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Résumé

Cette thése est consacrée a 1’étude de systémes quantiques intégrables tels des chaines
de spins, des théories de champs a 1+1 dimensions, et la dualité AdS/CFT. Cette dualité
AdS/CFT est une conjecture, émise a la fin du siécle dernier, qui relie notamment le
régime non-perturbatif d’une théorie de jauge superconforme (nommée N'=4 super Yang-
Mills) au régime perturbatif d’une théorie de cordes dans un espace a 10 dimensions (de
géométrie AdSsxS®).

Ce manuscrit explore les similarités entre des chaines de spins intégrables et des
théories de champs intégrables, tels Super Yang Mills. Il commence par une étude ap-
profondie des chaines de spins intégrables pour y construire explicitement un “flot de
Backlund” et des “opérateurs Q7 polyndémiaux, qui permettent de diagonaliser le Hamil-
tonien. Des théories de champs intégrables sont ensuite étudiées et des “fonctions ”
sont obtenues, qui sont ’analogue des opérateurs Q construits pour les chaines de spins.
Il apparait que de nombreuses informations sont contenue dans les propriétés analytiques
des fonctions (). Cela permet d’aboutir, dans le cadre de ’ansatz de Bethe thermody-
namique, a un nombre fini d’équations non-linéaires intégrales qui encode le spectre des
niveaux d’énergie de la théorie considérée (en taille finie). Ce systéme d’équations est
équivalent au systéme infini d’équations, connu sous le nom de systéme Y, qui dans le
cas de la dualité AdS/CFT avait été conjecturé assez récemment.

Mots-clé : Ansatz de Bethe, Chaines de spins, Dualité AdS/CFT, Systémes intégrables,
Théories de champs conformes, Théories de jauge supersymmétriques
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Introduction

La physique théorique actuelle est notamment confrontée a deux défis de taille : les
propriétés non-perturbatives de certaines théories de jauge d’'une part, et la description
quantique de la gravité d’autre part.

Les théories de jauge sont une description quantique de particules en interaction.
Dans ce formalisme, des champs (comme le champ électromagnétique) sont “quantifiés”,
et leur quantification fait naturellement apparaitre des particules (tels les photons),
comme médiateurs des interactions. Dans ce formalisme quantique, on ne peut pas
considérer qu'une particule ait une trajectoire bien définie c’est-a-dire qu’on ne peut pas
lui associer une position a chaque instant. Au contraire, pour chaque mesure que 1’on ef-
fectue, de nombreuses trajectoires possibles contribuent et leur contributions s’ajoutent.
Parmi les différentes “trajectoires” (ou plutét devrait-on dire les différentes histoires)
qui contribuent, certaines contiennent des désintégrations de particules, des créations de
nouvelles particules, ou des interactions entre particules.

Une difficulté de taille de ce formalisme est que chaque processus physique est décrit
par la somme des contributions d'une infinité d*histoires” différentes. La question na-
turelle qui se pose est de savoir si cette somme est bien finie. Pour certaines théories, il
existe au moins certains régimes (qualifiés de perturbatifs) ou plus une histoire fait inter-
venir de créations ou d’anihilations de particules, plus sa contribution est faible. Dans
ce cas, on peut calculer de nombreuses propriétés physiques en tronquant la somme pour
ne garder qu’'un nombre fini d’événements, faisant intervenir un nombre limité de créa-
tions ou anihilations de particules. Plus la précision souhaitée est élevée, plus il faudra
considérer de termes.

Pour certains modéles de ce type, par exemple les interactions entre les quarks (les
plus petits constituants connus des noyaux atomiques), cette approche perturbative per-
met uniquement de décrire des processus se déroulant & une énergie suffisante. Il existe
des propriétés de ces théories qui ne sont pas expliquées par cette approche perturbative,
notamment le confinement des quarks a l'intérieur de hadrons, comme les neutrons et les
protons (phénomeéne qui explique que 'on ne puisse pas observer un quark “seul” mais
uniquement des particules constituées de plusieurs quarks).

Un autre défi de taille pour la physique théorique est la description quantique de la
gravité. Le formalisme des théories de jauge a abouti & d’importants succes, au premier
rang desquels se trouve le modéle standard. Celui-ci décrit toutes les particules observées
a ce jour, et explique trois des quatre interactions fondamentales (connues) de la nature :
I'interaction électromagnétique, l'interaction “faible” (responsable de certaines réactions
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nucléaires) et l'interaction “forte” (décrivant les interactions entre les quarks). Seule la
gravité n’est pas décrite par ce modéle, et a ce jour, les théories des cordes sont la fagon
la plus aboutie de la décrire de facon quantique. Une différence notoire avec les théories
de jauge mentionnées ci-dessus est que les particules ne sont pas considérées comme
ponctuelles mais comme unidimensionnelles (que 1'on peut imaginer comme de petites
cordes en mouvement).

A la fin du siécle dernier, une dualité a été conjecturée, qui relie ces deux défis
majeurs. Cette dualité fait intervenir d’une part la théorie de jauge nommée super
Yang-Mills, et caractérisée par de nombreuses symétries (elle est invariante sous l'effet des
transformations conformes et sous quatre transformations de super-symétrie), et d’autre
part une théorie des cordes dans l'espace dix-dimensionel AdSs; x S°, produit d’une
sphére par un espace Anti de Sitter. Cette dualité conjecture par exemple que certaines
quantités, difficiles a calculer en théorie de jauge dans le régime de couplage fort (régime
hautement non-perturbatif), peuvent étre obtenues par un calcul en théorie de cordes
a couplage faible (dans un régime perturbatif de la théorie des cordes). Inversement,
certaines quantités difficiles & calculer dans le régime de couplage fort de la théorie des
cordes peuvent s’obtenir a partir de calculs perturbatif dans super Yang-Mills.

Cette dualité, nommée dualité AdS;/CFTy (ou plus simplement AdS/CFT) est trés
puissante car elle relie des calculs perturbatifs et non-perturbatifs. Elle est cependant
difficile & vérifier concrétement, car il faut explicitement mener a bien un calcul pertur-
batif et un calcul non-perturbatif pour vérifier si le résultat coincide. Dans cette theése,
nous verrons néanmoins comment calculer certaines quantités de maniére exacte (et non
pas perturbative) dans le cadre de cette dualité et plus généralement dans le cadre de
modéles intégrables.

Comme nous le verrons, l'intégrabilité est un outil puissant permettant des calculs
exacts dans de nombreux modéles jouissant des bonnes propriétés. Ces modéles, ap-
pelés “modéeles intégrables”, sont notamment caractérisés par un nombre important de
charges conservées. En particulier, nous verrons que des opérateurs nommeés “matrices
de transfert”, (ou simplement “opérateurs T”), peuvent étre construits pour des chaines
de spins intégrables. Nous verrons d’ailleurs aussi que des opérateurs ayant les mémes
propriétés (ils obéissent notamment a ’équation de Hirota) existent pour des théories
des champs intégrables, et en particulier pour AdS/CFT. Un des résultats de cette thése
est de montrer que ces opérateurs T peuvent s’exprimer en termes d’opérateurs QQ de
Baxter, qui sont construits explicitement dans le cas des chaines de spins intégrables. Ce
résultat s’appuie notamment sur des arguments combinatoires élémentaires qui seront
introduits et motivés.

Nous verrons ensuite que de nombreux autres modeéles que ces chaines de spins sont
intégrables, en particulier des théories de champs bidimensionnelles. Plus précisément,
nous verrons que si I’espace est périodique, mais suffisamment grand, ces modéles peuvent
étre exactement résolus grace a l’ansatz de Bethe. Une question intéressante est dés
lors de savoir ce qu’il advient pour un espace plus petit. Cette interrogation sur les
corrections de taille finie trouve notamment une réponse grace a la méthode d’ansatz de
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Bethe thermodynamique, trés utilisée dans cette thése. Cette méthode est d’autant plus
intéressante qu’elle s’applique notamment a la dualité AdS/CFT, dont elle permet de
calculer exactement le spectre (c’est-a-dire les niveaux d’énergie de la théorie des cordes,
ou les dimensions des opérateurs de super Yang-Mills). Nous verrons que cette méthode
d’ansatz de Bethe thermodynamique donne lieu a des fonctions T qui généralisent les
opérateurs des chaines de spins, et satisfont 1’équation de Hirota.

Nous verrons ensuite comment résoudre de maniére plus générale I’équation de Hi-
rota pour certains groupes de (super)-symétrie. Cette solution, qui constitue en partie
un résultat original de cette thése, fait intervenir des fonctions () qui généralisent les
opérateurs (Q construits pour les chaines de spins.

S’appuyant sur cette solution, un résultat trés important de cette thése est I’écriture,
pour plusieurs modéles intégrables, d’un systéme fini d’équations intégrales non linéaires
qui décrit les corrections de tailles finies. Ce résultat est obtenu en trouvant les pro-
priétés analytiques de ces fonctions (). Ces propriétés peuvent étre obtenues a partir
des équations issues de l'ansatz de Bethe thermodynamique, ou elles peuvent étre pos-
tulées a partir des symétries du modele et de considérations physiques. Nous verrons
comment cette nouvelle méthode peut étre appliquée aussi bien dans le cas du champ
chiral principal que pour la dualité AdS/CFT. Dans le cas de la dualité AdS/CFT, les
équations issues de l'ansatz de Bethe thermodynamique sont bien connues et ont été
largement étudiées. Nous montrerons qu’'une forme de ces équations permet de prou-
ver les propriétés postulées pour les fonctions T et ). Réciproquement, ces propriétés
analytiques des fonctions T et () permettent de démontrer les équations traditionnelle-
ment obtenues a partir de I'ansatz de Bethe thermodynamique. Cela signifie que les
conditions d’analyticité sur lesquelles s’appuie notre systéme fini d’équations intégrales
constitue une nouvelle formulation des équations d’ansatz de Bethe thermodynamique,
mais qui se raméne désormais & un nombre fini d’équations.
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Résumé détaillé et plan de ce
manuscrit

Ce manuscrit, rédigé essentiellement en anglais, est principalement divisé en chapitres,
mais contient aussi quelques annexes, dont la lecture n’est pas forcément nécessaire mais
donne au lecteur les éléments pour comprendre les outils utilisés. On pourra noter
'existence d’un index par mots clés (page , ou sont aussi indiquées de nombreuses
notations utilisées dans ce texte, avec un renvoi a la page correspondante. Par ailleurs la
bibliographie (page regroupe les différents articles cités dans ce manuscrit, par ordre
alphabétique. Seuls les articles [LOKL], [11GKLT], [12KLT], [11GKLV] et [1L1AKL™| sont
regroupés a part. Il s’agit des articles écrits pendant ma thése, et qui présentent les
résultats exposés dans ce manuscrit.

