to a constant, to the characteristic polynomial of yet another
bipartite dimer model, thus also implying that its zero set is a Harnack curve [KOSO06].
The result of Dubédat is not directly related to the Laplacian, but also holds away from
the critical point.

2.1.2 FREE ENERGY AND GIBBS MEASURE

We now state the result of [3] proving an explicit expression for the free energy of the critical
dimer model on the infinite, Z2-periodic Fisher graph G¥, and for the Gibbs measure obtained as
weak limit of the Boltzmann measures of GL. In order to state our result, we need the following
notations and definitions:

e JF is the o-field generated by cylinders, a cylinder being the set of dimer configurations
containing a fixed, finite subset of edges of GF.
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e Since the graph G¥ is Z2-periodic, vertices of GF can be identified with V¥ xZ2, i.e. (u,x,y)
is the vertex u in the (x,y)-copy of the fundamental domain GY. The inverse Kasteleyn
matriz K~ is defined to be the infinite matrix whose coefficients are given by:

K—l 2 // Cof Kl Z w))u vuzx’*mwy’*y%dﬂ' (21)
7TZ T2

(u,x,y),(u’,;v’,y Pdlmer z w) 2w

In Proposition 5 of [3], we prove that K~! is indeed an inverse of the infinite Kasteleyn
matrix K, in the sense that KK ! = Id, and that it is the unique inverse tending to 0 as
(2" — 2,y —y)|| = oo. It is computed using Fourier techniques, as in [CKPO1].

Theorem 2.2. [3]

1. The free energy f of the critical dimer model on the Fisher graph GF is equal to:

dzdw
= leer - 2.2
f= s // 08 Pamer(z,0) & 22

w

2. There is a unique probability measure Paimer on (M(GY), F), such that the probability of
occurrence of a subset of edges E = {e1 = uivy, - ,ex = ugvy} of G¥ in a dimer configu-

ration is equal to:

k
Paimer[e1, -+ ,ex] = (H KU’LN'L) Pf([KEkl]t)v (2.3)
i=1
where KE_1 is the submatriz of the infinite matriz K1 of (2.1), whose lines and columns
are indezed by {ui,v1, - , Uk, Vg }. Moreover, Paimer s a translation invariant Gibbs mea-
sure.
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Outline of the proof. As in [KOS06|, the beginning of the proof follows [CKPO1].

1. Using Theorem 1.4 of Section 1.2.2, one expresses, for every toroidal graph G of the
exhaustion of GF, the partition function Zdimer(GE, v) and the Boltzmann measure P}, .

Both expressions (1.4) and (1.5) involve the four Kasteleyn matrices (K27 )o,re{0,1} of the

n
graph GI'| where we have added a subscript n to emphasize the dependence in n.

2. Using translation invariance of the graph G and Fourier techniques, for every 6,7 € {0, 1},
the matrix K7 can be block-diagonalized, with (n?)? blocks of size |VI|, the number of
vertices of the fundamental domain. For every j, k € {0,--- ,n — 1}, the (j, k)-th block is
explicitly expressed using the modified weight Kasteleyn matrix as:

(2j+0)m i(zkmw)

K <ez nooLe (2.4)
The idea then is to use Points 1 and 2 above, to obtain analogs of Formulas (2.2) and (2.3)
with Riemann sums instead of integrals, and to show that Riemann sums converge to the cor-
responding integrals as n — oco. This is where we need information on the zeros of the dimer
characteristic polynomial on T2, provided by Theorem 2.1:

3. The dimer characteristic polynomial Pgimer(z, w) = det K7(z,w), has a single double zero

at (1,1) on T?. In the discretization of T? obtained from the block-diagonal decomposition,
(2it0)r  (2ktr)w

see Equation (2.4), the zero (1,1) is reached by <ez no, et n ) if and only if (j,k) =
(0,0) and (6,7) = (0,0). For all other indices, the points are at distance at least O(2)
from the zero (1,1).

FREE ENERGY. Using the block decomposition of the matrices KgT of Point 2, one has, for
every 0,7 € {0,1}:

n—1n—1
det K'ZT — H H Pdlmer < (21-;9)7r : 67; (216-;7)7'() ‘ (25)
§=0 k=0
By Point 3, this determinant is 0 if and only if (f,7) = (0,0). When (6,7) # (0,0), since the
. (2j+6) Z.(2k+‘r)7r

determinant is the square of the Pfaffian and since the points (e’ no et n ) are at distance

at least O(%), one has:

or 1 1 27L In-l (2]+«9)7r 7:(216-4-7-)‘”
lim —long(K )—5(2 lim ZZlogPdlmer< noo,et m ),

n—o0 N2 )2 n—oo n2 s
Jj=

1 1 21 2 ] .
= 3746 9 log P, imer ”7’ : .
2(%)2/0 /0 0g Paimer(e", €'*) dn d§

Details on the convergence of the Riemann sums to the corresponding integral are given in
the paper [CKPO1]. Then, by Theorem 1.4 we have, maxg, {Pf(K%")} < Zjime(GE,v) <
2maxg - {Pf(K7)}, which allows to conclude the proof.

GIBBS MEASURE. As long as (6,7) # (0,0), as in the planar case, one uses the Jacobi identity of
Equation (1.3) for each of the terms Pf ((KzT)Ez) of the Boltzmann measure (1.5). Jacobi’s iden-
tity involves the Pfaffian of the full matrix, which will be compensated by the partition function

17
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Zgimer(GE, V) in the denominator, and the Pfaffian of a restriction of the inverse Kasteleyn ma-
trix. Coeflicients of the inverse Kasteleyn matrix are expressed using the block diagonalization
of Point 2, as Riemann sums for the integral (2.1):

- (2j4+6)m . (2k+7T)7
SESSN o Cof (K1 (ezT el )) /
(K, LSS s |
n () (aty) T 2 ;Citon  Chen)r ’
7=0 k=0 Pdimer € no € n

Convergence to the integral as n — oo is proved using Point 3, which tells us that we are far
enough from the zero of the characteristic polynomial.

The term involving (0,7) = (0,0) in the expression of the Boltzmann measure (1.5) needs to
be treated separately. Indeed, since Pf(K%) = 0, Jacobi’s identity does not hold in this case.
Using the Cauchy-Binet formula, rather involved expansions of the determinant [Bou70|, and
careful estimates, we prove that:

Pf(K}" e —0(3)
Zdimer(GEﬂ/) B n .

This ends the sketch of the proof of the convergence of the Boltzmann measure P}, ler,- -, ex]
to the right hand side of (2.3). Existence of a unique probability measure Pgiper equal to the
RHS of (2.3) on cylinder sets is then given by Kolmogorov’s extension theorem. O

Remark 2.2. In the case of the bipartite dimer model, when proving convergence of the Boltz-
mann measures on cylinder sets, Kenyon, Okounkov and Sheffield [KOS06| actually prove con-
vergence on a subsequence of n’s where they use Jacobi’s formula for each (6, 7). They conclude
using a theorem of Sheffield [She05| proving a priori existence of the limit. Sheffield’s theorem
strongly relies on the bipartite assumption and is thus not available for the Fisher graph. More-
over, in our case, the Pfaffian of K% cancels for every n, so that one can never use Jacobi’s’
identity for (,7) = (0,0). Finding a subsequence where the general argument of [CKPO1|
works was not an option either. The method we provide is robust and can be used for other
non-bipartite graphs. As mentionned before, what is missing for the non-bipartite dimer model
is a general understanding of the zeros of the characteristic polynomial.

2.2 NON PERIODIC CASE, LOCAL EXPRESSIONS

[4] C. Boutillier, B. de Tiliére. The critical Z-invariant Ising model via dimers:
locality property. Comm. Math. Phys. 301 (2011), no. 2, 473-516.

In the paper [4] we suppose that the graph G is infinite, isoradial, but not necessarily Z2-periodic.
We consider the critical dimer model on the Fisher graph GF. Our main result is an explicit,
local formula for the inverse Kasteleyn matrix, in the spirit of [Ken02], it is stated in Section
2.2.1. Using the results of [3] and an argument of [8], this yields an explicit local formula for
a natural Gibbs measure, see Section 2.2.2. Using techniques of [Ken02], we recover Baxter’s
formula for the free energy of the critical Ising model, and thus a new proof of it. The latter is
equal, up to a constant, to 5 L of the logarithm of the normalized determinant of the Laplacian
obtained in [Ken02|. This is the subject of Section 2.2.3.
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2.2.1 LOCAL EXPRESSION FOR THE INVERSE KASTELEYN MATRIX

Let us first introduce some notations for vertices of the isoradial graph G and for vertices of the
corresponding Fisher graph GF.

NOTATIONS. Vertices of G are written in plain symbols, those of G in boldface. Let x be a
vertex of GF, then x belongs to a decoration corresponding to a unique vertex of G, denoted by
x. Conversely, vertices of a decoration of G corresponding to a vertex x of G are labeled as
follows, refer to Figure 2.3 for an example. Let d(x) be the degree of the vertex x in G, then the
corresponding decoration consists of d(x) triangles, labeled from 1 to d(x) in counterclockwise
order. For the k-th triangle, let vi(x) be the vertex incident to an edge of G, and let wg(x),
zj(x) be the other two vertices in counterclockwise order, starting from vg(x). Later on, when
no confusion occurs, we will drop the argument x in the above labeling. Define a vertex x of GF
to be of type ‘v', if x = vi(x) for some k € {1,---,d(x)}, and similarly for ‘w’ and ‘z’.

Figure 2.3: Notations for vertices of GF.

The isoradial embedding of G fixes an isoradial embedding of the corresponding diamond graph
G°. There is a natural way of assigning rhombus unit-vectors of G® to vertices of GF': for every
vertex x of G, let us assign the rhombus unit-vector e“*t® to wy(x), € “%® to z;(x), and the two
rhombus unit-vectors e ¢ to vi(x), as in Figure 2.4. Note that e’ = ¢"“#k+109

Figure 2.4: Rhombus vectors of the diamond graph G® (dotted lines) assigned to vertices of G'.

The integrand of the local formula for the inverse Kasteleyn matrix has two contributions: a
complex valued function defined on vertices of GF, and the discrete exponential function of
[Mer01la], see also [Ken02|, which only depends on the underlying isoradial graph G. We now
define these two functions.

COMPLEX VALUED FUNCTION ON VERTICES OF GY. Define f: VF x C = C, by:

. Ywy (x)
o5
eiawk (x) _ )\
.Yz (x)
el

f(zk(x),A) = fr,0(A) = Tomw
f(Vk(X), A) = ka(x) ()‘) = fwk(x) ()‘) + fzk(x)(A)a (26)

f(Wk(x)a )‘) = fwk(x)(A) =

for every x € G and every k € {1,---,d(x)}. For these functions to be well defined, the angles
Qy, (x) and oy, (x) need to be well defined modulo 47, indeed half angles need to be well defined
modulo 27. We refer to Lemma 4 of the original paper [4] for this definition. It is related to
spin structures on surface graphs, see [Kup98, CR07, CR08|.

DISCRETE EXPONENTIAL FUNCTION [MERO1A, KENO2|. Let x and y be two vertices of G, and
let y = xq, - ,X,41 = x be an edge-path of G from y to x. The complex vector x;;1 — x; is the
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CHAPTER 2. THE CRITICAL ISING MODEL VIA DIMERS

sum of two unit complex numbers % + ¢ representing edges of the rhombus of G® associated
to the edge x;jx;41. Then, Exp : V x V x C — C is defined by:

ebi 4 /\) (e”ﬂ' + /\).

Exp(x,y, A) := Exp, () = H(ezﬂj — M \ei — )\

The function is well defined, i.e. independent of the choice of edge-path of G from y to x, since
the product of the multipliers around a rhombus is 1.

We can now state Theorem 2.3 proving an explicit, local expression for the coefficients of an
inverse K1 of the Kasteleyn matrix K. The vertex x of G¥ in the statement should be thought
of as being one of wg(x), zx(x), vi(x) for some x of G and some k € {1,--- ,d(x)}, and similarly
for the vertex y of GF.

Theorem 2.3. [4] Let x and y be any two vertices of G¥. Then, the infinite matriz K—', whose
coefficient Kg)} is given by (2.7) below, is an inverse Kasteleyn matriz,
-1 _ 1
X,y (27-[-)2

fg (N fy(A) Expy y(A) log AdA + Cxy. (2.7)

The contour of integration Cyy is a simple closed curve oriented counterclockwise containing all
poles of the integrand, and avoiding a half-line dx,yl with base point zero. The constant Cyy s

zero whenever x and 'y do not belong to the same decoration, and is equal to :l:%, when they do.

Remark 2.3.

e Now that the theorem is stated, we can explain what is meant by a local formula, see also
Section 1.5. The integrand of the explicit expression for K, }} given by Equation (2.7) only
depends on the geometry of the embedding of the isoradial graph G and on a path joining
vertices which are at distance at most 2 from x and y. This is surprising since one would
expect the combinatorics of the whole graph to contribute.

e The infinite inverse Kasteleyn matrix K~! in the statement of Theorem 2.3 satisfies
KK~! = 1Id. This raises the natural question of whether it is unique. When the graph
GF is assumed to be ZZ-periodic, the answer is yes. Indeed, in Proposition 5 of [3], we
prove uniqueness of the inverse such that K;yl — 0, as ||x —y|| = oo. In Corollary 7 of

[4], we compute asymptotics of K yl from which one easily deduces that this condition is

satisfied. Uniqueness has an interesting consequence: it means that, in the Z2-periodic

case, the expressions (2.1) and (2.7) are equal. We have not yet been able to directly prove

this.

Proof (Idea). The proof consists in showing that KK ~! = Id. The idea of the argument comes
from [Ken02], where Kenyon computes a local explicit expression for the inverse Kasteleyn
matrix of the critical dimer model on a bipartite, isoradial graph. The results of the paper
[Ken02] cannot be applied to the critical dimer model on the Fisher graph GF, since GF is not
isoradial, nor bipartite.

e The first part of the argument consists in finding a complex valued function, depending on
a complex parameter, in the kernel of the Kasteleyn operator?. The difficulty lies in the fact

'Refer to the paper [4] for the precise definition of the half-line dx,.
2The Kasteleyn operator is defined from the Kasteleyn matrix in Equation (1.1).
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that there is no general method to construct such a function, nor even to determine whether it
exists. Nevertheless, we were able to find one: the next proposition proves that for every y € G,
and every A € C, the function (fx()) Expyy(A))xevr, is in the kernel of the Kasteleyn operator
K of the Fisher graph GF.

Proposition 2.1. [4] Let x,y be two vertices of G¥, and let x1,xa,x3 be the three neighbors of x
in GY', then for every A € C:

ZKX xlfxl EprZ,y( ) =0.

The proof of Proposition 2.1 consists of explicit computations, which we omit here. Rather, let
us give an idea of how we identified the functions (fx(A) Expyy(A))sevr. By Theorem (2.1), we
know that the characteristic polynomial of the critical dimer model on the Fisher graph G is
equal, up to a constant, to the characteristic polynomial of the critical Laplacian on the isoradial
graph G. This led us to think that the discrete exponential functions, which are the integrand of
the local expression of the Green’s function [Ken02], should also appear in the integrand of the
inverse Kasteleyn operator. Then, since the model is defined on the Fisher graph GF and not
on the isoradial graph G, we believed that there should be some additional information coming
from the Fisher graph, hoping that it would be local, i.e. only involve the decoration of the
vertex in question. It turned out to be the case. Finding the functions (fx(\))yeyr involved
explicitly solving the case of Z?, and understanding how this could be extended to the case of a
general isoradial graph.

e Here is the idea of the second part of the argument. Let x, y be two vertices of GF, and let
Cx,y be a a simple closed curve oriented counterclockwise, containing all poles of the integrand
of (2.7), and avoiding an angular sector sy, containing the half-line dy, see Figure 2.5.

Figure 2.5: Definition of the contour of integration €y, of the integral term of K yl The poles
of the integrand are on the unit circle, and are drawn as thick points.
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Denote by x1, x2, x3 the three neighbors of x in GF. The goal is to define angular sectors Sxyy, In
such a way that:

- When x # y, the intersection ﬂlesxi,y is non-empty, meaning that we are working on a
single branch of the logarithm. The three contours Cy, , can then be continuously deformed
into a common contour € without meeting any pole which, using Proposition 2.1, yields:

’ dA
> s A N By () g A =

- dA
fé(; Kx,xifxi(A) Eprivy()\>)fy(—)\) log /\W = 0. (2,8)

- When x =y, the intersection of the three sectors is empty, meaning that we are sitting on
different branches of the logarithm. Using this fact, one aims at having

: dA
Z KX,Xi \%C; fxi ()\)fy(—A) Epri7y()\) log Aw, (29)
i=1 Xq5Y

equal to 1.

It turns out that it is not possible to construct angular sectors such that Equation (2.8) holds
and such that (2.9) is equal to 1. Additional constants Cy, need to be introduced, refer to the
statement of Theorem 2.3.

In the paper [Ken02], angular sectors are not constructed explicitly since geometric considera-
tions suffice to define an appropriate branched covering of the plane. Angular sectors appear in
[BMS05] for the isoradial graph G. In our case, the construction is complicated by the presence
of the decorations. The construction and the proof is rather involved (13 pages) and we do not
want to enter into more details here. Let us just mention that it heavily uses the underlying
rhombus graph G°®, and train-tracks, where a train-track is a path of edge-adjacent rhombi of
G°, which does not turn: on entering a face, it exits along the opposite edge. O

2.2.2 LOCAL FORMULA FOR A NATURAL GIBBS MEASURE

We let G be an infinite isoradial graph, not necessarily periodic, and let GF be the corresponding
Fisher graph. Using an argument of [8] and the explicit local expression for the inverse Kasteleyn
matrix, we prove an explicit, local expression for a Gibbs measure of the critical dimer model on
the Fisher graph GF. The strength of this result lies in the fact that the graph is not assumed
to be periodic.

Theorem 2.4. [4] There is a unique probability measure Pgimer on (M(GY),F), such that the
probability of occurrence of a subset of edges Ex = {e1 = x1y1,--- ,ex = xxyx} of G' in a dimer

configuration is:
k

Paimerler, - ver] = ([ Kws) Pf([KEkl]t), (2.10)
i=1
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where KE_kl is the submatriz of the infinite inverse Kasteleyn matriz K—' of (2.7), whose lines
and columns are indeved by {x1,y1, - ,Xg,Yr}; moreover Pgimer is a Gibbs measure. When GY
is Z2-periodic, Pgimer 15 the Gibbs measure of (2.3), obtained as weak limit of the Boltzmann

measures P7 on the toroidal exhaustion {GL = G /(nZ?)},>1 of GF.

dimer
Proof (Idea). The idea of the argument comes from the paper [8]. The goal is to construct the
measure Pgyimer using Kolmogorov’s extension theorem. Recall that F denotes the o-algebra
generated by cylinder sets, where a cylinder consists of dimer configurations containing a fixed,
finite subset of edges of GF, that is:

F=o0(Ag : & CEY), where Ag = {M € M(G") : &€ c M}.

To simplify notations, we have identified A¢ with € in the statement of the theorem.

Fix a subset & of edges of GF and denote by F¢ the o-algebra generated by the cylinders
(Aer)erce. Define an additive function Pg on Fg, by setting its value on every cylinder:

k
VE ={ei, - ,e,} C& Pe(de)= (H Kxi]-,yij) Pf([[(gl]t) (2.11)
j=1

Our goal is to prove that P is a probability measure. This is not clear a priori, because K~ is
given by the local formula (2.7) and the graph G¥ is not assumed to be periodic. Indeed, this
implies that we cannot directly use uniqueness of the inverse Kasteleyn matrix in the periodic
case, see Remark 2.3, to prove that P¢ is a weak limit of Boltzmann measures. Working directly
with the expression of K1 given by (2.7) turned out to be difficult, we could, for instance, not
even establish positiveness of Pg.

Nevertheless, using the locality property of the inverse Kasteleyn matrix K !, a result of [§]
and uniqueness in the Z?-periodic case, we can still prove that Pe is a weak limit of Boltzmann
measures. The argument is the following.

The first fact is that there exists a Z?-periodic Fisher graph Gg which is identical to G¥ on a
finite, simply connected region containing all edges of €. This is proved using Proposition 1 of
[8] stating the following: any finite, simply connected subgraph of a rhombus tiling of the plane
can be embedded into a Z2-periodic rhombus tiling of the plane. To extend this result to the
Fisher graph G, one uses the isoradial graph G underlying the Fisher graph and the rhombus
graph G° corresponding to the isoradial graph G.

Let K, I denote the inverse Kasteleyn matrix of the critical dimer model on the periodic Fisher
graph Gg, given by Theorem 2.3. Then, the second fact is that by the locality property of
the inverse Kasteleyn matrix, see also Remark 2.3, (Klj 1)X7y and K| ; are equal for all pairs of
vertices of €.

Using uniqueness of the inverse Kasteleyn matrix decreasing at infinity in the Z2-periodic case,
see Remark 2.3, we know that K 1'is equal to the inverse Kasteleyn matrix computed using
Fourier transforms given in Equation (2.1). By Theorem 2.2, we thus know that Pe is a weak
limit of Boltzmann measures, and as such is a probability measure.

Similar arguments are used to prove Kolmogorov’s compatibility relations, thus allowing to
conclude the proof.

O]
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Example. The critical Ising model on isoradial graphs satisfies a generalized form of self-
duality, see Section 1.5. This means that the critical dimer model on the Fisher graph GF can
be obtained, either from the high temperature expansion of a critical Ising model on the graph
G (as in Section 1.3), or from the low temperature expansion of a critical Ising model on the
dual graph G*. The advantage of the second approach is that polygon configurations of the low
temperature expansion have a direct interpretation as separating clusters of 1 spins.

As a consequence, consider a critical Ising model on the dual graph G*, then the probability that
the spins at two neighboring vertices x*, y* are equal, is equal to the probability of the dual edge
e = xy being absent in the low temperature expansion polygon configuration. Through Fisher’s
mapping, this is equal to the probability that the edge e is present in the dimer configuration of
GY. This probability can be computed explicitly using Theorem 2.4, and yields:

1 T — 20,
Franglox = oyl =5t o cos0
e

where 6, is the rhombus half-angle corresponding to the edge e. Details of this computation can
be found in the appendix of the original paper [4].

2.2.3 LOCAL FORMULA FOR THE FREE ENERGY

Let us assume that the isoradial graph G is Z?-periodic. Using Theorem 2.3 and techniques of
[Ken02], we obtain an explicit expression for the free energy of the critical dimer model on the
Fisher graph GF. Using Fisher’s correspondence, this yields a new proof of Baxter’s formula for
the free energy fising of the critical Ising model on the isoradial graph G:

Theorem 2.5. |[Bax89| The free energy of the critical Ising model on the isoradial graph G, is

equal to:
fimg = ~V57 =3 [Teantt (10 +1(5 - 06))]
ec

2 P
where L is the Lobachevsky function, L(x) = — [ log|2sin(t)|d¢.

Note that, up to a constant, this is % of the logarithm of the normalized determinant of the

Laplacian operator obtained by Kenyon [Ken02].
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CHAPTER 3

CRSFS AND THE DOUBLE CRITICAL ISING MODEL

In this chapter, we present two papers with a combinatorial flavor. The first paper [11] focuses
on the critical dimer model on the Fisher graph G, corresponding to a critical Ising model on
a periodic isoradial graph G. We establish a combinatorial proof of Theorem 2.1, thus explicitly
relating cycle rooted spanning forests (CRSFs) - the pendent of spanning trees when working
on the torus - and the double, critical Ising model on the torus. The second paper [10] answers
a question raised when working on [11]. The main theorem can actually be rephrased in a
more general context: we prove a half-tree theorem for the Pfaffian of a skew-symmetric matrix
whose column-sum is zero. This is a Pfaffian version of the classical matrix-tree theorem of
Kirchhoff [Kir47].

3.1 FromMm CRSFS TO THE DOUBLE CRITICAL ISING MODEL: AN EXPLICIT
CONSTRUCTION

[11] B. de Tiliére. From cycle rooted spanning forests to the critical Ising model: an
explicit construction. Comm. Math. Phys. 319 (2013), no. 1, 69-110.

Let us first give an idea of the main theorem of [11]|, and postpone the precise statement until
Section 3.1.3. Let G be an infinite, Z2-periodic, isoradial graph and consider the critical dimer
model on the Fisher graph GF, see Section 1.5. Recall the following definitions from Section 2.1.1.

e The dimer characteristic polynomial, Pgimer(z,w), is the determinant of the modified weight
Kasteleyn matrix Ki(z,w) of the fundamental domain GY'. By Theorem 1.4, the dimer partition
function of the fundamental domain G is a combination of Pf K7 (4, 41). Since the determinant
of a skew-symmetric matrix is the square of the Pfaffian, one deduces that Pyimer(z,w) is a
weighted sum over ‘superimpositions of dimer configurations’, also known as ‘double dimer
configurations’. Using Fisher’s mapping, this means that Pgime (2, w) is a weighted sum over
configurations of the ‘double critical Ising’ model on Gy. For larger graphs G, the partition
function is expressed using the characteristic polynomial, see Equation (2.5), so that it is actually
stronger to work with the characteristic polynomial rather than partition functions.

"When on the torus, there are non-trivial cycles which might have odd length but all other cycles are indeed
superimpositions of dimer configurations.
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e The Laplacian characteristic polynomial, Ppap(2,w), is the determinant of the modified weight
Laplacian matrix Aj(z,w) of the fundamental domain G;, where we have assigned critical span-
ning tree weights to edges, see Section 1.5. By a theorem of Forman [For93|, Pra,(z,w) is a
weighted sum over cycle rooted spanning forests, defined as follows.