Le présent manuscrit ne se donne pas uniquement pour objectif de reproduire le con-
tenu de ces articles, mais aussi d’introduire les idées ayant mené a ces articles, et de
justifier de maniére détaillée les constructions utilisées. Ce souhait d’écrire une présen-
tation pédagogique des résultats a parfois abouti a présenter des arguments différents de
ceux donnés dans ces articles, et tous les résultats de ces articles n’ont pas forcément été
reproduits dans ce manuscrit de fagon exhaustive. Un lecteur souhaitant aller un peu
plus loin est donc invité a lire aussi ces articles en complément du présent manuscrit.

La structure de ce manuscrit et la suivante :

Chapitre introductif Le premier chapitre de ce manuscrit introduit la notion
d’intégrabilité et 'ansatz de Bethe a partir de ’exemple simple de la chaine de spins
de Heisenberg, avec conditions de bord périodiques. Nous verrons dans ce chapitre com-
ment il est possible, pour cette chaine de spins, de déterminer les états propres du Hamil-
tonien. Nous verrons que si 'on cherche des états propres sous la forme de combinaisons
linéaires d’ondes de spins, alors des équations appelées “équations de Bethe” apparaissent
naturellement, et décrivent a quelle condition une combinaison linéaire d’ondes planes
est un état propre du Hamiltonien.

Cet exemple de chaine de spins, étudié¢ dans la section [[.I, permettra de montrer
ce que 'on entend dans cette thése par systéme intégrable, a savoir un systéme ou les
fonctions d’onde des états propres sont des superpositions d’ondes planes obéissant a
des équations de Bethe. Ces modéles sont exactement solubles, non pas au sens ot I'on
connait une expression complétement explicite des vecteurs propres et de leurs énergies,
mais ot I’on sait les construire de maniére exacte si I’'on résout une équation (I’équation
de Bethe), dont la forme est la méme pour tous les modéles intégrables, mais qui est en
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général difficile & résoudre analytiquement. Cette équation fait apparaitre une matrice
5’, qui dépend du modéle et caractérise 'interaction de deux particules. Nous verrons
que dans ces modéles intégrables les interactions entre un nombre arbitraire de particules
s’expriment en termes d’interactions entre deux particules.

Comme indiqué en section il existe des théories de champs quantiques, générale-
ment bidimensionnelles (avec une dimension spatiale et une dimension temporelle), qui
sont intégrables au sens ci-dessus. En revanche, nous verrons aussi que ces théories ne
sont intégrables que si la dimension spatiale est de grande taille (et périodique). Nous
nous intéresserons ici aux corrections de taille finie, pour lesquelles les niveaux d’énergie
peuvent aussi étre calculés de maniére exacte, grace a la méthode dite d’ansatz de Bethe
thermodynamique (présentée dans le chapitre .

Enfin la section [[.3|introduira briévement la dualité AdS/CFT, et indiquera pourquoi
elle constitue un modéle intégrable. L’étude des corrections de taille finie de ce modéle
fera I'objet du chapitre [V]

Chapitre[[T] Le chapitre[[]| propose une analyse beaucoup plus détaillée d’une premiére
classe de modéles intégrables, a savoir certaines chaines de spins généralisant la chaine
de spins de Heisenberg étudiée dans le chapitre introductif [.1 Ce chapitre [[T] montrera
comment obtenir les équations de Bethe et le spectre du Hamiltonien pour ces chaines
de spins intégrables, en introduisant des charges conservées (les opérateurs T et les
opérateurs Q) et en définissant un “flot de Bécklund”.

Ces chaines de spins seront introduites dans la section [[I.I} Nous y construirons de
nombreuses charges conservées appelées “opérateurs T”, en faisant appel a des notions de
théorie des groupes et des représentations introduites dans I'annexe [A]l Ces opérateurs T
sont construits en section [[I.1.1] puis sont exprimés en termes d’un opérateur différentiel
D, dont de nombreuses propriétés sont données dans Pannexe . Cela permet de montrer
en section que ces opérateurs T satisfont une équation bilinéaire appelée équation
de Hirota. La preuve de cette équation est donnée en suivant [KVO0S]|, et repose sur
les propriétés combinatoires de 'opérateur D. Nous montrerons ensuite comment cette
équation peut se réécrire comme une identité combinatoire, obtenue au cours de cette
thése, que nous avons appelée “Master identity” dans larticle [I2KLT], et que nous
appellerons “main identity on co-derivatives” dans ce manuscrit.

La section présentera des résultats connus sur les transformées de Béacklund.
Cette section montrera comment exprimer une solution assez générale de I’équation de
Hirota en termes de “fonctions ()”. Nous y supposerons 'existence d’un flot de Backlund
polyndmial et montrerons que sous cette hypothése, les équations de Bethe découlent de
conditions d’analyticité.

La section [[I.3| présente des résultats obtenus au cours de cette theése [I2KLT]. 11y est
démontré explicitement, pour toutes les chaines de spins définies en section qu’un
flot de Bécklund polynémial existe. Cette section permet aussi d’écrire explicitement
les opérateurs T en termes des opérateurs Q, qui sont eux-mémes définis & partir de
Popérateur différentiel D. IIs peuvent aussi étre vus comme une certaine limite des
opérateurs T.

Enfin la section présente un autre résultat obtenu pendant cette thése [IITAKL™],



& savoir le lien entre cette construction du flot de Béacklund et les constructions de
“fonctions 77 qui décrivent 'intégrabilité classique.

Chapitre [[TI] Le chapitre [[T]] se concentre sur les corrections de taille finie : il décrit la
résolution de théories de champs intégrables avec une dimension spatiale de taille finie et
des conditions au bord périodiques. La méthode de résolution, présentée en section [[I1.1]
dans le cas du modele chiral principal, est 'ansatz de Bethe thermodynamique, décrit
dans la littérature pour de nombreux modeéles. Elle aboutit en général & un systéeme
Y, qui donne lieu a la méme équation de Hirota que dans le chapitre précédent. C’est
pourquoi l'on a besoin de décrire de la fagon la plus générale possible les solutions de
I’équation de Hirota.

La section décrit donc des solutions assez générales de I’équation de Hirota, qui
prennent exactement la méme forme que les solutions trouvées au chapitre [l Une con-
dition est identifiée (la condition de typicalité) sous laquelle on peut écrire les fonctions
T a partir d’'un nombre fini de fonctions (). Cette expression en termes de fonctions
Q) était déja connue dans certains cas [KLWZ97|, mais constitue pour partie (pour les
“T-hooks”) un résultat obtenu dans cette these [11GKLT].

Enfin la section introduit un important résultat [I0KIL] de cette thése, a savoir
la possibilité d’écrire le systéme Y sous la forme d’un nombre fini d’équations portant sur
un nombre fini de densités. De plus ces équations expriment simplement des conditions
d’analyticité assez naturelles.

Chapitre V] Enfin le chapitre [[V] conclut ce manuscrit en s’attaquant a la dualité
AdS/CFT. Cette dualité suscite un fort intérét scientifique du fait des espoirs qu’elle en-
gendre notamment pour comprendre des théories de champs a un niveau non-perturbatif.

La méthode d’ansatz de Bethe thermodynamique a déja permis d’obtenir un systéme
Y pour les niveaux d’énergie de cette dualité. Dans ce chapitre nous montrerons comment
écrire des conditions d’analyticité naturelles sur les fonctions 7', qui sont équivalentes
au systéme Y déja connu. Ces résultats [LLGKLV] éclairent singuliérement la nature
de ce systéme Y, en trouvant de nouvelles symétries qu’il satisfait et qui s’interprétent
physiquement.

Suivant la méme méthode que dans le cas du champs chiral principal, nous com-
mengons par exprimer en section la solution générale de 1’équation de Hirota en
termes de trois fonctions réelles. Les principales équations et les nouvelles symétries qui
caractérisent ces fonctions T' sont ensuite présentées en section [V.4] avant de présenter
nos résultats numeériques.

Enfin une conclusion page discute les apports de cette approche et les questions
soulevées par cette theése.
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Abstract

This thesis is devoted to the study of integrable quantum systems such as spin chains,
two-dimensional field theories and the AdS/CFT duality. This AdS/CFT duality is a
conjecture, stated in the end of the last century, which relates (for instance) the non-
perturbative regime of a superconformal gauge theory (called N'=4 super Yang-Mills) and
the perturbative regime of a string theory on a 10-dimensional space with the geometry
AdS;xS®.

This thesis explores the similarities between integrable spin chains and quantum field
theories, such as Super Yang Mills. We first study integrable spin chains and build
explicitly a polynomial “Béacklund flow” and polynomial “Q-operators”, which allow to
diagonalize the Hamiltonian. We then study integrable field theories et show how to
obtain “@-functions”, analogous to the Q-operators built for spin chains. It turns out
that several important informations are contained in the analytic properties of these
Q-functions. That allows to obtain, in the framework of the thermodynamic Bethe
ansatz, a finite number of non-linear integral equations encoding the spectrum of the
theory which we study. This system of equations is equivalent to an infinite system of
equations, known as “Y-system”, which had been quite recently conjectured in the case
of the AdS/CFT duality.
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Introduction

Theoretical quantum physics currently faces two very important challenges: the non per-
turbative understanding of gauge theories on the one hand, and the quantum description
of gravity on the other hand.

Gauge theories are a quantum description of interacting particles. In this formalism,
some fields (such as the electromagnetic field) are “quantized”, and their quantization
gives rise to particles (such as the photons), which transmit interactions. In this quantum
formalism, one cannot say that a particle has a well-defined trajectory, in the sense that
it does not a have a well-defined position at every time. Instead, in every process which
we can measure, many possible trajectories do contribute, and one should sum their
contributions. In fact, one should even sum over different histories (which generalize the
idea of “trajectories”), including some histories which involve creations or annihilations
of particles.