A cycle-rooted tree (CRT) of the graph G; embedded in the torus T?, is a connected subgraph of
G with a unique non-trivial cycle, where a non-trivial cycle is a cycle having non-zero homology
in Hy(T?,Z). An oriented CRT (OCRT) is a CRT in which edges of the branches are oriented
towards the non-trivial cycle, and the non-trivial cycle is oriented in one of the two possible
directions. Given an OCRT T, denote by (h(T),v(T)) the homology class of its non-trivial cycle
in Hy(T?,Z) ~ 72

A cycle-rooted spanning forest (CRSF) is a collection of disjoint cycle-rooted trees covering every
vertex of Gy. An oriented CRSF (OCRSF) is a CRSF consisting of OCRTSs, see Figure 3.1 for
an example. Let us denote by F(Gp) the set of OCRSFs of G;. Then, Forman [For93| proves
the following version of the matrix-tree theorem for toroidal graphs (which also holds for other
weights than the critical ones).

Theorem 3.1. [For93| The critical Laplacian characteristic polynomial is the following weighted

sum:
Prap(z,w) Z (H tan 6 ) H — MMMy, (3.1)

FeF(G1) ecF TeF

Figure 3.1: An example of OCRSF counted by the Laplacian characteristic polynomial, consist-
ing of two OCRTs.

The main result of the paper [11] is a combinatorial proof of Theorem 2.1, stating that the
critical dimer and Laplacian characteristic polynomials are equal. This explains, on the level
of configurations, the relation between the double critical Ising model on the torus, and cycle
rooted spanning forests. Working on planar domains would certainly yield an explicit relation
between the double critical Ising model and spanning trees (the pendent of CRSFs when working
in planar domains), thus proving an explicit relation between two well known and very classical
models of statistical mechanics.

NOTATIONS. In the remainder of this section, we use the notations introduced in Section 2.2.1 for
vertices of the Fisher graph GF', and the definition of the complex valued functions (fx()))yevr
of Equation (2.6).

3.1.1 MATRIX-TREE THEOREM FOR THE DIMER CHARACTERISTIC POLYNOMIAL

We first establish a matrix-tree type theorem for the dimer characteristic polynomial of GI'.
The proof is not combinatorial, that is, we do not explain on the level of configurations how
the dimer characteristic polynomial can be expressed, on the one side as a sum over ‘double
dimer’ configurations, and on the other as a sum over CRSFs of Gf. A combinatorial argument
is provided in a more general framework, in the paper [10]. This is the subject of Section 3.2.
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Let D be the diagonal matrix whose lines and columns are indexed by vertices of Gf, such that
Dy x = fx, where fy is the complex valued function fi()\) of Equation (2.6) evaluated at A = 0.
Define,

K%(z,w) := D*K;(z,w)D,

and let P} _ (z,w) denote the characteristic polynomial det K{(z,w). This diagonal trans-
formation of the Kasteleyn matrix only changes the characteristic polynomial by an overall
constant. Using Proposition 2.1 at A = 0, we prove that K°(1,1) has the nice property of
having column-sum equal to 0. Using the extension of the matrix-tree theorem of Section 1.4.2,
we know that any cofactor of K%(1,1) is a sum over oriented spanning trees. If instead we keep
all lines and columns and add parameters z and w, we have a toroidal version of this theorem,
in the spirit of the theorem of Forman [For93]. We prove it using the Cauchy-Binet formula.

Theorem 3.2. [11] The dimer characteristic polynomial P%__(z,w) can be rewritten as:

mer

Pdlmcr zZ,w) Z ( H fxfy Xy) H(l _ zh(T)wv(T))-

FEF(GY) e=(xy)eF TeF

Figure 3.2: An example of OCRSF counted by the dimer characteristic polynomial.

3.1.2 OCRSFS CONTRIBUTING TO THE CHARACTERISTIC POLYNOMIAL

It turns out that the contributions of some OCRSFs to P} (z,w) cancel. The next step
consists in characterizing the OCRSFs that actually contribute. Denote by F a generic OCRSF
of Glf. We first look at the restriction of F to long edges, that is to edges of the graph Gp, and

establish the following necessary condition:

(1) The restriction L(F) of the OCRSF F to edges of G; must be an oriented edge configuration
of G such that there is at least one outgoing edge from every vertex of Gj.

At each decoration, a vertex of type v’ with an outgoing edge of L(F) is referred to as a root
vertez, and a vertex of type v’ with either an incoming edge of L(F), or no edge incident is
referred to as non-root vertex, see Figure 3.3.

Figure 3.3: Example of a restriction to long edges (edges of Gj), root vertices and non-root
vertices.

Next, we characterize the restriction to a decoration x of OCRSFs contributing to P (z,w).
There are two symmetric cases cw and cclw, we only describe the cw case here.

(2) If the OCRSF F contributes to P}, (z,w), then the restriction to every decoration consists
of, see also Figure 3.4.

27



CHAPTER 3. CRSFS AND THE DOUBLE CRITICAL ISING MODEL

— all edges joining the triangles in a circular way, oriented clockwise,

— one of the three following 2-edge configurations at the triangle of every non-root
vertex v;:

{(Wiv Vi)7 (Vi7 Zi)}a {(Wia Zi)> (Vi’ Zi)}v {(Viv Wi)a (Wi7 Zi)}a

— one of the following 1-edge configuration at the triangle of every root vertex v;:

{(wi, vi) b, {(wi, z)

with the additional constraint that the triangle of at least one root vertex contains
the configuration (w;,v;).

Figure 3.4: Restriction to a decoration of an OCRSF that contributes to P (2, w).

A priori, the restriction to a decoration of an OCRSF of G can take many other forms. The
proof consists in showing that other contributions cancel.

Define an essential OCRSF of GY to be an oriented edge configuration of F of G} such that the
restriction of F to edges of G; satisfies Condition (1), the restriction of F to every decoration
satisfies Condition (2), and such that F contains no trivial cycle consisting of long edges and
short edges. Denote by FO(GY) this set of OCRSFs. Then, as a consequence of the above we
have:

Corollary 3.3. [11] The dimer characteristic polynomial can be written as:

Pdlmer 2, ’U) Z ( H fxfy ,y> H( Zh(T)wU(T))' (32)

FEFO(GY) e=(xy)€F TeF

3.1.3 MAIN RESULT

We can now give a precise statement of the main theorem of the paper [11].

Theorem 3.4. [11| Consider a critical Ising model defined on an infinite, Z2-periodic isoradial
graph G. Then, one can explicitly construct essential OCRSFs of GY' counted by the critical dimer
characteristic polynomial Pdlmer( w), from OCRSFs of Gy counted by the critical Laplacian
characteristic polynomial Pyap(z, w).

Sketch of proof. Both PB and Pglmer are weighted sums over OCRSFs of a graph embedded in
the torus, see Equations (3.1) and (3.2). We first need a rewriting of these polynomials as sums
over pairs of primal and dual OCRSFs.

REWRITING OF THE CHARACTERISTIC POLYNOMIALS. It is a general fact that if F is a CRSF,
then the complementary configuration consisting exactly of the dual edges of the edges absent
in F, is a CRSF of the dual graph, with non-trivial cycles parallel to those of F, such that primal
and dual non-trivial cycles alternate along the torus, see Figure 3.5. It is referred to as the dual
CRSF of F.
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Figure 3.5: Primal and dual CRSFs of a graph embedded in the torus.

OCRSFs are said to be dual to each other if their unoriented versions are. Define the homology
class of an OCRSF to be the sum of the homology classes of its OCRT components. Then,
we prove a rewriting of polynomials of the form (3.1) and (3.2), using pairs of primal and dual
OCRSEFs. Denote by F(Gq, G]) the set of pairs of dual OCRSFs of G; and Gj. Similarly, denote
by FO(GY, Glf*) the set of pairs of dual OCRSFs, such that the primal is an essential OCRSF of
Gh.

Lemma 3.1. The critical Laplacian and dimer characteristic polynomials can be rewritten as:

R(E)+h(F*)  v(F)+v(F*)
Prap(z,w) = Z H tanbyy | (—2~ 2 w2z )
(FF*)e7(G1,G7) \e=xyeF
_ R(F)+h(F*)  v(F)+v(F*)
P((i)imer(z’ w) = Z H fxnyx,y (_Z 2 w 2

(F,F*)eg0(GF,GF'™) \e=(xy)eF

Let us now describe the mapping, constructing pairs of OCRSFs of (G}, Gf*) from pairs of
OCRSEFs of F(Gy, G}).

IDEA OF THE MAPPING. The mapping consists in assigning to every pair (F, F*) of dual OCRSFs
of G; and G} a family 8(F, F*) of dual essential OCRSFs of GY and G}, such that:

L Uk rescien S(F.FY) = FO(GY, GI™).
2. When (F1, F}) £ (Fa, F3), then S(F1, F{) N 8(F2, F3) = 0.
3. For every (F,F*) € 8(F,F*), we have:

(h(F) + h(F*) v(F)+ v(F*)) _ <h(F) + h(F*) v(F)+ v(F*))
2 ’ 2 2 ’ 2

CoONSTRUCTION OF 8(F,F*). The family 8(F, F*) will be very large, indeed the decorated graph
G contains many more OCRSFs than the graph G;. The idea of the construction is to use a
inductive procedure, allowing to guarantee that, at each step, we are indeed constructing pairs
of OCRSFs and that these satisfy Point 3. The induction is on the number of long edges present.
More precisely, let eq, - - - , e,, be a labeling of the unoriented edges of E; \F. For k € {0,--- ,m},
let Jp = {(i1,-- ,ix) € {1,--- ,m}¥|1 <y < --- < ix <m}, with the convention that J;, = 0,
when k£ = 0. Then,

sFF)=U U 9@ el 6,
k=0 (i1, ir)EJx

where FFF)Aeineid(GF GF™) is constructed by induction on k. Tt consists of pairs of dual
essential OCRSFs of GI' and GY * such that the primal contains exactly the oriented long edges
F and the long edges e;,,--- ,e;, in one of the two possible directions.
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e Initial step of the induction. Primal OCRSFs of FF-F):0(GF GF™) are required to contain
exactly the oriented long edges F, and to have the restriction to every decoration satisfy
Condition (2) of Section 3.1.2. It is not so difficult to prove that the pairs of oriented edge
configurations obtained in this way are indeed OCRSFs and satisfy Point 3.

e Induction step. The idea is to construct pairs of dual OCRSFs of F(FF){ei - eii} (G, Glf*)
from pairs of dual OCRSFs of ?(F’F*)’{e”"”’eif—l;'}(Gf, Glf*), by adding the long edge e;;
to the primal OCRSFs. Simply adding an edge to an OCRSF does not yield an OCRSF,
one also needs to remove an edge. There are quite a few subtleties in doing this procedure,
and we do not want to enter into too many details here. The point is that we define licit
primal/dual edge moves that have to be performed on the primal and the dual OCRSFs
stmultaneously. These moves guarantee that a long edge is added, and that the resulting
pair of oriented edge configuration is indeed a pair of OCRSFs, satisfying Point 3. Note
that performing such moves on the primal OCRSF only does not guarantee Point 3, so that
writing characteristic polynomials as a sum over pairs of dual OCRSFs as in Lemma 3.1
is really a key requirement.

CONCLUSION OF THE PROOF. Once the construction of 8(F, F*) is done, we consider

U S(F,F*¥),

(F.F*)eF(G1,67)

and need to prove Points 1 and 2, i.e. we need to show that we have constructed all pairs of
OCRSFs of F0(GY, Gf*), and that we have constructed each pair only once. This still requires
a lot of work. Given a pair (F,F*) of dual OCRSFs of FO(GF, G™), we need to define a reverse
procedure, allowing to recover from which pair (F, F*) they arise. We refer to the original paper
[11] for the full proof. O

3.1.4 WEIGHTED MAPPING

The mapping presented in Section 3.1.3 is between pairs of OCRSFs of G; and G} and pairs
of OCRSFs of G and Gf*. Keeping track of the weights along the different steps yields the
following.

Theorem 3.5. [11]| Let (F,F*) be a pair of dual OCRSFs of G1 and G}. Then,

Z ( H fXTyKX,y>(_Zh<F>2h(F )wv(F)-‘;v(F )) _

(F,F)esFF7) (xy)eF

h(E)+h(F*)  v(F)+w(F*)
2

=C H tanfyy | (—2° 2 w ),

(x,y)€F

oy
where C' = 24E11+ V1l [ Lxyer, sin? (%) cos fxy.

As a consequence we recover, by an explicit computation, Theorem 2.1. Note that the constant
could not be explicited in Theorem 2.1, but could only be recovered a posteriori.

Corollary 3.6. [3, 4]

Pimer(z,w) = (2‘\/1' H [cot? (%) — l])PLap(z,w).

xy€E1
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3.2 PFAFFIAN HALF-TREE THEOREM

[10] B. de Tiliére. Principal Minors Pfaffian Half-Tree Theorem. Arziv: 1207.2759

In the paper [10], we prove a half-tree theorem for the Pfaffian principal minors of a skew-
symmetric matrix whose column-sum is zero. This is a Pfaffian version of the classical matrix-
tree theorem of Kirchoff [Kir47].

3.2.1 SETTING

The idea of proving such a theorem comes from a question asked by David Wilson when talking
about the matrix-tree theorem for the Kasteleyn matrix, Theorem 3.2. On the one side, the
dimer characteristic polynomial det K (z,w) is a sum over weighted ‘superimpositions of dimer
configurations’, consisting of disjoint unions of alternating cycles, see Section 1.2.4. On the
other side, the matrix-tree theorem for the Kasteleyn matrix states that the dimer characteristic
polynomial det K1(z,w) is a sum over weighted OCRSFs, which are the pendent of spanning
trees when working on the torus. The question is: how are these configurations constructed from
one another ? From the work of Temperley [Tem74|, and Kenyon, Propp, Wilson [KPWO00] it is
known that spanning trees are related to dimer configurations of a related graph, but how are
double-dimer configurations and spanning trees of the same graph related ?

We looked at the many available proofs of the matrix-tree theorem, in particular the combi-
natorial one by Chaiken [Cha82|, but none explained how to construct spanning trees from
double-dimer configurations. The paper [10] provides an answer. It turns out that:

e The matrix does not have to be a Kasteleyn matrix, 7.e. a weighted oriented adjacency
matrix of a planar graph or a graph embedded on the torus. It suffices that it is a skew-
symmetric matrix.

e A key requirement is that the column-sum is equal to 0, as in the statement of Theorem 1.5.
This is indeed the case for the matrix K7(0,0), see Section 3.1.1, a fact related to the model
being critical.

e Not only can spanning trees be constructed from weighted double perfect matchings
counted by the determinant, but actually half-spanning trees can be constructed from
weighted perfect matchings counted by the Pfaffian. This is why we have called the main
theorem of the paper [10] the Pfaffian half-tree theorem.

3.2.2 STATEMENT

The main theorem of [10] involves principal minors and half spanning-forests. We only state the
half-tree version here. Let V. = {1,--- ,n,r}, where n is even, and r denotes a specific vertex
referred to as the root. Let A = (a;;) be a skew-symmetric matrix of size (n + 1) x (n + 1),
whose column-sum is zero. Consider the graph G = (V, E), with edges corresponding to non-zero
coefficients of the matrix A, and such that every oriented edge (4, j) is assigned the weight a; ;.
Oriented edges are thus assigned a skew-symmetric weight function. Consider also the graph
G" = (V",E") obtained from G by removing the vertex r and edges connected to it.
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For the remainder of this section, a spanning tree will actually mean an oriented spanning tree,
oriented towards r. We now define spanning trees compatible with perfect matchings, and half-
spanning trees: fix a perfect matching Mg of G", then a spanning tree T of G is said to be
compatible with Mg if it consists of the n/2 edges of My and n/2 edges of E\ My. The oriented
edge configuration T \ M is referred to as a half-spanning tree.

Example. Let V = {1,2,3,4,r}. Consider the graph G of Figure 3.6 below, and the graph G"
obtained by removing the vertex r and edges connected to it. A choice of perfect matching Mg
of G" is pictured in white. Ty, To, T3 are examples of spanning trees compatible with My. Black
edges are half-spanning trees.

Figure 3.6: Spanning trees compatible with My and half-spanning trees (black edges).

Theorem 3.7. [10][Pfaffian half-tree theorem| Let A be a skew-symmetric matriz of size (n +
1) x (n+ 1), whose column-sum is zero, such that n is even; and let A" be the matriz obtained
from A by removing the last line and column. Let G and G" be the graphs naturally constructed
from the matrices A and A" respectively. Then, for every perfect matching Mg of G", the Pfaffian

of A" is equal to:
PFA) = Y sen(omymmo) | e
TGT;\AO(G) ecT\Mg

where ae is the coefficient of the matriz A corresponding to the oriented edge e; sgn(om,(T\mp))
is the signature of a permutation naturally constructed from T and Mg?; Mo (G) is the set of
spanning trees of G compatible with My, satisfying Condition (C) of Definition 3.1 below.

Here is the algorithm used to characterize half-spanning trees contributing to Pf(A").

TRIMMING ALGORITHM

Input: a spanning tree T of G compatible with M.
Initialization: T; = T.
Step i, 1> 1

Let ¢ be the largest leaf of T; and consider the connected component containing ¢4. Start from
¢% along the unique path joining ¢! to the root, until the first time one of the following vertices
is reached:

- the root vertex r,
- a fork, that is a vertex with more than one incoming edge,

- a vertex which is smaller that the leaf £.
This yields a loopless path A, starting from ¢4, of length > 1. Let T;yq = T; \ Agi- T Tipyis
empty, stop; else go to Step ¢ + 1.

End: since edges are removed at every step, and since T contains a finite number of edges, the
trimming algorithm ends in finite time V.

2Refer to the paper [10] for the precise definition
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Definition 3.1. A spanning tree T compatible with My is said to satisfy Condition (C) if each
of the paths /\G, e v)‘E{V obtained from the trimming algorithm, starts from an edge of Mgy and

has even length. We let ‘J',V\AO(G) denote the set of spanning trees compatible with Mg, satisfying
Condition (C).

Example. Applying the trimming algorithm to each of the spanning trees Ty, T, T3 of Fig-
ure 3.6 yields:

Ti: Stepl: /1 =20 =2,3,1. Step 2: /2 =1\ =1,4,r.
To: Step 1: E% =2, =2,3,r. Step 2: E% =1, =1,4r.
T3: Stepl: £ =4, =4,1. Step2: £3 =10\ =1,2,3,r.

The spanning trees T and Ts satisfy Condition (C) but not Ts.

Remark 3.1. In the paper [MV02]|, Masbaum and Vaintrob assign to a 3-uniform hypergraph
a specific skew-symmetric matrix whose column sum is zero, and prove that the Pfaffian of
any principal minor of this matrix enumerates signed spanning trees of the 3-uniform graph. A
combinatorial proof of their result is then given by Hirschman and Reiner [HR04], and yet another
proof using Grassman variables is provided by Abdesselam [Abd04]. The matrix considered by
Masbaum and Vaintrob satisfies the assumptions of Theorem 3.7, and it would interesting to
investigate whether there is an explicit relation between half-spanning trees of Theorem 3.7 and
spanning trees of the 3-uniform graph.

Using the fact that the determinant of a skew-symmetric matrix is the square of the Pfaffian,
we obtain the following corollary.

Corollary 3.8. [10] Let A be a skew-symmetric matriz of size (n+ 1) x (n+ 1), whose column
sum is zero, such that n is even; and let A" be the matrix obtained from A by removing the last
line and column. Let G and G" be the graphs naturally constructed from the matrices A and A"
respectively. Then, the determinant of the matriz A" is equal to:

det(A) = Y Z 11 e (3.3)

Mo€M(G") TET;, (G1) e€T

where ae is the coefficient of the matriz A corresponding to the oriented edge e, and ‘J’,’\AO(G) 18
the set of spanning forests compatible with My, satisfying Condition (C).

Remark 3.2.

e From Theorem 1.5, which holds for all matrices whose column-sum is zero, we know that:
det(A" Z H Qe.
TeT"(G)eeT

When the matrix A is moreover skew-symmetric, we also have the equality given by Equa-
tion (3.3). This is a refined version, because we prove in [10] that the following union is
disjoint, and the following inclusion is strict,

U T, (6) cT7(6).
MoEM(GN)
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We also give an intrinsic definition of spanning trees of the union, without using refer-
ence perfect matchings. This means that when the matrix A is skew-symmetric, specific
cancellations occur between spanning trees, a fact hard to characterize without using
Corollary 3.8.

e We also prove a line bundle version of this result, in the spirit of [For93] and [Kenl1].
In particular this allows to have a version of the theorem for the modified weight case
det K1 (z,w).

3.2.3 SKETCH OF THE PROOF OF THE PFAFFIAN HALF-TREE THEOREM

The proof uses an explicit algorithm. In order to describe it, we need a few facts and definitions.
First, recall from Remark 1.2, that the Pfaffian of the matrix A" can be written as a sum over
perfect matchings of the graph G":

rno_
Pf(A") = Z Sgn(JM)aUM(l)UM(Z) ©AoM(n—1)TM(n) ?
MEM(GY)

where oy is a permutation describing the perfect matching. Next, recall from Section 1.2.4
that the superimposition Mg U M of a fixed reference matching Mg and of a generic perfect
matching M of G', is a collection of disjoint alternating cycles covering all vertices of the graph
G'". As a consequence, the sum in the Pfaffian can graphically be interpreted as a sum over such
superimpositions, see Figure 3.7 for an example.

Figure 3.7: The sum over perfect matchings of G" can graphically be interpreted as a sum over
collections of disjoint alternating cycles of the graph G".

The tool of the algorithm is to use the reference configuration My as a skeleton for ‘opening’
doubled edges of the superimposition Mg U M, as in Figure 3.8. Indeed, because of the condition
Z?Ll a;; = 0, configurations of Figure 3.8 have opposite weights, so that up to a global sign
change, this ‘opening’ procedure is weight preserving. In this way, one obtains a new set of edge
configurations of the graph G.

Figure 3.8: ‘Opening’ of doubled edges procedure: ay; = — > ay ;.
i, G

Our goal is to do the ‘opening’ procedure in such a way that part of the new edge configurations
are spanning trees, and all the others have contributions that cancel. We face two difficulties:
the first is that, a priori, there is no natural way of deciding whether to ‘open’ the doubled
edge at the vertex i or at the vertex /. The second is that we need to keep track of edge
configurations constructed, and to be able to characterize them. It turns out that the ‘opening’
procedure depends strongly on the labeling of vertices.

Edge configurations that we shall construct from the ‘opening’ procedure are half-RC-rooted
spanning forests, defined as follows. An RC'-rooted spanning forest, referred to as an RC-RSF, is

34



CHAPTER 3. CRSFS AND THE DOUBLE CRITICAL ISING MODEL

an oriented edge configuration of G, spanning vertices of G", such that each connected component
is, either a tree rooted on the root-vertex r, or a tree rooted on a cycle of length > 3 of G". Edges
of each of the components are oriented towards its root, and edges of the cycles are oriented in
one of the two possible directions. An RC-RSF F is said to be compatible with M, it is consists
of the n/2 edges of My and n/2 edges of E\ My. The oriented edge F \ My is referred to as a
half-RC-RSF.

We now describe the algorithm. It is performed separately for each perfect matching M of the
graph G". Since it is notationally cumbersome to rigorously write it, we only state the main
ideas, and show its application to the explicit example M; of Figure 3.7.

ALGORITHM

Let M be a perfect matching of G". Consider the superimposition Mg U M and do the following
steps.

Step 1

e If the superimposition Mg U M consists of cycles of length > 4 only: stop.
Example. This is not the case for Mg UMy, so we go to the next step.

e [f the superimposition My U M contains doubled edges, consider the one with the smallest
index. Do the ‘opening’ procedure, starting from the vertex with the smallest index,
yielding a new set of configurations.

Example. The superimposition Mg UM contains doubled edges. The one with the smallest
index is the doubled edge 14. Performing the ‘opening’ procedure yields three new configu-
rations MLQ, M173, Ml,r-

Figure 3.9: Black edges consist of the new configurations M2, M13, My, obtained from the
‘opening’ procedure.

e For each new configuration, consider the terminal vertex of the ‘opening’ procedure:

— It it does not belong to a doubled edge: stop. Note that the algorithm stops when
either the root is reached or a cycle is created.

Ezample. Step 1 of the algorithm stops for My, since the root is reached.

— If it belongs to a doubled edge, iterate the ‘opening’ procedure,

Ezxample. The terminal vertex of the configurations My 2 and M1 3 belong to a doubled
edge. For each of them, we iterate the ‘opening’ procedure, yielding new configurations
Mi21, Mi24, Mi2, and My 31, M1 .34 respectively, see Figure 3.10.

Figure 3.10: First line, from left to right, black edges consist of the configurations My 21, My 2 4,
Mi,2,r. Second line, from left to right, black edges consist of the configurations My 31, My 3 4.
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— Iterate this step of the algorithm with the new configurations.

Ezxample. For each new configuration My 21, M1 24, My 2, M131, M1 3.4, the terminal
vertex does not belong to a doubled edge, so the algorithm stops.

e The output of Step 1 is the set of configurations obtained each time the algorithm stopped.
Example. The output Of Step 11s Ml,h M17271, M17274, Ml,Q,r; M173,1, M17374.