We see that this formalism describes the interaction of quantum particles by summing
infinitely many different “histories”. A natural question is then whether this sum is finite
or not. For some of these theories (called asymptotically free), there exist at least some
regimes (called perturbative regimes), where an history contributes less and less as it
contains more and more creations or annihilations of particles. In this regime, it is
possible to compute some physical quantities by truncating the sum, keeping only a
finite number of terms, which involve only a limited number of creations or annihilations
of particles. The better accuracy we wish to obtain, the more terms we have to keep in
the sum.

For some of these models, such as the interactions between quarks (the smallest
known components of atomic nuclei), this perturbative approach only allows to describes
processes which take place at an high enough energy. There are some properties of these
theories which are not explained by this perturbative approach, such as the confinement
of quarks inside hadrons (such as neutrons and protons). This confinement is a property
of quarks which means that it is not possible to observe one single quark, and which only
allows to observe particles made of several quarks.

Another key challenge of theoretical physics is the quantum description of gravity.
The formalism of gauge theories has already led to important successes, such as the
construction of the “standard model”. This model describes all particles that we have
observed so far, and it explains three out of the four (known) fundamental interactions of
nature: the electromagnetic interaction, the “weak” interaction (involved in some nuclear
reactions) and the “strong” interaction (which describes the interactions between quarks).



But gravity does not fit this picture, and up to now our most successful description of
gravity at the quantum level is given by “string theories”. A key difference between
gauge theories and string theories is that the particles are not viewed as point-like, but
as one-dimensional extended objects (which can be viewed as small strings).

In the end of the last century, a duality was conjectured, which connects these two key
challenges. On the one hand, this duality involves the gauge theory called super Yang-
Mills, which exhibits many symmetries (it is invariant under conformal transformations,
and under four super-symmetric transformations). On the other hand, it involves a string
theory on the ten-dimensional spacetime AdS5x S®, made out of a sphere and an “Anti de
Sitter” space. This duality conjectures that for instance, some quantities which are hard
to compute in the strong coupling regime of the gauge theory (in the non-perturbative
regime), can be obtained by a perturbative computation in the string theory. Conversely,
properties of the (non-perturbative) strong coupling regime of the string theory can be
obtained from the perturbative regime of the super Yang-Mills gauge theory.

This duality, called AdS;/CFT, (or simply AdS/CFT) is very powerful because it
relates perturbative and non-perturbative regimes. But this property also makes it very
hard to test this duality explicitly, because in order to check it, we should perform
independently a perturbative and a non-perturbative computation to compare them. In
this thesis, we will see that some quantities can be computed exactly (in the sense that
the computation will not involve the truncation of a sum, and that it will not be restricted
to a perturbative regime), in the framework of this duality and, more generally, in the
framework of integrable systems.

As we will see, integrability is a powerful tool which allows to perform exact computa-
tions in several models exhibiting quite specific features. These models, called “integrable
models”, have for instance an important number of conserved charges. In particular we
will see how to construct, for integrable spin chains, some operators called “transfer ma-
trices” (or simply “T-operators”). We will also see that some operators having the same
properties (they obey the same Hirota equation) exist for integrable field theories, and
in particular in the case of AAS/CFT. One of the results of this thesis is that these
T-operators can be written through “Q-operators”, which we construct explicitly in the
case of integrable spin chains. This result involves elementary combinatorial arguments
which will be introduced and motivated.

Next, we will see that several other models than spin chains (in particular some two-
dimensional field theories) are integrable. More precisely, we will see that if the space is
periodic, but large enough, these models can be solved exactly by means of the “Bethe
ansatz”. Hence we will come to the question of finite size effects, i.e. the question whether
anything can still be obtained when the space is smaller. In this thesis, we will answer
this question by means of the thermodynamic Bethe ansatz, a method which is all the
more interesting as it applies for instance to the AdS/CFT duality. In the framework
of this duality, this method allows to compute exactly (i.e. non-perturbatively) the
spectrum (i.e. the energy levels of the string theory, or the scaling dimensions of the
operators of super Yang-Mills). We will see that this thermodynamic Bethe ansatz gives
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rise to “ T-functions” which generalize the T-operators of spin chains, and obey the same
Hirota equation.

Then, we will construct the generall| solution of Hirota equation for several symmetry
groups. This result, part of which is a new result of this PhD, involves “(Q)-functions”
which generalize the “Q-operators” constructed explicitly for spin chains.

Using this solution, a very important result of this thesis is the possibility to write,
for several integrable field theories, a finite set of non-linear integral equations (FiNLIE),
encoding the finite size corrections. This FiNLIE is obtained by finding the analytical
properties of these @-functions, and we will see that these analytical properties can either
be conjectured from the symmetries of the model and from physical considerations, or
they can be derived from the thermodynamic Bethe ansatz. We will see how this new
approach can be applied in the case of the principal chiral model as well as in the case
of the AdS/CFT duality.

In the case of the AdS/CFT duality, the equations arising from the thermodynamic
Bethe ansatz are well known and have already been quite extensively studied in the
literature. We will see that one form of these equations allows to prove the analytical
properties conjectured for the T- and @-functions. Conversely these analytical properties
of the T- and @-functions imply the equations which are usually obtained from the
thermodynamic Bethe ansatz. This means that the analytical conditions giving rise
to our FiNLIE are a new formulation of the thermodynamic Bethe ansatz’s equations,
reduced to a finite set of equations.

I'More exactly, the solution which we will construct is the “typical solution” of Hirota equation, and
we will define what typicality means.



Detailed summary

This manuscript is mainly divided into chapters, but it also contains two appendices. It is
not necessary to read through these appendices, but it should give some basic tools to the
reader, which will allow to understand the arguments of the main text. One should note
the existence of an index (page [250)), which lists several notations and keywords used in
the text and which refers to the corresponding pages. There is also a bibliography, (page
252)), which lists, in alphabetic order, the articles cited in this text. Only the articles
[10KL, [11GKLT], [12KLT], [11GKLV] and [IIAKL™| are listed separately. They are
the articles written during my thesis, and they give the results written in this thesis.
The present thesis aims not only at repeating the content of these articles, but it also
aims at motivating the constructions we used, with a quite high level of details. This aim
to write a pedagogical presentation of these articles sometimes led to showing arguments
which differ from the one exposed in these articles, and all the results of these articles
were not necessarily repeated in this thesis. Therefore, a reader who wishes to go further
than the present manuscript is invited to read these articles in addition to this thesis.
The structure of this thesis is as follows :

Introductory chapter The first chapter of this thesis introduces the notion of inte-
grability and of Bethe ansatz from the simple example of the Heisenberg spin chain with
periodic boundary conditions. In this chapter we will see how it is possible to find the
eigenstates of the Hamiltonian of this spin chain. We will see that these eigenstates can
be found in the form of linear combinations of planar waves obeying some equation called
the “Bethe equations” (these equations are the conditions under which a combination of
planar waves is an eigenstate of the Hamiltonian).

This spin chain example, studied in section [I.I} will be used to introduce what we will
mean by an integrable system, i.e. a system where the wave functions of the eigenstates
are given by superpositions of planar waves obeying some Bethe equations. These models
are exactly solvable, not in the sense that we know a completely explicit expression of the
eigenstates and of their energy, but rather in the sense that we know how to construct
them if we solve an equation (the Bethe equation), which takes the same form for all
integrable models but is in general quite hard to solve analytically. This equation involves
an g—matrix, which depends on the model and characterizes the interaction between
two particles. We will see that for these integrable models, the interactions between
an arbitrary number of particles can be expressed in terms of successive interactions
between two particles.

As we will see in section[[.2] there exist quantum field theories which are integrable in



the above sense. These models are usually two-dimensional (with one space dimension
and one time dimension), and we will see that they are integrable only if the space
dimension has a very large size (and is periodic). In this thesis, we will be interested in
the finite size corrections, which means the exact (i.e. non-perturbative) computation of
the energy levels when the size of the space dimension is finite, and we will study them
by means of a method called the thermodynamic Bethe ansatz (explained in the chapter
[11)).

Then the section [[.3| will briefly introduce the AdS/CFT duality, and explain why it
is an integrable model. In the framework of this duality, the finite size corrections will
be studied in the chapter [[V]

Chapter [[I] The chapter [l gives a more detailed analysis of a first integrable model,
namely a spin chain, generalizing the analysis of the Heisenberg spin chain presented in
the introductory chapter [.LI} This chapter [[] will show one derivation of the Bethe equa-
tions for these integrable spin chains, obtained by introducing some conserved charges
(the “T-operators” and the “Q-operators”) and by defining a “Bécklund flow”.

These spin chains will be introduced in section [[I.1] In this section, we will construct
many conserved charges called “T-operators”, using some notions of group theory and
representations, introduced in the appendix [A] These T-operators are constructed in
section , and are then expressed through a differential operator D. Many important
properties of this operator are given in the appendix [B] This construction allows to
show in section that these T-operators obey a bilinear equation called the Hirota
equation. The proof of this equation is given by following [KVO0S§|, and it relies on the
combinatorial properties of the operator D. Next we will see how this equation can
be rewritten as a combinatorial identity obtained in this PhD, which we called “Master
identity” in the article [I2KLT], and which we will call “main identity on co-derivatives”
in the present thesis.

The section will then give known results on the Bécklund transforms. This
section will show how to express a quite general solution of the Hirota equation in terms
of a finite number of “@-functions”. In this section, we will assume that a polynomial
Béacklund flow exists, and we will show that then, the Bethe equations follow from the
analyticity constraints (i.e. from the polynomiality).

Next, the section gives results obtained in this PhD. It is explicitly derived, for
all the spin chains introduced in section that a polynomial Béacklund flow exists.
This section also allows to explicitly write the T-operators in terms of some Q-operators,
which are themselves defined through the differential operator D. These Q-operators can
also be viewed as a quite singular limit of the T-operators.

Finally the section [IL.4] sketches another result of this PhD [IIAKLT|, namely the
relation between this construction of the Bécklund flow and the construction of the
“r-functions” which describe classical integrability.

Chapter [[TI] The chapter [[T]] is focussed on the finite size corrections: it explains the
solution of integrable field theories with a space dimension of size L < oo and with peri-
odic boundary conditions. This solution is based on the method called thermodynamic



Bethe ansatz, presented in section for the principal chiral model. This method is
described in the literature for several integrable models, and it usually gives rise to a Y-
system, which implies the same Hirota equation as in the previous chapter. Therefore we
become interested in writing the most general possible solution of this Hirota equation.

The section describes quite general solutions of the Hirota equation, and these
solutions take exactly the same form as the solutions found in chapter [[Il A condition is
identified (the typicality condition) under which the 7-functions are expressed in terms
of a finite number of @-functions. This expression was already known in some cases
IKEWZ97|, but part of it (for the “T-hooks”) is a new result of this PhD.

Finally, the section presents a very important result of this thesis [10KL]: it
is shown that the Y-system can be recast into a finite set of equations on a finite set
of “densities”. Moreover these equations simply express some quite natural analyticity
conditions.

Chapter [IV] To finish with, the chapter [V] concludes this manuscript with the case of
the AdS/CFT duality. This duality is a very active field of research because it gives (for
instance) very interesting hopes for a non-perturbative understanding of field theories.

The thermodynamic Bethe ansatz already allowed to obtain a Y-system (described
in the literature [GKV09al|) which gives the energy levels in this AdS/CFT duality. In
this chapter, we will show how to write some natural analyticity conditions on the 7T'-
functions, which are equivalent to the previously-known Y-system. This result sheds
light on the nature of the Y-system, by finding new symmetries which it obeys, and
which have a very physical interpretation.

Following the same method as in the case of the principal chiral model, we start by
parameterizing in section a general solution of Hirota equation in terms of three real
functions. The main equations and symmetries which constrain these T-functions are
then given in section [V.4] where the FiNLIE is derived, before we show our numerical
results.

Finally, a conclusion (page discusses how our approach solves the initial problem,
and what new questions arise from this.



Chapter 1

Integrability and Bethe ansatz
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I.1 Coordinate Bethe ansatz for the Heisenberg spin
chain

As a first introduction to this manuscript, let us briefly recall the solution to the so-called
Heisenberg “XXX /»” spin chain, which corresponds to a quantum version of the Ising
model.

This chain consists of L spins, labeled by i € [1, L], where we use the notation [ny, ns]
to denote the set [nq,ny] NZ. Each spin is in a superposition [¢)) € #; = C? of the states
1) and ||). The Hilbert space is therefore H = @1 #; = (C2)®", while the Hamiltonian
is

H=L-2) Pl (1.1)

It is expressed in terms of a permutation operator P;; defined by

Pi:j (’¢1> ® ‘¢2> Q- ® |¢L>) = ’¢T[i,j](1)> ® |¢T[i,j](2)> Q- ‘¢T[i,j](L)> (12)
j ifk=i
where 75(k) =4 1 ifk=j . (1.3)
k otherwise

This operator exchanges the values of two spins, giving for instance Py 5 [L1) = [Tll).
More precisely, we will study a spin chain with periodic boundary conditions, which
means that the Hamiltonian ([.1) is defined as

L-1

H=L-2> Pi—2PL1. (L4)

i=1

The expression (|[.1) may seem unusual, but we will actually show in section
that it coincides with the usual ferromagnetic Hamiltonian H = — . 7} - 0111.

The simplest eigenstate of the Hamiltonian is the following state, which we will
call the vacuum:

{H =D (1.5)
L

It is clearly an eigenstate, and its energy is Fy = —L (i.e. it satisfies H|{ }) = —L|{ })).
It is an arbitrary convention to choose a state with all spins down, while the opposite
convention (choosing [{ }) with all spins up) would give the same results.

Single-particle states The next simplest states one can think of are the states

{1 =1 Lt - 1) (L6)
i—1 L—i

11



These states will be viewed as the presence of a “particle”, called magnon, at site i. This
magnon physically is just a flip of one spin with respect to the vacuum [{ }). More
generally we will call “number of particles” the number of “spins up”, and this number
turns out to be invariant under H. Therefore we can look for a basis of eigenstates of H
having fixed “number of particles”. The states are actually not eigenstates of H if
L > 2 but we will show that some combinations of them are eigenstates.

To this end, let us recall that the permutation operator P;; exchanges the spins at
position i and j, hence

Py i} = {mg (0)}) (L7)
where 735 is defined by . We can then write the action of H on the state

L

DEDICDE (1.8)

j=1

Hlp) =Llp) =2 > ¢ Pt [{j}) (1.9)

=L[p) —2 ((L —2)Ip) + Zem (i+1h) +Hi- 1}>)> (L.10)

=(~L+4—4cos(p)) |p) — 2 (e — 1) [{1}) — 2 (e — TP LYY, (1.11)

where 1 denotes the imaginary number with imaginary part equal to one, and we identified
{L+1}) = [{1}) in (L10). From (L.11)), we see that |p) is an (unnormalized) eigenstate
of the Hamiltonian if and only if e! = 1. This condition is simply the constraint that
the wave function ¥(j) = ({j}|p) = ¥ has to be periodic with period L, as imposed by
the identification [{L + 1}) = [{1}).

This already allowed us to identify L “single-particle” eigenstates (corresponding to
p=0,% 3 - @) They have energy (Ey + 4 — 4 cos(p)), with e? = 1.

Two-particles states Next, one can consider the following “two-particles” states:

G = [ e Ut L LA - D), where j <k (L12)
i—1 k—j—1 L-k
[pr,p2; S) = ) (PN 5 dED) [ 1)) (L.13)
i<k

The action of H is a bit harder to compute explicitly than in (.9 , but we can see
that

H{i,i}) =LKL —2(L =4 [{iih) + {i+ 1.3 + {i— Lib) + {ij+1})
+{i,j—1})) fl<i<j—1<L-1. (L14)

12



If we do the natural identifications |{i, L + 1}) = |{1,1i}) and |[{0,i}) = |[{i,L}), then this
equation holds even if j =L ori=1.

From we can see that up to “boundary” terms generalizing the last terms of
(I.11]), we have H |p1, p2; S) = (Eo + 8 — 4(cos(p1)+ cos(pz2))) |p1, p2; S), and we therefore
expect that by setting these “boundary” terms to zero, we will find eigenstates with
energy E,, ,, = Ey+4 —4cos(p1) +4 — 4 cos(pz). The boundary terms, which are given
by H|p1,p2; S) — Ep, p, [P1,12; S), are of two types:

e First, the terms below arise from the fact that ([.14)) fails if j =1+ 1:

L
(2(61'11715 + eﬂpz) _ (1 + S) (1 + eﬁ(m—l-m))) Zeﬁj(m—l-pz) |{J,J + 1}) )

j=1

To have an eigenstate of H, it is necessary that these terms vanish, i.e.

1 i(p1+p2) _ 9pip2
e ¢ (L.15)

S = S(P27p1) =

o 1+ eﬁ(p1+p2) — Yelp1 ’

e Other terms appear at the boundary of the chain, as in ([.11). One can show
that they cancel if the proper periodicity condition is imposed. This periodicity
condition is

Vi<k<L, U(k,L) =0(0,k) where ¥(j, k) =et®ritr2l)  geipricteai) (1 16)

and it is solved by

etz = 5|, et =1/9]. (1.17)

One can check that the above conditions are sufficient conditions, under
which [py, p2;S) is an (unnormalized) eigenstate. One can also check (see for instance
[KMO97]), that this gives # independent eigenstates of this form. This means that
all the “two-particles” eigenstates of the Hamiltonian are of this form.

M-particles states More generally, the Bethe ansatz tells that for an arbitrary number
M of particles, the eigenstates should be looked for in the form

‘p1>p27"' 7pM;{A0'}UESM> = Z \I!(jlaj%“' 7.]M) ‘{jla.jZ?"' 7.]M}> ) (118)

11<je < <ju <L

where U (j1,jo, - ,jm) = Z Ay et ZrPo®in (I.19)
oceSM
where SM denotes the set of all permutations of {1,2,---, M }. This state is a linear com-

bination of M planar waves, and it is parameterized by the M momenta (or impulsions)
p; of these planar waves, and by the M! coefficients A, of the linear combination. This
definition ([.19) generalizes the special cases ([.8)) and ([.13) corresponding to M = 1

13



or M = 2, written with the normalization choice A; = 1, where 1 denotes the identity
permutation.
Like before, we can first see that

Hl{j17j27"' 7.]M}> = +L|{j17j27"' 7.]M}> - Q(L_ 2M) ’{jlvj%"' 7.]M}>
M
=23 (Hin e dienodn + Line o inr)
k=1

g — Lk jud)) - (120)

if i, >1 and Yk < M, jpp1 > js+1 and ja < L.

This implies that up to “boundary” terms, H|pi,po, -+ ,pa;{As}) is equal to
<E0 + 224214 — 4cos(pk)> Ip1, D2, -+, pas {As}). As a consequence, if this state is an
eigenstate, its energy is

E=Eg+ Y (4—4cos(py)) - (1.21)

k=1

Physically,  this expression means that each particle has an energy
4 — 4cos(py) = 8sin*(pr/2). The energy of an “M-particles state” is simply the vac-
uum energy FEy, plus the sum of the energies of the particles. As in the two-particles
case, one can then investigate all the extra-terms which have to be set to zero in order
to obtain an eigenstate of H:

e First, some terms arise from the states |{ji,j2, - ,jam}) where there is one k such
that jp41 = jr + 1. For a given k, the cancellation of these terms reduces to the
constraint

1 + eiPor)TPo(k+1)) _ QeiPo(k+1)
Vo, AUOT[’“’““] - 1+ (P (k) FPo(k+1)) — QelPo(k) As - (1’22)

These constraints impose that

Ay =N (o) [ (1 + Pertpem) — g¢ire) | (1.23)

Jj<k

where N is a o-independent normalization, and €(o) = [],_; U(izij(j ) is the signa-
ture of the permutation o.

e Then some extra terms arise at the boundaries of the spin chain, and their vanishing
requires the periodicity of the wave function. More explicitly, the requirement
U(j1, i, - yim—1,L) = ¥(0,j1,j2, -+ ,jm—1) is satisfied if the momenta p; satisfy:

Vi<j<M, ¢ =]] S
k#j

(1.24)

where S(p;, pr) is defined by (I.15]).
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One can actually show that finding sets of momenta satisfying the “Bethe equation”
[.24)) always gives the wave function of an eigenstate, by plugging these momenta into
[.19) and . Moreover one can show that all eigenstates are obtained this way.

The “Bethe ansatz” is the name given to the “guess” that eigenstates should be found
in the form . Solving the Bethe equations allows to find exactly the eigenstates,
and their energy . This is why we say that the Heisenberg spin chain is “integrable”.
That does not really mean that we know a completely explicit expression of the eigen-
states and of their energy, but only that we know a simple equation called “Bethe
equation”, and we know that solving this equation solves exactly this model. Solving
the Bethe equation analytically can nevertheless be a difficult task, especially when the
number of particles (i.e. the number of planar waves, also called magnons) is large.