Following steps

Step 1 is iterated until no doubled edge remains.

Ezample. From the output of Step 1, only the configuration M1, contains a doubled edge. We
look for the doubled edge with the smallest index. Since there is only one doubled edge 23, we
perform the ‘opening’ procedure starting from the vertex with the smallest index, that is the vertex
2. This yields a new set of configurations My r.21, M1 24, M1 2. All the terminal vertices of
the ‘opening’ procedure do not belong to a doubled edge, so the algorithm stops.

Figure 3.11: Output of Step 2 of the algorithm.

The output of the full algorithm consists in the output of the different steps, applied to all perfect
matchings of the graph G". Note that when we apply the algorithm to the superimposition
Mo U Mg and Mg U M3, it stops right from the beginning because these configurations contain
no doubled edges.

Ezxample. Figure 8.12 below summarizes the output of the algorithm. Observe that half-RC-RSF's
are obtained, and that half-RC-RSFs which are not half-spanning trees come into pairs.
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Figure 3.12: Output of the full algorithm

CONCLUSION. In the example, half RC-RSFs which are not half- trees come into pairs. One
shows that this is always the case, and that their contributions to Pf(A") have opposite signs,
thus cancel. What then remains is the contributions of half-spanning trees. The fact that pairs of
half-RC-RSFs have opposite signs is established by keeping track of the signs when the ‘opening’
procedure is performed and of the signatures in the Pfaffian. In order to show that half-RC-RSFs
come into pairs, we need to carefully analyze the algorithm and characterize the configurations
obtained. Although it is quite clear that half-RC-RSFs are obtained, they are special in that
they have specific conditions on the labeling of their vertices. The characterization is done
by introducing a reverse algorithm. Specified to the case of half-spanning trees, the reverse
algorithm is exactly the trimming algorithm used to characterize half-spanning trees involved in
the expansion of the Pfaffian of Theorem 3.7.
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CHAPTER 4

LOOPS AND BIPARTITE DIMER MODELS

In this chapter, we present two papers in collaboration with Cédric Boutillier focusing on loop
configurations related to bipartite dimer models. The first paper |2] considers the loop repre-
sentation of the uniform dimer model on a subgraph of the honeycomb lattice embedded in the
torus. We prove that, when the mesh of the graph tends to 0 and the aspect ratio is fixed, the
winding number of the loops converge to a two-dimensional discrete Gaussian random variable.
The second paper [5] relates XOR-loop configurations, constructed from two independent Ising
models living on the same graph, to loop configurations of a dimer model defined on a deco-
rated, bipartite version of the graph. Using results of [9], this allows to shed a light on Wilson’s
conjecture [Willl| stating that, at criticality and in the scaling limit, these loops are level lines
of the Gaussian free field.

4.1 WINDING OF LOOPS IN THE TOROIDAL HONEYCOMB DIMER MODEL

[2] C. Boutillier, B. de Tiliére. Loops statistics in the honeycomb dimer model. Ann.
Probab. 37 (2009), no. 5, 1747-1777.

Let G denote the honeycomb lattice embedded in the plane so that all faces are regular, side-
length 1 hexagons. The lattice and its bipartite coloring are invariant under translations by the
vectors eq, ep of Figure 4.1. We let L, , be the lattice generated by me; and ne;, and G, be
the toroidal graph obtained by quotienting the honeycomb lattice by Ly, ».

Figure 4.1: Left: the honeycomb lattice G and its bipartite coloring are invariant under transla-
tions by e; and e. Right: the graph Gg 3 (opposite sides are identified).

The setting of the paper [2] is the loop representation of the uniform dimer model on the toroidal
graph Gy, ,, see Section 1.2.4. Let My be the fixed periodic reference dimer configuration of
Figure 4.2. For a generic dimer configuration M of G, ,, consider the oriented superimposition
M — My, consisting of a collection of disjoint, oriented alternating loops of G, ,. An example
for Gg 3 is provided in Figure 4.2, an example for Gg ¢ is given in Figure 1.2.
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Figure 4.2: Oriented superimposition M—Mg of Gz 3. The winding number of M is, windg 3(M) =
(0) _1)

The winding number of the dimer configuration M counts the winding of this collection in the
two non-trivial directions of the torus. More precisely, it is defined as follows. Consider the torus
T2, = C/Lin, and let H(T,,,,Z) = Z* denote its first homology group in Z. The graph
Gy,n being embedded in the torus ’]I‘%n’n, we choose a representative of a basis of H; (Tfnm, Z)
using this embedding: we take as first (respectively second) basis vector me; (respectively nes),
embedded in the torus. Then, the winding number of M, denoted by wind,, » (M) is the homology
class of the oriented superimposition M — Mg expressed in this basis. For example, the winding
number of the dimer configuration of Figure 4.2 is windp 3(M) = (0, —1). The winding number
wind,, ,(+) is a Z2-valued random variable defined on dimer configurations of G- Note that
changing the reference dimer configuration changes the winding number by an overall constant,

so that it is not restrictive to fix My and to remove this dependence from the notations.

Prior to citing our main result, we need one more definition. The modulus of the torus ']T,Qn’n is

the ratio of the two vectors nep and me; (seen as complex numbers) generating the lattice Ly, p,

neg_i\/gn_- n

t.e. the modulus of T?n’n is equal to 722 = SR = Uy

Theorem 4.1. 2] Suppose that in the joint limit m,n — oo, the modulus zﬁ of the torus Ty, p,

converges to ip for some p > 0. Then, the sequence of random variables (wind,, ) converges in
law to the two-dimensional discrete Gaussian random variable wind,, whose law is given by:

1 _=(s2
V(k,€) € 2%, Plwind, = (k,0)] = ¢ 3 (5+e0) (4.1)
p

. 2
where Z, = Y 6_5(%+£2p).
(k)ezZ?

Remark 4.1.

e A similar result is obtained by Kenyon and Wilson [KW] in the case of the square lattice
embedded in the cylinder. Working on the torus makes computations much more difficult,
since it means dealing with the toroidal partition function in the proof, which is a com-
bination of four terms instead of one in the cylinder case. Moreover, we have to extract
information about the two components of the winding number, instead of one in the cylin-
der case. Note also that in proving Theorem 4.1, we give a full asymptotic expansion of a
perturbation of the uniform partition function, see Theorem 4.2 below.

e A certain asymptotic expansion of the uniform partition function is obtained in the physics
literature by Ferdinand [Fer67], in the case of the square lattice. Nevertheless, the expan-
sion of [Fer67] is not pertubative, it is not done at the same level of mathematical rigor,
and no information about the distribution of the winding is inferred.

e In Section 1.2.4, we outline the definition of the height function for the dimer model on
planar graphs. When the dimer model is defined on a toroidal graph, as is the case here,
the height function is additively multivalued, and it splits into a scalar and an instanton
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component. After the publication of our paper, Dubédat [Dublla| proved the functional
convergence of the height function of the dimer model on the torus to the compactified
free field. Theorem 4.1 corresponds to proving the convergence of the instanton marginal.
It is in agreement with what is predicted by the compactified free field.

In the next two sections, we describe an outline of the proof.

4.1.1 MOMENT GENERATING FUNCTION AND DIMER PARTITION FUNCTION

Convergence in law of the random variables (wind,, ) to the two-dimensional Gaussian distri-
bution wind, of (4.1) is equivalent to pointwise convergence of the moment generating func-
tions (Fy, ) of (wind,,,) to the moment generating function of wind,. By definition, for all
(a, B) € R?,

Frn(a, ) = Elemm¥ndmn (@8] = N Plwind,, = (k, £)]e” ™50,
(k,0)ez2

The first step of the proof consists in expressing the moment generating function £, , in terms
of a perturbed uniform dimer partition function. Define edges to be of type I, II, III as in
Figure 4.3.

Figure 4.3: Labeling of the edges of the honeycomb lattice.

Let us assign weight e 2m to edges of type I, weight 6_% to edges of type 11, and weight e%r to
those of type III. Note that the new edge-weights tend to 1 in the limit m, n tend to infinity, and
thus yield a perturbation of the uniform partition function. Denote by Z,, »(c, 3) the partition
function of the dimer model on the graph G, ,, with these perturbed weights. Then,

Lemma 4.1. [2] The moment generating function of the winding number and the perturbed
partition function are related as follows:

YV (o, B) € R2, Fon(a,B)=¢€3"

Proof. Let N;(M) denote the number of edges of type i (¢ =I, II, III) in a dimer configuration
M. Then by definition, the partition function Z,, ,(«, 8) is equal to:

ZmalesB) = 3 (e BN () O ey M
MeM(Grm,n)
Ny (M) Ny (M)—N111(M)
=Y (e R ey e,
MEM(Gm,n)

The next step consists in computing the two components (wind,lnyn,wind?n’n) of wind,, , as a
function of Ny, Ny, Niir. We only show the computation of the second component. Consider
the 2n left-to-right horizontal paths of the dual graph G¥ . as in Figure 4.4, fix one of these

m,n
paths and denote it by 7.
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Figure 4.4: Choice of 2n left-to-right horizontal paths to compute Wind?n,n.

Then, for any dimer configuration M, Wind?nm(M) is equal to the number of positive crossings
(right-to-left) minus the number of negative crossings (left-to-right) of v by M — My. Recalling
that edges of M are oriented from the white vertex to the black one, and edges of My are oriented
from the black vertex to the white one, one deduces that each edge of type II of M contributes
a +1, each edge of type III contributes a —1, and the opposite for edges of My. Since this holds
for any such horizontal path, summing over all 2n paths yields:

QTLWind%%n(M) = NH(M) — NHI(M) — NH(M()) + NIH(M()).

Observing that Ni;(Mp) = Nir(Mp) with our choice of reference matching, we obtain windfnyn(M) =
N1 (M)— N1 (M)

2n ’
Similarly, introducing 2m vertical paths, one shows that wind}, ,(M) = —% + Nég\b/l). As a
consequence:

Zmn(a,B) = e s Z (e_ﬂa)Winin,n(M)(e—ﬂﬂ)windfmn(M)
MEM(Gnn)
=75 YT Nyge k80,
(k,)ez?

where Ny ¢ is the number of dimer configurations whose winding number is (k,¢). The proof
is ended by recalling that dimer configurations of G,, , are chosen with respect to the uniform
measure. O

4.1.2 ASYMPTOTIC EXPANSION OF THE PERTURBED WEIGHT PARTITION FUNCTION

The second part of the proof is rather technical. It consists in establishing a precise asymptotic
expansion of Z,, ,(a, ) in the limit of Theorem 4.1. As one would expect, the exponential
growth rate mn of the partition function is governed by the free energy f of the uniform dimer
model on G. By the results of Kenyon, Okounkov and Sheffield [KOS06|, we have:

1 dz dw
—_— —— P . —
f (27]_)2 /’]1‘2 dlmer(zaw) > w )

where Pgimer(2,w) is the corresponding dimer characteristic polynomial. It is defined similarly
to the non-bipartite case, see Section 2.1.1, the only difference being that the matrix Ki(z,w)
has lines indexed by white vertices and columns indexed by black ones. Using the fundamental
domain Gy 1, the computation is straightforward and yields:

Pdimer(zyw) =w+ ’LU_l +2—2z.
We then prove the following precise asymptotic expansion:
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n
3m

asymptotic expansion of the perturbed partition function Zy, n(a, 8). For all (a, 8) € R?:

Theorem 4.2. 2] In the joint limit m,n — oo, = p, p > 0, we have the following

Tan

mn_ ——%— ,—mn a\es 62
Zmn, B) = (=1)™"e ™5 e fr e 2 e 1) 14 o),
(k,0) €72

where P(q) = Hzozl(lfq%), and [ is the free energy of the uniform dimer model on the graph G.

Before sketching the proof of Theorem 4.2, let us mention that the proof of Theorem 4.1 is
concluded by combining Lemma 4.1 and Theorem 4.2.

Sketch of proof. By Kasteleyn theory on the torus, see Section 1.2.2; the partition function
Zmn(a, B) is equal tol:

Zm,n(a7 6) = 1 ((_1)n (_ det K’g?,n(a7 6) + det Kgnl,n(a7 B)) + det K;r?,n(C% B) + det K71nl,n(a> 5)) ’

2
(4.2)
where (Kg{n(a,ﬁ))gﬁe{ojl} are the four Kasteleyn matrices of the toroidal graph G,,, with
perturbed weights. Then, we perform an asymptotic expansion for each of the four terms. Let
us only state the result for det Krlnl’n(oz, B), and give an idea of the proof. It involves the third
Jacobi theta function 93, defined by:

oo [o.¢]
2
V¢, qeC, gl <1, 95(Ca)= D €q" = P(q) [(1+24* " cos(2¢) + ¢**?),
k=—00 /=0

where P(q) = [[32,(1 — ¢%*).

Proposition 4.1. [2]| In the joint limit m,n — oo, — p, p > 0, we have the following

n
3Im
asymptotic expansion for det K,%n(a, B):
mTan 62 p€6p
detKH — (—1)™"e" "5 —mn f
thalen ) = (1) et S

where ¢ = §(pa +if3), ¢ = e P", f is the free energy, and I3 is the third Jacobi theta function.

93(¢, @)93(C, ) + o(1).

Idea of the proof. The beginning of the computation is inspired from [KW]|. Using the arguments
of [CKPO01], detailed in Section 2.1.2, we have:

det K1 ( H H Pdlmer

ZM=—1w"=-1

where Pélm el(z, w) is the dimer characteristic polynomial with the perturbed weights. An explicit

computation using the fundamental domain Gy ; yields:

det K?%ll,n<aa6) = H H < (ej:) + (2 B (6;7:1)22»)> )

zM=—1lw"=-1

=11 1I ( — (€)1 (2) (v () (), (@3)

zMm=—1wn=-1 6 2"

"When n is odd, the linear combination is not the same as the one of Theorem 1.4, this is because we fix a
Kasteleyn orientation of the fundamental domain and extend it periodically.
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where

2 2

Since w’s are n-th roots of —1 we have, VA € C, [[,n__;(A —w) = A" + 1. Performing the
product over w’s in (4.3) yields:

r1(z),r2(2) = =1+ @ + \/(1 - (6%)22>2 -1

det K) (a, B) = (=)™ (e ™) [ (14 ri(2)") (1 + e"ry(2)"). (4.4)

zm=—1

The remainder of the proof is quite technical and involves rather heavy and detailed computa-
tions. Here are the main ideas. The first issue addressed is to clarify the determination of the
square root. Then, one observes that there is a change of behavior in the product (4.4) when
|| is smaller, greater or close to 1. In Lemma 11 of [2], we characterize the three regimes. Then
we separate the product in three parts accordingly. In a sequence of lemmas and propositions,
we then prove that the part of the product with terms:

e |rj(z)| > 1, grows exponentially and the growth rate is governed by the free energy f,
e |rj(2)] <1, does not contribute,

e |rj(z)| close to one, contributes the part involving the third Jacobi theta function.
O

The asymptotic expansions of det K, (a, 8), det KJb, (av, ), det K0, (a, 3) are similar, the
only difference being that they involve the first 1, second 92 and fourth 94 Jacobi theta function
respectively, instead of the third one (and eventually a global minus sign).

The next proposition explicitly computes the recombination of theta functions Z?:l 9:(¢,q0)94:(C, q)
occurring when taking the signed sum of partition functions det Kfnf »(a, B) of Equation (4.2).

Proposition 4.2. [2] When ( = S (pa+iB3), and g = e~ 77,

4

> 0:(¢ a0l q) = \/36‘5“2” > rtak+p) =5 (5 +0),

i=1 (k,0)€22
The proof of Proposition 4.2 is an explicit computation with the four Jacobi theta functions. The

proof of Theorem 4.2 is concluded by combining Proposition 4.1, its pendent for det K%O’n(oz, B),
det K)!, (a, ), det K0, (v, 8), and Proposition 4.2.

4.2 XOR-ISING LOOPS VIA BIPARTITE DIMERS

[5] C. Boutillier, B. de Tiliére. Height representation of XOR-Ising loops via dimers.
Arziv: 1211.4825.

The XOR-Ising model is constructed from two independent Ising models living on the same
graph by taking at every vertex the product of the spins of the two Ising models. More precisely,
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let G be a graph embedded in a compact, orientable surface 3 of genus g, and let G* denote its
dual graph. Consider two independent Ising models defined on vertices of the dual graph G*. To
every pair of spin configurations (¢, ¢’), one associates the corresponding XOR-spin configuration
¢ € {—1,1}V", obtained by taking the product of the spins:

Vv e V¥ & = ool

The terminology XOR-Ising comes from the paper [Willl]; in the physics community this model
is known as the polarization of the double-Ising model [KB79|. The double-Ising model is related
[KWT71, Wu7l, Fan72, Weg72] to other models of statistical mechanics as the 8-vertex model
[Sut70, FW70] and the Ashkin-Teller model [AT43].

Interfaces separating +1 clusters of XOR-spin configurations are polygon configurations of the
graph G, referred to as XOR-loop configurations. In the paper [5], we explicitly relate XOR-loop
configurations to loop configurations in a dimer model defined on a decorated, bipartite version
of the graph. This is done in two steps: the first step consists in a mixed contour expansion of the
double-Ising partition function, allowing to keep track of the XOR-loop configurations, it is the
subject of Section 4.2.1; the second step consists in relating loop configurations obtained from
the mixed contour expansion to loop configurations of a dimer model on a decorated, bipartite
version of the graph, using the 6-vertex model; this is the subject of Section 4.2.2. Then, in
Section 4.2.3 we prove that XOR-loop configurations have the same law as level lines of the
height function of the dimer model. Using results of [9], this allows to shed a light on Wilson’s
conjecture [Willl], stating that in the scaling limit these loops are level lines of the Gaussian
free field.

Results of our paper are proved for the XOR-Ising model defined on a graph embedded in a
compact, orientable surface ¥ of genus g. There are quite a few difficulties related to taking a
general genus, involving homology theory and homology theory relative to a boundary. Since
our goal here is to give main ideas of arguments, we choose not to address issues related to the
genus. We shall nevertheless state results in full generality, adding footnotes whenever necessary.
All details can be found in the original paper [5].

4.2.1 MIXED CONTOUR EXPANSION

Consider the low temperature expansion of the two Ising models, see Section 1.1, i.e. consider
pairs of polygon configurations separating +1 clusters of the two models, and assign them
different colors, say black and white. Since the two models are independent, we consider the
probability measure Pq.15ing on pairs of polygon configurations 8 2 of the graph G, defined by:

CQ H 672Je* H 672116*
Y(PoPu) €8, Paing(PoPu) = = zé R 3 (4.5)
-1sing ’

where the constant C' and the choice of weights come from the low temperature expansion, see
Proposition 1.1. The normalizing constant Zg_ising (G*, J) is the double-Ising partition function:

Zd—Ising(G*a J) — Z CZ( H 672Je*) ( H 672Je* ) ) (46)

(Pp,Pw)ep e€Py ecPy

2Polygon configurations of the low temperature of the two Ising models are restricted to having the same
homology class in H1(X,Z/2Z), we then take the union over all homology classes of H1(X,Z/2Z); the double-
Ising partition function is thus the sum of 229 restricted partition functions. In the spin representation, this
amounts to considering Ising models with defects, both Ising models should then have the same defect condition.
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Consider the superimposition of a pair of polygon configurations (Py, Py,) of 3, see Figure 4.5.
One then defines two new edge configurations:

e Mono(Py, Py ), consisting of monochromatic edges, that is edges covered by exactly one of
Py or Py,

e Bi(Py, Py), consisting of bichromatic edges, that is edges covered by both polygon config-
urations.

Figure 4.5: Left: superimposition of a pair of polygon configurations (Py, Py,) of the low temper-
ature expansion of two Ising models defined on a portion of Z? embedded in the torus. Right:
corresponding monochromatic edge configuration.

Moreover, denote by XOR(Py, Py, ) the XOR-loop configuration corresponding to the pair (Py, Py).
Observing that monochromatic edges are present exactly when spins of one of the two Ising mod-

els have opposite signs, one deduces that monochromatic edges are present when XOR-spins have

opposite signs and absent when XOR-spins have the same sign. We have thus sketched the proof

of the following:

Lemma 4.2. [5| For every pair of polygon configuration (Py,Pw) € B, the monochromatic edge
configuration Mono(Py, Py) is exactly the XOR-loop configuration XOR(Py, Py). In particular,
it is a polygon configuration of P°(G)3.

Understanding XOR-loop configurations thus amounts to understanding monochromatic edge
configurations. Each such configuration separates the surface ¥ into connected components
1, -+ ,2XnN. Inside each connected component, bichromatic edges are the low temperature
expansion of an Ising model, with coupling constants that are doubled, thus allowing for a
rewriting of the double-Ising partition function using XOR-loop configurations and bichromatic
edge configurations. Refer to Proposition 4.3. of the original paper [5] for an explicit form of
this rewriting.

The next part of the argument follows an idea of Nienhuis |[Nie84|. It consists in fixing a
monochromatic loop configuration, and applying Kramers and Wannier’s low/high temperature
duality, see Remark 1.1, to the single Ising model corresponding to bichromatic edges in each
of the connected components Y1, ---,Xy. This is referred to as the mized contour expansion.
As a result, we obtain a rewriting of the double-Ising partition function, as a sum over pairs
of non-intersecting polygon configurations of the primal and dual graph, where primal polygon
configurations exactly correspond to monochromatic loop configurations.

Proposition 4.3. [5] The double-Ising partition function on the graph G* can be rewritten as:
* 2e72Jer 1 — o~ er
Zating(G", J) = O > (H 1—|—e_4J> ( 11 Tre e |
{(P,P*)€P’(G)xP0(G*): \e€P e ep*
PP*=(}

where primal polygon configurations of P°(G) are the monochromatic/XOR loop configurations,
and Cy = 2V 1+2971 (T] ¢ cosh(2Je-)).

3P%(G) denotes the set of polygon configurations of the graph G having 0 homology class in Hy (%, Z/27Z).
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Remark 4.2.

e In the paper [Nie84|, Nienhuis performs a similar expansion for a double-Ising model
defined on a finite, simply connected, planar graph. There are quite a few difficulties in
generalizing this result to graphs embedded in surfaces of genus ¢g. First, we need a version
of Kramers and Wannier’s low and high temperature expansions for Ising models defined
on graphs embedded in compact surfaces of genus g with boundary. This is the content
of Propositions 6 and 7 of [5|. The formulas obtained are rather natural, but we do not
cite them here in order to avoid introducing homology theory relative to a boundary and
related notations. Second, the double-Ising partition function Zg ising(G*, J) is a sum over
pairs of polygon configurations in 3, which is a sum of the restricted partition functions
over the 229 homology classes of H1(X,Z/2Z), see Equation (4.6) and Footnote 1. There
is quite some work involved in proving that the restricted partition functions recombine
nicely as in the statement, and that only the 0 homology class remains.

e The weight of edges of monochromatic loop configurations have changed from e=2/ in

Equation (4.5) to % in the statement of Proposition 4.3. This comes from the
constants which occur when performing Kramers and Wannier’s low/high temperature
duality in each of the connected components ¥1,---,3 5. The weights of edges of dual
polygon configurations are equal to tanh(2Je-), these are exactly the weights of the high
temperature expansion of an Ising model with doubled coupling constants (2.Je+), see

Proposition 1.2.

4.2.2 POLYGON CONFIGURATIONS IN A RELATED DIMER MODEL

In this section, we explicitly construct pairs of non-intersecting polygon configurations of the
primal and dual graph G and G* of Proposition 4.3, from a dimer model defined on a bipartite,
decorated version G? of the graph G. This construction is done in two steps: the first step
uses a mapping of Nienhuis [Nie84|, which constructs pairs of non-intersecting polygon config-
urations from the 6-vertex model on the medial graph GM: the second step consists in using
Wu-Lin/Dubédat’s mapping [WL75, Dub11b| from the 6-vertex model on the medial graph GM
to the bipartite dimer model on the decorated graph G®.

The medial graph GM of the graph G is defined as follows. Vertices of GM correspond to edges
of G. Two vertices of the medial graph are joined by an edge if the corresponding edges in G are
incident. Observe that GM is also the medial graph of the dual graph G*, and that vertices of
the medial graph all have degree four. Figure 4.6 represents the medial graph of a piece of Z2.

Figure 4.6: The medial graph of a piece of Z?: plain lines represent Z?, dotted lines represent
the dual graph Z2, and thick plain lines represent the medial graph (Z2)M. Grey (resp. white)
faces of the medial graph correspond to primal (resp. dual) vertices of the initial graph.

A 6V-configuration, also called ice-type configuration, is an orientation of edges of GM, such that
every vertex has exactly two incoming edges [Lie67]. An equivalent way of defining 6-vertex
configurations uses edge configurations instead of orientations. This approach is more useful in
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our context, so that we define a 6-vertex configuration to be an edge configuration, such that
around every vertex of GM, there is an even number of consecutive present edges, see Figure 4.7.

Figure 4.7: The six possible local configurations of the 6-vertex model around a vertex of the
medial graph GM.

Weights wia (respectively wsg, wse) are assigned to configurations 1 and 2 of Figure 4.7 (respec-
tively 3 and 4, 5 and 6):

2672‘]6* 1— 674]6*

T lpe e YT ypoan we =l

w12
MAPPING I [Nie84|. Consider the following combinatorial mapping from 6-vertex configurations
to edge configurations of the primal and dual graph: whenever a vertex of GM has two neighboring
edges in the 6-vertex configuration, put the edge of G or G* separating the present and the absent
edges, see Figure 4.8.