A more detailed account of this Bethe ansatz can be found in [Bet31, [KM97]. The
method given above is often called the “coordinate Bethe ansatz”’, because it gives an
expression for the wave function. There actually exist other ways to derive ([.21)),
and , and one of them, based on the Hirota equation will be detailed in the chapter
M) of this manuscript. An nice introduction to the Bethe ansatz, as well as several
alternative methods to obtain the Bethe equations , and are introduced
for instance in the review [Stal2] and the references therein.

The chapter [[I] will introduce a method based on the construction of a family of
conserved charges called “T-operators”. We also see how to construct operators called
the “Q-operators”, which belong to same family of commuting operators, and are the
building blocks to express T-operators. The chapter [[I] will introduce a few spin chains
which generalize the Heisenberg XXX 5 spin chain and for which we can construct these
operators explicitly (which is an original result obtained during this PhD). We will also
see how these operators allow to diagonalize the Hamiltonian and recover these Bethe
equations.

I.2 Generalization to other integrable models

In the previous section, we saw how the Bethe ansatz arises for the Heisenberg spin
chain. Interestingly enough the same procedure can be used for many other integrable
models, including spin chains with various Hamiltonians, as well as a few two-dimensional
quantum field theories, also called “o-models” (some of them can be viewed as the limit
of spin chains when the space is continuous instead of discrete).

As it is argued in [ZZ79], the wave function of several field theories can be obtained
by a Bethe ansatz generalizing the ansatz of the previous section. The ansatz is then
that the eigenstates, parameterized by sets of rapidities py (or momenta), have a wave
function of the form

V(i jo, - du) = Y Aget Zepemie (1.25)
oceSM
where (by contrast to the previous section) the positions ji, jo, - - - , jas are not necessarily

integers. In general, the wave function has several components (if the theory has several
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different types of particles), and the coefficients A, are vectorsﬂ

To write the ansatz , it is clearly crucia]ﬂ that the space is one-dimensional, i.e.
that the positions ji,js2,- -+ ,ja are numbers, and not vectors. It also assumes that the
number of particles is conserved.

In field theories, planar waves describe free particles and the ansatz ([.25) only
describes a specific domain in the physical space: the domain where the positions
j1,J2, - -+ ,jm are separated by distances large enough compared to the interaction range.
Describing particles coming close to each other is a more complicated, but fortunately
not necessary task. In fact it is enough to know the main features of the wave function
of two-particles states (when the two particles are separated by small distances), and
from this one can construct the wave function when two particles are close to each other
and all the other ones are far away. One can then argue that the only properties of
two-particles states which we need to know are encoded into an S-matrix S (p,p'), and
that the wave function is constrained to obey the equation

A

\V/U, Acroq—[k,k+1] = - S(pa(k+1)7pa(k)>~’40 ) (126)

which generalizes the equation . One should note that S (p,p’) has to be a matrix
because A, and AUOT[k,k Ly are vectors. This matrix encodes all the information that we
need to know about the behavior of the wave function when two particles are close to
each other (compared to the interaction range).

If this ansatz holds, then the eigenstates are completely fixed by the two-particles
interactions, encoded into the S-matrix S (p,p’). This S-matrix cannot be completely
arbitrary, and if has a solution, then S (p,p’) has to obey the following constraint

AOOT[k,k+1]07’[k-1,k]07'[k,k+1] :AOOT[k—l,k]OT[k,k+1]OT[k—1,k] ( 7)

1.9
hence  S(p',p) - S@",p) - S(", ) =S@",p)-S®",p) - S@,p) (1.28)

which arises from the fact that 7j k11 © Tj—1,4) © Tk k+1] = Tk—1,k] © Tk, k-+1] © Tik—1,k], Dy de-
noting p = pok—1y, »' = Po(k) and p” = py11). This factorization formula (illustrated by
figure actually means that the interaction of three particles is obtained as a product
of two-particles interactions, and this product is invariant under a specific reordering.

We see that this ansatz puts very strong constraints on the theory, and it can only
work for very specific models. These models should be two-dimensional (with a one-
dimensional space dimension, and a time dimension) with a conservation of the number
of particles, and a factorization property. It is argued in |[ZZ79] that the ansatz holds if
the number of conserved charges is infinite.

For a field theory with K different types of particles, the analogous of the state (L.6U.12}...) is
the states |[{n1(j1),n2(j2),-..,na(ja)}) denoting the presence of a particle of type ny at position ji,
and of a particle of type ny at position jo, etc. Then a general state (with M particles) is written as
Z\Ilnl,ng ..... nM(jluj27"' 7jM)|{n1(j1)7n2(j2)7"~7nIVI(jM)}>7 where \I}nl,ng ..... nM(jlvaa"' a.]M) denotes
the coordinates of ¥(jq,ja, - ,jm) € ((CK) M Hence we see that the wave function belongs to ((CK)®M,
and hence A, also belongs to ((CK)®M

2The fact that the space dimension is one-dimensional is necessary here to have a sum over permu-
tations. This sum corresponds to the fact that if the momenta of the spin waves are numbers (and not
vectors), then they are necessarily ordered in one out of M! possible ways.
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Figure 1.1: Ilustration of the Yang Baxter factorization formula ([.27)): the three-
points interaction (left) can be written in two different ways as a product of two-
points interactions, and the result has to be the same. The same property holds for
the interaction of arbitrarily many particles.

Investigating the symmetry properties of a model sometimes allows to put even more
constraints and to completely solve it. For instance for the principal chiral model (which
will be introduced in section , the integrability can be motivated by finding an
infinite set of conserved charges [Pol77|, and the symmetries of the model (which is
relativistic, has an SU(N) x SU(N) symmetry, and obeys “unitarity” and “crossing” con-
straints) allow to fix the S-matrix uniquely [ZZ79] (it is also discussed in section

In the very specific field theories (such as the principal chiral model) where it holds,
this ansatz only describes the wave function when the particles are separated by large
distances (compared to the interaction range). It is therefore necessary that the size L
of the spatial dimension is large enough (otherwise the particles cannot be separated by
long distances).

In this manuscript, we will be interested in the finite size effects which occur when
the size L is not large enough compared to the interaction range, and the ansatz above
cannot be used. In this case we have to use a method called the “thermodynamic Bethe
ansatz”. This method is explained in the chapter [T, which is more specifically focussed
on the principal chiral model.

We will see in this section that a trick (sometimes called “double Wick rotation” or
“Matsubara transform”) allows to write equations for these finite size effects. For several
models, this trick allows to express the finite size-effects from a set of non-linear integral
equations, which is often infinite, and can be reducedrf] to a functional relation taking the
universal form of a “Y-system”. This system of equations is tightly related to the Hirota
equation [KNS94] found for the spin chains.

An important result of this thesis is that the “Q-operators”, the fundamental objects
introduced in section [lI| for spin chains, have a direct analogue (the g-functions) for
integrable field theories and this allows to solve several Y-systems. These results are
presented in chapter in the case of the principal chiral model, and the results of
[LOKTL) are presented.

3More precisely, this (usually infinite) set of integral equation implies the functional relation called
Y-system equation. On the other hand, the Y-system equation has to be supplemented with analyticity
conditions in order to imply the original (usually infinite) set of integral equation.
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1.3 AdS/CFT duality

The arguments suggested above allow to solve several two-dimensional gauge theories
with one space dimension and one time dimension. Many such models are relativistic
and have massive particlesﬂ

On the other hand, the known particle physics (described by the standard model),
is a four-dimensional relativistic gauge theory, which is asymptotically free. This means
that the interactions which occur above an energy scale are well described by sums of
“Feynman diagrams” which correspond to different possible interaction processes. For
instance, the simplest way for two electrons to interact is by exchanging one photon. But
they could as well exchange two photons, or more. Or an electron could emit a photon
which transforms afterwards into an electron-positron pair which annihilates into photons
that are finally absorbed by the other electron. All the processes which can happen are
described by “Feynman diagrams”, and in general one should sum an infinite series of
these processes. Asymptotic freedom (which occurs for instance in the standard model)
means that above a given energy scale, the more complicatedﬂ a diagram is, the less it
contributes to the sum. This allows to show that, in order to compute the properties of
an interaction to a given accuracy, it is sufficient to keep a finite number of terms.

We see that in general, for these gauge theories, what we can do is to write an infinite
series (which is an asymptotic expansion), which is called a perturbative expansion. This
captures important physical properties of the interactions, but it cannot be used below a
given energy scale. As a consequence, there are some aspects of these gauge theories that
are not captured by this approach. For instance, one of these non-perturbative aspects
is the confinement of quarks inside hadrons (such as the neutrons and the protons),
which explains that we cannot observe an isolated quark, but only some particles made
of multiple quarks.

These questions arise for lots of different gauge theories and we will see that there
exists at least one four-dimensional gauge theory, the so-called super Yang-Mills field
theory with four supersymmetries (N = 4 SYM) for which some exact computations
can be done (as opposed to the perturbative expansion mentioned above). This the-
ory is a conformal field theory (CFT), which means that it is invariant under several
transformations including dilatations (see below).

Conformal invariance and dimension of operators Every field theory describes
some fields which are functions of the positions (these functions are operator-valued for
quantum field theories). Conformal field theories are invariant under the transforma-
tions of positions which preserves angles (i.e. these transformations locally look like
compositions of translations, rotations, and dilatations).

When the space has dimension D > 2, all the conformal transformations take the

4The fact that the particles are massive introduces a mass scale m and a length scale % We have
seen that this length scale was important because integrability comes from the regime where L > %
5More precisely, the statement is that the more loops a diagram has, the less it contributes.
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form

Ty T, = 2 A ay + QT where a € R” and w € O(D) (1.29a)
Ty T, = Ay, where A € R (I.29b)
o +

or I, > 1), = where (2)? = z,x, = ||z||* and o € R” (I.29¢)

2
(&5 +00)
(or a composition of these three transformations) where we use Einstein’s sum convention
in an Euclidean metric (which means that the repeated indices are summed over, i.e. that
D
Q,,x, denotes the sum ), Q, ,x,).
These transformations locally conserve the ratios of distances (i.e. the angles), which

means that conformal transformations are the transformations z,, — a:';L such that there
exists a positive function A(z) such thatf]

(dz')* = Mx)? (dz)? . (1.30)

In conformal fields theories, the coordinates can be transformed as in ([.29)), and then
some fields ®;(x) (called primary operators) transform as

O, (z) — () where @/ (z') = M2)% ®;(x) (1.31)

where A, is called the conformal dimension of the field ®;(x), which indicates how ®;(x)
is rescaled when the coordinates are rescaled.