Figure 4.8: Mapping I on the local level (top), and on the global level (bottom).

Mapping I associates to a 6-vertex configuration a pair of non-intersecting polygon configurations
(P,P*)%. Given such a pair of polygon configurations (P,P*), there are exactly two 6-vertex
configurations which are mapped to (P,P*), see Figure 4.8. As a consequence the 6-vertex
partition function Zg_vertex(GM,J) can be rewritten as:

2672‘]6* 1— 6—4Je*
M _
Zgvertex (G, J) = 2 ) (H 1—|—e4J> ( Il 7= )

{(P,P*)€PO(GUG*): PNP*=p} \ecP erep*

Let us construct yet another graph from the graph G. The quadri-tiling graph G of G is
the decorated graph obtained from GM by replacing every vertex by a decoration which is a
quadrangle. The graph G is bipartite and can be drawn on the same surface as G. Edges
shared by G2 and GM are referred to as external edges, and those inside the decorations as
internal. Weights wia, w3q, wsg are assigned to edges as in Figure 4.9.

Figure 4.9: Left: a vertex of the medial graph GM. Right: corresponding decoration of the
quadri-tiling graph G@.

MAPPING IT [WL75, Dubl1b|. Requiring exterior edges to match yields a mapping from dimer
configurations of G to 6-vertex configurations of GM, see Figure 4.10. This mapping between
local configurations is one-to-one except in the empty edge case where this mapping is two-to-
one.

“The pair (P,P*) is such that the superimposition P U P* has 0 homology class in H1(X,Z/27Z), i.e. belongs
to P°(G U G*).
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Figure 4.10: Mapping II from the dimer model on G2 to the 6-vertex model on GM.

Observing that the weights w2, wsyg, wsg satisfy the free-fermionic condition:

_ 2 _ 2
26 2Je* 1 —e 4Je*

(wi2)? + (w34)® = (ws6)” & =1,

we deduce that Mapping II is weight preserving, so that the dimer model partition function
Zgimer(G?, J) is equal to the 6-vertex partition function Zg.vertex(GM, J).

Consider a dimer configuration M of the graph G®, then Mapping II assigns to M a 6-vertex
configuration, and Mapping I assigns to this 6-vertex configuration a pair of non-intersecting
polygon configuration of P°(GUG*). Let us denote this pair by Poly(M) = (Poly; (M), Poly,(M)).
Combining this with Proposition 4.3 yields:

Theorem 4.3. [5]

o The double-Ising partition function and the dimer partition function are equal up to an
explicit constant:

Zd-Ising(G*, J) = 2\V*|+29 (H COSh(QJe*)) Zgimer(GQ7 J)
ecE

e XOR-loop configurations of the double-Ising model on G* have the same law as Poly,
configurations of the corresponding dimer model on the bipartite graph GQ:

vP € fPO(G)’ ]P)d—lsing[XOR = P] - ]PO [POlyl = P]

dimer

Remark 4.3.

e In the paper [Dubllb|, Dubédat relates a version of the double Ising model and the
bipartite dimer model on the graph G®, with one Ising model living on the primal graph
G and the second on the dual graph G*. Using Kramers and Wannier’s duality relation,
the first part of Theorem 4.3 can be derived from his results in the case of genus 0 and
1. Nevertheless, our goal was to keep track of XOR-loop configurations, an information
which is lost in the mappings used in [Dub11b|. Rather, Dubédat keeps track of the order-
disorder variables in the vein of [KCT71]. Using results of the paper [Dubllal, this allows
him to derive critical correlators in the plane. For simply connected regions, this result
has been independently obtained by Chelkak, Hongler and Izyurov [CHI12|.

e The superscript 0 in the dimer partition function and the dimer Boltzmann measure in-

dicates that each component of the pairs of non-intersecting polygon configurations, is
restricted to having 0 homology class.
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4.2.3 XOR-ISING LOOPS AS LEVEL LINES OF THE HEIGHT FUNCTION

In this section we consider the infinite volume, critical case: we suppose that the graph G is
infinite, isoradial and that the two independent Ising models are assigned the critical Ising
coupling constants of Equation (1.6). Using Mappings I and II, one finds that weights of the
corresponding dimer model on the decorated, bipartite graph G® are the critical dimer weights
of Equation (1.7).

From our papers [8] and [4], we have the existence of infinite volume Gibbs measures P55 for
the critical dimer model on G®, and Pg?lsing for the critical double-Ising model. Using the locality
of the Gibbs measures, the fact that they are obtained as weak limit of Boltzmann measures on
the torus, and Theorem 4.3, we deduce that the second part of Theorem 4.3 still holds in the
critical, infinite volume case:

Theorem 4.4. 5| For any finite subset of edges Ex, = {e1,--- ,ex} of G:

Pg?lsing[Ek - XOR} = ]P)g?mer[Ek - PO]YI]'

Dimer configurations of the bipartite graph G can, like all bipartite dimer models, be interpreted
as discrete random surfaces, via a height function, see Section 1.2.4. Using the definition of
height function of the paper [§], we then prove in Lemma 22 of [5], that Poly; configurations
of the dimer model on G2 are the level lines of a restriction of the height function h on dimer
configurations of GR. Using Theorem 4.4, we deduce:

Theorem 4.5. [5| At criticality, XOR-loop configurations have the same law as level lines of a
restriction of the height function of dimer configurations of GR.

In [Willl], Wilson presents extensive numerical simulations on loops of the critical XOR-Ising
model on the honeycomb lattice, on the base of which he conjectures the following;:

Conjecture 1 (Wilson [Willl]). The scaling limit of the XOR-loop configurations are the level

lines of the Gaussian free field corresponding to levels that are odd multiples of @

Note that similar conjectures, involving SLE rather than the Gaussian free field, are obtained
through conformal field theory [IR11, PS11].

The results of our paper bring some elements in the direction of the proof of the conjecture of
Wilson. Indeed in [9], I have proved that the height function of critical dimer models, interpreted
as a random generalized function, converges weakly in law to ﬁ times a Gaussian free field.
This also holds for the restriction of the height function. Wrapping up, we know that loops of the
XOR-Ising model have the same law as level lines of a restricted height function on the discrete
level, we know that this height function converges to a Gaussian free field. Unfortunately, when
establishing this convergence we consider the height function as a random generalized function,
thus loosing information on the convergence of the level lines to those of the Gaussian free field.
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CHAPTER 5

A POLYMER MODEL

[1] E. Bolthausen, F. Caravenna, B. de Tiliere. The quenched critical point of a
diluted disordered polymer model. Stochastic Process. Appl. 119 (2009), 1479
1504.

The issue addressed in this paper is the determination of the quenched critical point for the
localization /delocalization phase transition of a polymer interacting with an attractive wall
through a diluted disordered potential. The model we consider was first introduced by Bodineau
and Giacomin in [BGO04], as a reduced model for the so-called copolymer near a selective interface
model [BAH97|, with the hope that it could have the same behavior as the full copolymer model,
in the limit of weak coupling constants. The main result of this paper shows that this is not the
case.

5.1 SETTING: A DILUTED DISORDERED POLYMER MODEL

Let S = (Sn)n>0 be the simple symmetric random walk on Z, and denote by P its law. For
N € N, denote by }P’]J\r,( -) the law of the random walk conditioned to stay non-negative up to
time N. The trajectories ((n, Sp))o<n<n under P} model the configurations of a polymer chain
of length N above an impenetrable wall.

The interaction of the polymer with the wall is tuned by two parameters 8 > 0 and p € [0, 1].
For fixed 8 and p, we introduce a sequence w®P = (wﬁ’p Jn>1 of 1.i.d. random variables, taking
values in {0, 8} and with law P given by:

PP =8)=p, PW"=0)=1-p. (5.1)

We are ready to define the model: for a fixed realization w?®P and N € N, we introduce the
probability measure Py 5, defined by

WP (S) L o i WP 1 (5.2)
= n Sn= ) .
dPE ZN,wB’p n—1 { O}

where Zy 6. is the normalizing constant known as the the partition function.
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We focus on the regime of large 3 and small p, i.e. w”P represents a random sequence of charges
sitting on the wall, represented by the z-axis, which are rare, but of strong intensity, and which
attract the polymer, see Figure 5.1.

: : : B,
Figure 5.1: A typical path of the polymer measure P Niu'

We are interested in the behavior of the polymer measure Py ., in the limit of large N: in
particular, we want to understand if the attractive effect of the environment w?? is strong enough
to pin the polymer at the wall (localization), or if it is still more convenient for the polymer to
wander away from it (delocalization), as it happens when there are no charges. We are facing a
competition between energy and entropy.

The classical way of detecting the transition between the two regimes just sketched is to study
the free energy of the model, defined as:

. 1
J(@?P) = lim —log Zy on- (5.3)

The existence of this limit, both P(dw®?)-a.s. and in L'(P), and the fact that f(w®P) is non-
random are proven in [Gia07] via super-additivity arguments. Analyzing the behavior of the free
energy yields that it is non-negative, and allows for the following partition of the phase space:

e the localized region £ := {(B,p): f(w?P) > 0}

e the delocalized region D := {(5,p) : f(wﬂ’p) = 0}.

By a standard coupling on the environment, for every § > 0 there exists a critical value p.(5) €
[0, 1] such that the model is localized for p > p.(8) and delocalized for p < p.(f). The main
goal of the paper [1] is to study the asymptotic behavior of p.(5) as 8 — oo.

5.2 MAIN RESULT

Some bounds on p.(f) can be obtained quite easily, as is shown in [BG04]. These are stated in
the following lemma.

Lemma 5.1. [BG04| The following relations holds:

1
— liminf — log p. <1
minf 5 logp (8)
— lim sup 1 logpe(8) > 2
B—00 /8 &Pe a 3

The upper bound is that of the annealed model, obtained by averaging over the environment;
it is proved using Jensen’s inequality. The lower bound uses a lower bound on the partition
function, obtained by summing over all trajectories that touch the wall whenever there is a
non-zero charge.
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CHAPTER 5. A POLYMER MODEL

We can summarize Lemma 5.1 by stating that for 8 large we have

2
pe(B) =< e Cred where 3 < Creg < 1,
where the subscript red stands for reduced model, see the discussion below. The main result of
this paper is that in fact ¢peq = % More precisely:

Theorem 5.1. [1] For every ¢ > 2 there exists By = Bo(c) such that

VB> By, fWT) =0

i.e. forall B> By, (B,e~¢P) € D. Therefore

1 2
— lim - logpe(8) = =.
Bl_{goﬁogp(ﬁ) 3

Remark 5.1.

e Recall that the model Py 5, was first introduced in [BG04| as a simplified version, or
reduced model, of the so-called copolymer near a selective interface model [BAHI7]| (see
also [Gia07| for a more recent overview). It is known that the copolymer model undergoes
a localization/delocalization phase transition. An interesting object is the critical line
separating the two phases, in particular in the limit of weak coupling constants, where it
becomes a straight line with positive slope ccop.

A lot of effort has been put in finding the exact value of c.op. This is motivated by the fact
that c.,p appears to be a universal quantity: it is independent of the law of the environment
[GT05] and it determines the phase transition of a continuous copolymer model, arising as
the scaling limit of the discrete one [BAH97|. At the time where our paper was written, it
was only known that % < ceop < 1. Notice that % and 1 are exactly the same bounds that
were previously known for ¢;¢q, and this is not a case: the definition of the model Py 5.
has been inspired by the strategy behind the proof of c.op > % [BGOA4].

The reason for introducing the reduced model was to have a more tractable model, which
could possibly have the same behavior as the full copolymer model in the limit of weak
coupling constants, i.e. for which possibly ¢eq = ccop. However, the numerical results
obtained in [CGGO6| provide strong indications for the fact that cc, > %. Since the
publication of our paper, this has indeed been proved to be the case by Bolthausen, den
Hollander and Opoku [BHO11|. Our result thus shows that the reduced model does not
catch the full complexity of the copolymer model, i.e. the ‘missing free energy’ comes from

a different strategy than the one which is at the basis of the lower bound c.op > %

e Theorem 5.1 also provides a non-trivial example of a linear chain pinning model where,
for large B, the quenched critical point is different from the annealed one. The proof
we present relies on quenched arguments, based on a rigorous renormalization procedure
(somewhat in the spirit of [Mon00]). The idea is to remove from the environment (WEPy,
the positive charges that are well-spaced (and therefore give no sensible contribution to the
partition function) and to cluster together the positive charges that are very close. This
procedure produces a new environment sequence (7'(w)y,)n>1, which has fewer charges but
of stronger intensity. The key point is that replacing w®P by T'(w) in the partition function
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yields an upper bound on the free energy. Then, by iterating the map T several times, we
obtain environment sequences for which the free energy can be estimated and shown to be
arbitrarily small. A more detailed description of this approach, is given in Section 5.3.

e The same result has been obtained independently and at the same time by Toninelli [Ton08|
with a simpler (though more indirect) argument, avoiding the renormalization technique.
We however believe that our more direct approach gives a better understanding of the
behavior of the system.