An important information that we want to extract in a field theory is the correlation
functions such as (®1(z) Po(y)), (P1(x) P2(y) P3(2)), etc. These correlations functions
capture the properties of the quantum fluctuations, and they are strongly constrained
by the above symmetry: in conformal field theories, they are invariant under the trans-
formations .

It is then possible to show [Pol70] that the “two-points” and “three-points” correlation
functions are given by

0A;A,
(Di() By (y)) = — 2 (132)
Iz — gl
(i) @, (y) Be(2)) = SN V- e (133)
o — gl SR g — SRy ) A

where the expression fixes the normalization of the ﬁeldﬂ The “conformal dimen-
sions” A; and the “structure constants” C; ;, are important properties a theory, as they
allow to compute the correlation functions and .

In the present manuscript we will specifically focus on the conformal dimensions of
the operators in N' = 4 super Yang-Mills. We will see that they can be obtained using
integrable properties of this model.

- L oz oz
6Here, (da’)? denotes the bilinear form which is formally constructed as da),dz), = ;T“dx,,a%“dxp
v P

"If each field ®;, is multiplied by an arbitrary constant, then the relation ([.32) clearly has to be
multiplied by a constant. The choice to have only da; A, in the numerator (without any extra constant)
fixes this degree of freedom in the definition of the fields.
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Integrability in the AdS/CFT duality Interestingly enough the integrable proper-
ties of the super Yang-Mills field theory are best understood and tested in the framework
of the “AdS/CFT correspondence”. This conjectured duality [Mal98, [GKP98|, [Wit98]| says
that several quantities (such as correlation functions) that we wish to compute on one
side of the duality, for instance in super Yang-Mills, can be obtained by computing other
quantities in the other side of the duality, for instance AdS. This “AdS” denotes a string
theory (i.e. a quantum theory of gravity) on a 10-dimensional space-time having the ge-
ometry AdSs x S%, where AdSs denotes the 5-dimensional anti de Sitter space, a curved
manifold which is roughly speaking a multi-dimensional hyperboloid.

Given a quantity that we want to compute (for instance) in super Yang-Mills, it is
not easy to understand what computation in the AdS string theory is associated to this
quantity. Nevertheless, this duality is very interesting because it turns out to relate the
perturbative domain of one model to the non-perturbative domain of the other model.
It means that for instance, classical string theory is related to deeply non-perturbative
gauge theory.

We will not enter deeply into the details of this duality, but we will simply work with
one of the predictions of this duality: the fact that the energy spectrum of the super-
strings is equal to the spectrum of the conformal dimensions of the super Yang-Mills
operators.

On the super Yang-Mills side, integrability was first noticed in [Lip94], and in the
planar limit (a limit when the rank of the gauge group is large), a mapping was noticed
[FK95L IMZ03| between the study of the spectrum of the conformal dimensions in super
Yang-Mills and an SL(2) spin chain (see for instance [MinI2[f). More precisely, it was
shown that in this planar limit the only relevant operators are linear combinations of
operators of the form tr(Op, O, ---,0L) where O, O,, ---, O are arbitrary fields.
In general, the operator @, .. ,, = tr(O,,,---,0O,.) is not a primary operator, which
transforms as in ([.31)). Instead it is a linear combination of primary operators, and
the operators of this form transform as ®,(2') = Z P ®5(x) where the “mixing matrix”
Z B has eigenvalues \(x)®" where A; denotes the dimensions of primary operators. In
particular there is a sector called SU(2) sector, where only two elementary operators
can appear (i.e. each O; is either equal to X or Y). Then the operator tr(XXY X)
can be mapped to the state [11)1) of an SU(2) spin chain of size L = 4. Then it was
shown that for “long operators”, i.e. for composite operators made of the trace of the
product of many elementary operators, this mapping transforms the mixing matrix into
an integrable spin chain Hamiltonian, and some Bethe equations arise that allow to find
the spectrum of super Yang-Mills’ long operators.

The equations obtained for these “long operators” can then be continued to short op-
erators. This gives a Y-system which was conjectured in [GKV09a] and then understood
in terms of the thermodynamic Bethe ansatz approach [BET09, I(GKKV10, [AF09]. This
Y-system was successfully tested in the weak coupling regime, by comparison with per-
turbative expansion in super Yang-Mills [JEO7, HILOS, BJ09, [FSSZ08, Vel09, MOSS11),
AFS10, BH10|, but also in the strong coupling regime [Grol0)].

8The review [Minl2] is part of the collection [BAAT12] of reviews, which provide an excellent intro-
duction to the subject.
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In this manuscript, we will take these equations as the starting point for the chapter
V] and derive a simpler set of equations [IIGKLV]. This work, performed during this
PhD, is similar in spirit to the analysis of the principal chiral model in the chapter [[T1]
but we will see that the analyticity conditions are much richer. In particular we will find
a new symmetry of the Y-system (which we call “quantum-Z, symmetry”, and which we
interpret from the string theory on AdSs x S®), and show how to recast the infinite set
of equations arising from the thermodynamic Bethe ansatz into a finite set of equations,
where the analyticity of several functions is much better understood than in previous
analyses.
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Chapter 11

(Q operators for spin chains
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In this chapter we will prove the integrability of a class of spin chains which generalize
the Heisenberg spin chain studied in chapter [[.1]

To do this, we will first construct a family of commuting operators (and which also
commute with the Hamiltonian H), called the T-operators [BR90]. We will then show,
following the paper [KV08], that these T-operators obey some fusion relations governed
by the “Cherednik-Bazhanov-Reshetikhin” determinant formula [Che86l BRIO],
which can also be recast into the bilinear form of the Hirota equation [KP92, [KN92|
KLWZ97, [Tsu97|. The proof of this relies on combinatorial identities introduced in the
appendix [B.I], and it will conclude the section[[I.T} In the next sections, we will show how
to diagonalize the T-operators and the Hamiltonian, by writing a “Béacklund flow”. More
precisely we will start by motivating the introduction of the Béacklund flow in section [[I.2]
where we will show (as in [KLWZ97, [Zabh96, [KSZ08|,[Zab08]) that if this flow exists and is
polynomial, then some strong constraints arise that allow to diagonalize the T-operators.
Finally new results of this PhD will be presented in the section [[T.3] where this Béacklund
flow is constructed explicitly at the operatorial level, and an original construction of the
so-called “Q-operators” is presented for the GL(K|M) spin chain.

Starting from the introduction of “Q-operators” in [Bax72| for the eight-vertex lattice
model, some Q-operators have been constructed for a large variety of integrable systemsf_-]
The construction given in this thesis for the GL(K|M) spin chain is quite different from
these constructions, and allows to define Q-operators directly as operators and to show
their polynomiality. In particular, this gives Wronskian determinant expressions for the
T-operators in terms of Q-operators. These Wronskian expressions are given in section
, and can also be found in the literature [BLZ97al [KLWZ97, BT0S8, 11GKLT)
Tsul(]. These Wronskian expressions are known solutions of the Hirota equation, and
we will prove that these expression apply to the T-operators of these spin chainf].

Interestingly, this construction turns out to have very deep connections [11AKLT]
with the “classical integrability”, as explained in the section [[I.4}

II.1 Spin chains and T-operators

Spin chains are particularly simple examples of integrable systems. In this section, we
will see how to construct the family of conserved charges which will allow to diagonalize
the Hamiltonian. We will also see that these charges can be expressed through the action
of a “co-derivative”, and we will see that it allows to prove the “Cherednik-Bazhanov-
Reshetikhin” determinant formula (I1.80)).

'For instance, constructions of Q-operators for different models are given in [Bax72, [BLZ97a)
BLZ99, Hik01 BHKO2al, [FM03), [KMS03|, [KZ05), [Kor05], [BT06, BJM ™07, BDKM07, [Kojos8), BT08|, DM09,
BGK™10, BEMST0, BFL™11l [Stal2, [FEMST1D, [FEMST1T1al [Tsul2] .

20ne can easily see that there also exists solutions of the Hirota equation which cannot be written
as a Wronskian determinant. This will be discussed in chapter where a sufficient condition (called
typicality) is given, under which one can write such Wronskian determinants.
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I1.1.1 Construction of the T-operators
I1.1.1.1 Heisenberg spin chain

The “Heisenberg XXX/, spin chain” is the simplest spin chain, and corresponds to a
quantum version of the Ising model. As we already saw in the introductory section [L.1
its Hilbert space is H = ®1L:1Hi = (C2)®L. In this spin chain, the interactions are only
between nearest neighbors, and are governed by the Hamiltonian , or by the (more
physical) expression below (we will show that the two expressions coincide)

H :Z Hi’iJ’,l == — ZO_'; . O-i_jrl (111)

3
where ¢} - ¢} = Z cri(l).aj(l) , O'i(l) =11 g0 IV, (I.2)
=1

(2

In the expression, ¢, ¢® and ¢® denote Pauli matrices

01 0 —1 1 0
1) — (2 — (3) _
o —(10) o —<].1 0) o _(O—1>’ (IL.3)

and I denotes the unity matrix. The symbol 1 denotes the imaginary number with
imaginary part equal to one.

The minus sign in front of ). ¢} - oi1; in the definition of the Hamiltonian means
that the spin chain is ferromagnetic. With this choice, the state |[{ }) introduced in
is a state of lowest energy. To define the Hamiltonian (II.1)) completely, a boundary
condition has to be specified. For instance, if the chain is “open”, the sum runs
overi € [1,L —1]. On the contrary, if the chain is periodic, the sum runs over i € [1, L],
and the identification O'S_)H = U%l) is used.

As we already saw in the introductory section, the proof that this spin chain is “inte-
grable” is obtained by rewriting the Hamiltonian (and oi.6;) in terms of the permutation
operator P;; defined by . For instance if L = 2, P; 5 is the operator defined by

Pia (o) @) = [¥) @ 9), (IL.4)
le. Py = Zeaﬁ ® eg.a where e, 5 = |a) (5] (IL.5)
a,Be{T,l}
One can write for instance
0'(1) & U(l) + 0'(2) X 0'(2) = (GJMT + em) (24 (€¢’T -+ €T7¢) (H6)
(e —ten) @@ e, —iey)
:2 <€¢7¢ & em + 6T,¢ X €¢’T) (H?)
and 0@ @ 0@ =2 (e @ers + ey @eyy) — 1, (IL.8)
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whence we can deduce
01.09 =2 P1o — 1. (IL.9)

The same result holds if L > 2, and then it reads

1
Pi; =3 (6i.0; + 1), (I1.10)

which allows to rewrite the Hamiltonian as

H=-> (2Pin—-D=L-2) P (I1.11)

1

In (II.11}), L implicitly denotes the operator L I.

We will see in the next section that this property allows to define a family of operators
commuting with the Hamiltonian ([I.1). Before we construct these operators, let us
notice that the Heisenberg spin chain can be generalized to spins in a superposition of K
states. In that case the Hilbert space is H = ®1L:1Hi = (CK)®L, whereas the Hamiltonian
is

(IL.12)

H=-) N-Aji=-) (2 Pt —%H)

i

where A = AW A® | AE-D) denotes the Gell-Mann matrices, which generalize the
K2-K

Pauli matrices: of them are of the form e, 3 + €sq Or 1 €43 — 1 €g4, (Where
a3 = |a) (B]), while the other K—1 Gell-Mann matrices are zero-trace diagonal matrices.
The form of these matrices is then such that the computation holds for Gell-
Mann matrices as well. That implies

K2-1+ () v
2 AV
KH + E T :27Di’j , (11.13)

=1

which generalizes ([1.9) to the K # 2 case, and explains the second equality in (II1.12)).

I1.1.1.2 Yang-Baxter equation and the construction of conserved charges

Rewriting the Hamiltonian (II.1)) in terms of permutation operators will be useful due
to the simple algebra satisfied by these permutation operators: for instance, the relation
PiiPix = P Pix allows to check the following equality

Rij(u — v)Rix(w) Rjx(v) = Rjx(v)Rix(w)Rij(u —v) (I1.14)
where Ry (1) =u+ P - (IT.15)

The equality ([I.14]) will be crucial in what follows, and it is called the “Yang-Baxter”
identity. More precisely, we will say that the R-matrix defined by ([I.15]) does satisfy the

“Yang-Baxter” identity ([I.14]).
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Now, we will see how this identity allows to define a family of operators which com-
mute with each other and with the Hamiltonian. To this end, we need to introduce a
larger Hilbert space H @ Hq, @ Hqy @ - -+ & Hg,, Where each H,, = CK is an “auxiliary”
space. Here, the symbol H denotes the original Hilbert space, H = ®iI‘:1Hi = ((CK)®L,
whereas the smaller symbol # denotes the smaller spaces (isomorphic to CX) which ap-
pear in the tensor products. Each K-dimensional space #; = CX corresponds to one spin
in a superposition of K states.

We will then show by recurrence that

Ry ay(u—v) LV () L3 (v) =L® (v) LY (u) Ry, 4, (u — v) (I1.16)
where L®*) (u) = R, (0)Ri—1,4, (1) - - - Ry g, (0) . (I1.17)

In the definition ([[.17)), the “monodromy matrix” L*)(u) is an operator acting on H®#,, .
By contrast the operators in ([1.16]) are acting on H ® H,, ® #,,, and in this equation it
is implicit that for instance L()(u) rigorously denotes the operator L") (u) ® I.

Proof of the relation ([1.16)). The proof relies on the following recurrence relation:

Ray oy (w — V)LV ()L (v) = L), (v)L{ )y (@) Ray oy (0 — v) LY (@) LE (v),  (IL18)

)

where L (u) = Ry, (W) Ri—1,0,(0) - - Ry (w), (11.19)

where we see that L) (u) = Lg?( ). The initialization of the recurrence for i = L
is trivial, whereas the case i = 0 is the statement ({ - ) that we want to prove. As
explained graphically in the figure m going from i to i — 1 in ([I.18) is done by using
the Yang-Baxter relation , together with the commutation relation

( Ria(0), Ry, (v) )_=0 ifi#] (11.20)
where (A, B),=A-B + B-A. (I1.21)

Indeed, the R-operators have the form I ® R ® I, and the commutation relation (|I1.20))
is nothing but the statement that

(A®1,I®B)_=0. (I1.22)

It can be interesting to write diagrammatically the structure of this iterative proof,
which is done in figure [[I.1] In this figure, the vertical lines stand for the Hilbert spaces
H1, Ha, . . ., whereas the horizontal lines stand for the auxiliary spaces #,, et #,,. The dots
(colored in the online version) stand for the R-operators and the order of multiplications
is given by the arrows. These arrows allow an ambiguity in the order of operators, which
is fully consistent with 7 and crucial for the proof. Graphically, we see that the
iterative structure of the proof simply consists in moving vertical lines from the right
side of the blue dot to its left side, and the relation ([I.14]) exactly allows to move lines
this way across each other. O
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TRL,az (v) 1,0, (0) R1,4, (1)
............. < —Q——<- —_————e——— @ — < —
7 L—2,a: (1)
- ‘Ral,% (u V) o
RL,M (u) // K L—1,a2 (V Rl,a2 (V)
-~ — - <= oo FEEE IR <o eseene ..
l FL_Q’GQ (V) l
{0, (] Lo2.0, (W) R0, (w)
PR S AR REEEE <= ek —— — —@) —< —
B L—1,a5 (V)" s
= ORa ap(u|—v)
Ry q, (u A L—2,a5 (V) R1,0, (V)
-~ — ———--=<—- PEER NN O <

L) (v)
o s biom®) I _
L—l,az( ) Rl,az (V) .."//
Ry q, (u L—2,a; (1) L ;aq,(u —v)
- — ——<—-Q- - <- ————————— ——— <
L(l) (11) L—1,a1 Rl,al (u)

Figure II.1: Illustration of the proof of ([[I.16))
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This equation ([1.16]) turns out to be very important, as it allows to define a family
of operators, (denoted by T(u)), which commute with each other:

(T(w), T(v))_=0 where | T'(u) = tr,, LY (u) |. (I1.23)

These T-operators (also called “transfer matrices”) are labeled by different values of the
scalar parameter u, which will be called the “spectral parameter”. One should note that
in ([1.23]), each T(u) is defined by introducing an auxiliary space, and taking a partial
trace defined by in appendix . After this trace, we get an operator acting on
the initial Hilbert space H. The two operators T'(u) and T (v) are defined by introducing
two different auxiliary spaces (denoted by a; and ay in (I1.16)).

Proof of (I1.23). This relation is obtained from (IL.16]), which implies that if Rq, q,(u—v)
is invertible, i.e. ifu—v # £1, then T(u) - T(v) = tre, ¢ LM ()L (v)
= taye0, LP (V) LW () = T(v) - T(u).
As T(u) is a polynomial in the variable u, also holds for arbitrary u and v (by
continuation). O

At this point, we have defined a family of commuting operators T(u), labeled by
an arbitrary u € C. For periodic spin chains, we will now see that they are conserved
charges, i.e. that the Hamiltonian commutes with them. As shown in figure [[.2] the
Hamiltonian can be written as

B 2.\ 2 Oy T (u)
H=->" (QPI,IH - K]I> = -2 o (I1.24)

i

2
H= EL — 2 0y log T(u)|,_o |, (I1.25)
which immediately implies the commutation
(H, T(u))_=0. (11.26)

Let us note that in , the expression 8“TT(1(1‘)1) makes sense due to the commutation
relation . Let us also remark that the identity operator I was omitted, like in
(II.11)). This omission of implicit identity operators will be frequent in this manuscript.

We have now shown that for a periodic Heisenberg spin chain, with Hamiltonian
(I1.1)) (or more generally )7 there exists a family of commuting charges called T-
operators. We also showed how the Hamiltonian can be expressed from T-operators. This
construction can also be found in [Nep99| or in [Fad96|, where the method of “algebraic
Bethe ansatz” is reviewed. This method allows to derive the Bethe equations
and to diagonalize the T-operators, to recover the spectrum . In this manuscript,
we will diagonalize T-operators through a different path, relying on a “Béacklund flow”,
introduced in the next sections.

But in order to proceed with this flow, we actually need to define the T-operators
in a more general context (as in [KV0§|) : we will deform the periodicity condition
(by introducing a twist ¢ € GL(K)), add “inhomogeneities”, and choose more general
auxiliary spaces than CK.
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auT(u)Ll:O = Ztral (PL7a1PL_17a1 U Pi+17alpi—17a1 e 7317111)
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L L-1L-2 i+2 i4+1 ] i—-1i-2
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L L-1L-2

T

L L-1L-2

-1

e haanaina
TR wﬁﬁ%

L L-1L-2 i+2 i4+1 ] i—-1i-2

= Z Piit1
i

Figure 11.2: Proof of (II.25])

Products of permutations are symbolized by a set of lines. If a line ends at position
k in the bottom of a diagram and at position 1 in the top of the dlagram then
this line stands for a factor 51 in the expression of the coordinates @27  of

J1,J2, »JL
the operator O correspondlng to this diagram. Vertical lines are associated to the
Hilbert spaces #1,, #1,_1, - - -, #1, while the auxiliary space is horizontal. With these

diagrammatic rules, one immediately notices that for instance T(0)~! = P,,, where
0. is the cyclic permutation such that Vi > 1, o.(i) =1i— 1, and where P, is defined
by (A.6) (which generalizes ([.2)) to an arbitrary permutation) in appendix [A.1 We

finally get & T((‘)l)‘ = > . Piit1, which gives (II1.25).
u=0
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I1.1.1.3 Inhomogeneous twisted spin chain

Let us now define T-operators generalizing the operators we constructed for the Heisen-
berg spin chain. We will do this by finding more general definitions of R-operators such

that the Yang-Baxter ([1.14)) still holds. This way, all the results above will immediately
apply and define a family of commuting T-operators.