5.3 STRATEGY OF THE PROOF: A RENORMALIZATION PROCEDURE

In this section, we explain the strategy behind the proof of Theorem 5.1. To this purpose, we
introduce some notations, and a preliminary transformation of the partition function Zy 8.

5.3.1 NOTATIONS

Suppose that w = (wp)n>1 is an 1.i.d. sequence of non-negative random variables with marginal
law p:

P(wy € dz) = p(dx),
representing an environment of non-negative charges, and consider a fixed realization w of the

environment. Then, define the sequence (t,)n>0 = (tn(w))n>0 as representing the location of
the positive charges:

to(w) == 0 to(w) = min{k > t,_1(w): wg > 0}. (5.4)

We also introduce the sequence (7p)n>1 = (7n(w))n>1 giving the intensities of the positive
charges, that is:

(W) = Wi, (w) n>1. (5.5)

)

For C' > 0, and ‘reasonable’ sequences w, define the following ‘partition function’:

k
| C
me(C) — Z Z genu . (tje(w) — tjg_1(w))3/2,

k=1 o JueenJe—1€N
0=:jo<m<...<jp—1<Jk:=N

and the corresponding free energy:

f(w,C) := lim LlogZWd(C’).

n—oo t,, (w)

LAll sequences w that we shall consider are such that the following partition function and free energy are well
defined.
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5.3.2 PRELIMINARY TRANSFORMATION

Consider w = wP? to be a fixed realization of our initial environment. Its marginal law can be
written as p®P = (1 — P)dg0y + Pdypy, and in this case the intensity of the positive charges is
identically equal to 5.

Using estimates from renewal theory, see [Gia07]|, one shows that for some C' > 0:
f(wﬁ’p) < f(wﬁ,p’ o),

so that to prove Theorem 5.1, it suffices to prove that for every C' > 0, and every ¢ > %, there
exists By = Bo(C, ¢) such that:

VB> By, flw 7, 0)=0.

To simplify notation, let us denote W™ as wh.

5.3.3 THE RENORMALIZATION PROCEDURE

The proof of Theorem 5.1 is achieved through an inductive argument. The steps of the induction
are labeled by {8,584+ 1,5+ 2,...}, and we call them level 3,level B+ 1,. ..

Each induction step consists of a renormalization procedure that acts both on the environment
w, and on the partition function Z,(w,C), and produces an upper bound on the free energy
f(w,C). Let us be more precise.

RENORMALIZING THE ENVIRONMENT. At the starting point (level 3) the environment w? is
i.i.d. with marginal law:

,u’B =(1- 6_6'8)5{0} + 6_0'85{5},

supported on {0} U {3}. More generally, at level b > 3 the environment w® will be i.i.d. with
marginal law p® supported on {0}U{b,b-+1,...}. If we are at level b, we define a renormalization
map T}, acting on w’ that produces a renormalized environment w’! := Tj(w®) as follows.

We first need to define isolated charges, good charges and bad blocks at level b. To this purpose,
we fix the threshold L := Leg(HK")J, where K} is defined explicitly. A positive charge is said
to be an isolated charge if both its neighboring positive charges are at distance greater than Lj.
Among the isolated charges, we call good charges those that have intensity exactly equal to b,
i.e. the least possible intensity. Finally, a group of adjacent positive charges is said to be a
bad block if all the distances between neighboring charges inside the group are smaller than L.
Note that a charge is either isolated, or it belongs to a bad block (see Figure 5.2 for a graphical
illustration).

Figure 5.2: Good charges, isolated charges and bad blocks at level b.

Then the renormalized environment w®t! is obtained from w® in the following way: each bad

block is clustered into one single larger charge, each good charge is erased, the isolated charges
that are not good are left unchanged and finally the distances between charges are suitably
shortened. We prove that the new environment w®*! constructed in this way is still i.i.d. and we
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obtain an explicit expression for the marginal law of wll’H, denoted by ! := Ty (u’). Observe
that by construction p’*! is supported on {0} U {b+1,b+2,...}.

RENORMALIZING THE PARTITION FUNCTION. The idea behind the definition of good charges
and bad blocks is the following:

- if a charge is good, it is not worth for the polymer to visit it, because this would entail a
substantial entropy loss;

- on the other hand, if a charge belongs to a bad block and the polymer visits it, it is
extremely convenient for the polymer to visit all the charges in the block.

The work then consists in making these rough considerations precise. If we replace the en-
vironment w® with the renormalized one w?*! = Tj(w?), we get an upper bound on the par-
tition function. More precisely, if we also denote by T} the transformation acting on C' > 0,
T,(C) := C-(1+Be % C) (where B is some absolute constant), then we show that the partition
function satisfies, for every N € N,

Z,(w*,C) < (const.) Zy (W, TH(0)) , (5.6)

for a suitable n = n(w, N) such that n > N and t,(w?) > ty(wbt!). Taking ‘ilog’ on both
sides of (5.6), and letting n — oo, we then obtain for every b > 3,

f(w’,0) < f(w™, TH(0)).
By iteration we have for b > £,

flw’,0) < f(W,C),  where Gy := (Tp—1-Tp2---T5)(C). (5.7)

COMPLETING THE PROOF. The last step is to get a control on the law u” and on the constant
Cy, in order to extract explicit bounds from (5.7). By easy estimates, we show that C, < 2C
for every b, so that this yields no problem. The crucial point is rather in estimating the law pu’:
we prove (when  is large but fixed) an explicit stochastic domination of u?, which allows to
show that

lim f(wb,C’b) = 0.

b—o0

By (5.7) this implies that f(wg, C) =0, and Theorem 5.1 is proved.
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CHAPTER 6

PERSPECTIVES

As a conclusion, I would like to mention work in progress and a few perspectives.

6.1 DOUBLE ISING MODEL IN DIMENSION TWO

In the paper [11], described in Section 3.1, I constructed an explicit mapping from cycle-rooted
spanning forests to the double critical Ising model on the torus, via Fisher’s mapping and
characteristic polynomials. This provides an unexpected relation, on the level of configurations,
between two well known models of statistical mechanics. The drawback is that the construction
is rather complicated, and reaching other observables than the partition function seems difficult.

Since then, thanks to the work of Wu and Lin [WL75], Dubédat [Dub11b|, and the paper written
in collaboration with C. Boutillier [5], presented in Section 4.2, we know that the double Ising
model on the graph G is also related to the dimer model defined on the decorated, bipartite
graph GQ.

In the remainder of this section, we consider this bipartite dimer model on the graph G®, when
the Ising graph G, is finite, planar and isoradial. Note that the setting of finite, planar graphs is
on the one side simpler than toroidal ones, because the topology of the plane is easier than that
of the torus; on the other hand it is not, because it requires to handle boundary conditions.

DOUBLE-ISING MODEL, SPANNING FORESTS (WORK IN PROGRESS).

e AT CRITICALITY. I am trying to explicitly construct the dimer model on the graph G®
from spanning trees on the graph G, with appropriate boundary conditions. I think that I
am close to a solution. As a consequence the partition function of the double Ising model
would be equal to the partition function of the corresponding spanning trees, thus proving
a pendent for planar regions of the result for toroidal graphs |3, 11]. I believe that using
this method, other observables can be reached, in particular I am working on expressing
the square of Ising spin-correlations using spanning trees and related objects. Quite re-
markably, the latter have recently been computed in [CHI12] for finite, simply connected
regions, and in [Dubl1b] for the whole plane. In the first paper, the authors use a variant
of Smirnov’s observable [Smil0| in a double cover of the plane. In the second paper, the
author proves that spin correlations are equal to monomer correlations in the dimer model,
which he had computed in the paper [Dubllal. My goal is not to compute them yet another
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time. I would like to shed a different light, by proving how square of Ising spin correlations
are related, on the level of configurations, to objects naturally arising from spanning trees.
Indeed spanning trees are one of the models of statistical mechanics where random walks
and discrete holomorphic functions arise the most naturally. Our method might provide
a natural way of understanding, from configurations, how the winding numbers arise in
Smirnov’s observable [Smil0].

e AWAY FROM CRITICALITY. I am working on tackling the same questions. Things seem to
be more complicated on the combinatorial level, but maybe tractable. In the subcritical
regime, spanning trees seem to be replaced by spanning forests, which are naturally related
to massive random walk. This would be in agreement with the work of [BDC12|, where
the authors relate the correlation length of the Ising model to the large deviation behavior
of a massive random walk, by using the random-cluster representation of the Ising model,
and a massive version of Smirnov’s observable. The connection with massive random walk
was first observed by Messikh [Mes06].

If things work out as I hope, then combining the two would relate in an explicit way, the critical
Ising model to random walk, and the sub-critical Ising model to massive random walk, thus
explaining the phase transition in the Ising model by the recurrent or transient behavior of the
random walks.

EXTENSION TO RANDOM-CLUSTER MODEL

The two-dimensional Ising model has a random-cluster model representation for ¢ = 2, see
[FK72] and also [Gri06]. Since it is possible to construct the double critical Ising model from
spanning trees, it should be possible to construct its random cluster representation from spanning
trees as well. I would like to understand how this could be done, in the hope of being able to
generalize it other values of ¢. I think it would be interesting to identify the pendent of spanning
trees when g # 2. What kind of statistical mechanics model would it be ? Has it been studied
in another context 7

CONFORMAL INVARIANCE OF THE HEIGHT FUNCTION

In collaboration with Cédric Boutillier

Consider the bipartite dimer model on the graph G2, approximating a simply connected domain.
We would like to prove conformal invariance of the corresponding height function, in the scaling
limit. Results of this type, for simply connected domains, have been obtained by Kenyon
[Ken00, Ken01, Ken08|. Nevertheless, boundary conditions arising from the double Ising model
do not enter the framework of previously known results, and seem to be non-trivial to handle.

6.2 STATISTICAL MECHANICS ON ISORADIAL GRAPHS

We have seen that the critical bipartite dimer model, the critical Fisher dimer model and span-
ning trees have very special features when defined on isoradial graphs: the inverse Kasteleyn
operator of the first two models [Ken02, 4] and the Green’s function of the third [Ken02| have
local expressions. Recall that one would expect the combinatorics of the whole graph to con-
tribute.
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NON-CRITICAL MODELS ON ISORADIAL GRAPHS

In collaboration with Cédric Boutillier, maybe also Christian Mercat

We believe that the locality property is, in part due to the geometry of the isoradial graphs,
and in part to the Y — A transformation used to determine the weights (the use of the ¥ —
A transformation is clear for the Ising model [Bax86|, although not so much for the other
ones). Recall that the weights are Z-invariant if the partition function only changes by a global
constant when a Y — A transformation of the graph is performed. In particular, this implies
that probabilities do not get affected if a local transformation of the graph is performed. This
is, we believe, one of the deep reasons underlying the locality property.

If what we think is correct, locality should remain true when the weights are Z-invariant and
non-critical. Such weights exist for Ising and for the corresponding bipartite dimer model [Bax86]
on the graph GQ. We aim at proving local expressions for the inverse Kasteleyn matrix of this
bipartite dimer model.

The main difficulties that we have to face are the following. A crucial role is played by Mercat’s
discrete exponential functions [Mer04, Ken02|. Following the work of Kenyon and Okounkov
[KOO06], it seems clear that these functions are specific to the critical case, since they are related
to Harnack curves of genus 0. In order to generalize the discrete exponential functions, one
would need to find a way of parametrizing Harnack curves of higher genus. This brings us close
to algebraic geometry, where we reach our limits. But we do hope, that by explicitly solving
specific cases, we might be able to generalize.

DIMER MODEL ON NON-BIPARTITE ISORADIAL GRAPHS

Consider the dimer model on an isoradial graph G. When the underlying graph is not bipartite,
the Kasteleyn operator cannot be naturally related to the Dirac operator. This was one of the
key requirement of the paper [Ken02|. We would like to understand if the bipartite dimer critical
weights are also critical in some sense in the non-bipartite case. We would also like to compute
the inverse Kasteleyn matrix. This seems like a difficult problem, because there are very few
tools available for non-bipartite dimer models.

6.3 ONE LAST THOUGHT

Recently, when at a conference on the Gaussian free field in Marseille, Nathalie Eisenbaum men-
tioned non-Gaussian processes constructed from non-symmetric covariance matrices (if I recall
correctly). If these processes are well defined, is it possible to find models of statistical mechan-
ics where such processes arise? One candidate would be oriented spanning trees with different
weights on the two possible orientation of the edges. Considering the corresponding dimer model
given by [Tem74|, [KPWO00], is there some regime where the height function converges to such
a non-Gaussian process? I think this would be fun.

We might ask this question to the PhD student we are taking with Cédric Boutillier.
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