Introduction of a twist and of inhomogeneities The first generalization consists
in a modification of the periodicity condition, and involves a “twist” g € GL(K). In this
case, the definition ([1.17)) is replaced with

£,M () =L (W) - go, = Ri.a, (W) Rio1.0,(w) - Ria (1) - gay (IL.27)

where g,, denotes the operator [&® g, which acts on H ®#,, . Noticing that g,, commutes
with L (u), as soon as k # [, we get

Ray 0y (= V)L, M () L, (2)() Rayay (0 = v) LY (@) LP (V) - ga, + Ga (
@) LY () Ray 02 (@ = V) - Gy * Guz (I1.29

D)LY (W) - gay - Gz - Rayan (0 = V) (

:Eg(z)( VL4 () Ray 0y (0 = V) (

which means that introducing this twist does not break the relation ([I.16)). The line

(I1.29) is obtained from ([I.28)) by simply writing the equation (I1.16)), whereas (II1.30
is obtained by using the commutation between g,, - gq, and Pg, 4,. As before, (I1.31

implies that the T-operators commute with each other:

(T(w), T(v))_=0 where | T(u) = tr,, £, (v)|. (I1.32)

The “twist” in the boundary condition gives a different Hamiltonian, expressed from
Oylog T(u)|,_,- This Hamiltonian is equal to

2
H :KL — 2 0y log T(u)],_, (I1.33)
9 L-1
:KL —2 (; Pi,i+1> - 2731,14 : gil * g1 - (1134)

The last term, which contains P;r,, acts only on the first and the last spins and is
associated to the periodicity condition. Only this term is changed with respect to ([1.25)).

Proof of ([1.34]). This relation is checked by exactly the same argument as ([1.25)). Using

30



the notations of figure [[[.2] the result is obtained by writing

0,T(u)
T(u)

_ (T(0)> oW, (11.35)
s
R ﬁﬁﬁ @

L—1L-2 i+2 i+l i i—-1i-2

u=0

+ Ulfjlfj[ Jlfjf) (I1.36)
e

L L-1L-2 3 2 1

L—

Z i,i+1 +7)1L gL - 91 . (II?)?)

=1

]

A second convenient generalization is obtained by introducing inhomogeneities 6;.
The definition (II.27)) is then replaced with

ﬁg(k) (u) = = RL,ak (u — 9L>RLfl,ak (u — HL,I) s Rl,ak (u — 91) . gak s (1138)

and it still gives (by the same arguments as before)

(T(u), T(v))_=0 where | T(u) = try, £,% (u) |. (I1.39)

In this commutation relation (II.39), the two T-operators must be defined with the same
torsion g, and the same inhomogeneities 6;, but with two different (but isomorphic)
auxiliary spaces.

General auxiliary space Finally, one can also define other T-operators by chang-
ing the auxiliary space. This will give rise to other T-operators, which commute with
the T-operators defined in , and are therefore conserved charges. In (II.16f), the
“auxiliary” spaces #,, = CK are isomorphic to the “physical” spaces H; = CX (corre-
sponding to spins in a superposition of K different states |(1)), |(2)), --+, |(K))). By
contrast, we will now choose the auxiliary spaces to be in a different representation of
GL(K), which means that H,, is a given vector space, and that there exists a morphism
7 : GL(K) — GL(H,,) such that

Vg,9" € GL(K), (g - ¢') = (g9)7(g’) - (IL.40)

We will actually choose a representation characterized by an arbitrary Young diagram
A (see appendix |A| for an introduction to representations and Young diagrams), and the
morphism of equation ([1.40) will be denoted as 7, (g).
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Since the “physical” spaces #; are in general not isomorphic to the “auxiliary” ones,
the definition of the permutation operator P does not make sense any more. In
order to define a new set of T-operators associated to various representations, let us first
define a generalization of the permutation operator and of the R-matrix:

Ri)\(u) =u + Pi,/\ 5 (1141)
where ,PL/\ = Z €kl ®7'[)\(617k) . (1142)
1<k,I<K

In ([1.42)), ey, is a generator of GL(K) and it acts on the space #;. It can be defined as
ex, = |(k)) ()] (in the basis of appendix |A.1)), or as a matrix with coefficients (ex,)" . =
9x:01,; which are all equal to zero except at position (k,[). By contrast, 7, (e; ;) denotes
the corresponding generator in the representation A, and it acts on the auxiliary space.
This generator, defined by

T\ (exp er;) =exp T (€np) (I1.43)

is introduced in more details in the appendix
For the fundamenta]ﬂ representation H,, = CX (denoted by A\ = []) we recover the
definition ([.2)) of the permutation operator. Indeed, we have

Z ekr @ ek |(n,m)) =emn ® enm|(n,m)) =|(m,n)) , (I1.44)

1<k,I<K

where |[(m,n)) = |(m)) ® |(n)) . (I1.45)

As we will show below, the R-matrix defined by ([1.41)) satisfies a Yang-Baxter equa-
tion generalizing ([[I.14]):

Riy)\(u - V)Rj’)\(u)Ri’j (V) - Ri,j (V)Rj A(u)Rw\(u - V) =0/ (1146)

Proof. For “standard” permutation operators, we proved the equation using the
relation P;P;x = P;xPix. By contrast, the algebra of generalized permutations is more
subtle: although PP\ is equal to Pj\Pij, the product P;\Pj  is in general not equal
to Pi,jpi’ -

Nevertheless, as explained in appendix [A| (see , which holds for arbitrary rep-
resentations), the commutation relations are the same as for the fundamental represen-
tations. For instance, this implies that

(Pij+Pixn, Pir)_ =0 (I1.47)

holds even for generalized permutations. This allows to prove that the left-hand-side of
, as a polynomial of u and v, has all its coefficients equal to zero. For instance the
coefficient of u° v! is zero due to ([.47). The same argument proves that the coefficient
of u! v¥ is zero, whereas the coefficients of u? v!, u! v2, u? v%, u® v? and u! v! are trivially
zero. Finally, the constant term is P \PjaPij — PijPjaPi, and vanishes due to the

relation PP\ = PiaPij. .

3The fundamental representation is the representation given by the vector space H,, = CX and by
the morphism 7(g) = g.
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As a consequence of the Yang-Baxter equation ([1.46|), we can now define T-operators
associated to each Young diagram:

TV (u) = try (Rpa(ug)Ro_1x(un_1) - Rix(w) - ma(9)) |, (I1.48)
where u; =u —6; (I1.49)

where the partial trace is performed on the auxiliary space, which corresponds to the
representation A. This generalizes the previous T-operators to the case when A\ # [].
The commutation relation

Yu, v, A, (IT(’\)(u) , T(v) D =0

: (I1.50)

is then obtained from ([L.46), and it holds for two T-operators defined with the same
twist g, and the same inhomogeneities ¢;. They only differ by the spectral parameter u
and the representation \.

The commutation relation (I1.50) ensures that the operators T (u) are conserved
charges, because the Hamiltonian is expressed in terms of the operators T(u). It is also
possible to prove another commutation relation:

S S/

— —
Vu,v, s, s QT(E”E)(u) , TE-0) () I) =0, (I1.51)

where FT-00) denotes the Young diagram A = (s,0,0,---) (see (A.21])). This diagram
corresponds to the representation obtained by symmetrizing (C¥)®s.

To this end, we should consider the expression of the generators, shown in
appendix . Then, it is actually possible to rewrite the pro jectOIﬁ P17 as a product of
fundamental R-matrices defined in ([I.15), as explained in section 6 of the paper [KV0S].
Then, the commutation relation (I1.51]) arises from manipulations of this fundamental
R-matrix (see [KV08]).

Actually we will even show in section that all the T-operators commute with
each other:

Yu, v, \, i (IT(A)(u) , TW(v) I)_ =0. (I1.52)
I1.1.2 Differential expression of the T-operators

In [KV08], it was shown that these T-operators can be expressed in terms of differential
operators, by differentiating with respect to the twist g.

4As explained in the appendix this projector performs a projection from (C¥)®* to the represen-
tation [1T13-13J by symmetrizing with respect to all indices.
——

S
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In [KV08], a differential operator D called co-derivative is introduced and defined by

. 0

D& fl9)=55@ f (€“9)] (I1.53)
)
= 0 ® 2.6 610970 ) ‘ , I1.54

where ¢ € M(K) is a K x K matrix and (¢, e) denotes ) ;eq Pap, Where the e, s
are the generators of GL(K), introduced in the appendix (they are matrices with
)

one single non-zero coefficient at position «, 3). The operator oy is a matrix, whose

coefficients are differentiations with respect to the coefficients of the transpose ¢ of ¢:

o B

If f(g) belongs to a space E, we see that D ® f(g) € M(K) ® E. In practice f(g) will
be a linear operator on a Hilbert space (CK)®':

flg) = (CF)% — (C*)® (I1.56)

D® fg) « (CH)¥H — (CH)=, (IL.57)

and we see that in terms of Hilbert space, the co-derivative D “adds a spin” to the spin

chain. In the particular case when f (g9) is not an operator but a scalar, we will usually

write D f(g) instead of D ® f(g).
This definition ([1.53) is useful to obtain permutation operators:

D® m\(g) = Z €ap ® (%7@\(6E Be) 7'(,\(9))

a,B e—0
0
= Z €a,p & (aef Tr(ep.a) m@)) (I1.58)
a,B e—0

:(§}M®M@M0«Mmmm=ﬂwﬂ®m@%

a7ﬂ

Moreover, the usual Leibniz rule ((u v)’ = v’ v 4+ u v’) has a generalization for this
co-derivative operator:

D& (filg) - f(9) = [D & filg)] - T fal0)) + T® fi(9) - [D & falg)] . (11.59)

Where the “dot” symbol ( - ) denotes the multiplication of operators, and where D only
acts on what is inside the same brackets [ .
This implies

DD @m(g) =D& (Pyx- (1@ m(9))) = ParPir- I@I@m(g)),  (IL60)
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a
S
(a) A Young digram (b) A rectangular Young diagram
(here A = (5,3,2,2,0,0,---)). (here, A = (6,6,6,0,0,---))

Figure I1.3: Young diagrams and (a, s) lattice for GL(K) (here K = 5)

and more generally

(w +D) @ (8 + D) ® - @ (ur, + D) @ my(g)
=(uL +Pry) - (o1 +Proin) - (w + Pra) - (IPF @ m(g)) (11.61)
=L,V (u). (I1.62)

Hence, the T-operators, which are the partial trace of £,, can be written as

TNV () = [@ <ui + ]5) X, (g)] where u; =u —6;, (I1.63)

i=1

where x, (¢) denotes the character of ¢ in the representation A, i.e. the trace of m,(g)

(see appendix [A.3.4)).
An important property that we can notice from this expression (IL.63) is that T (u)
is polynomial in the variable u. Let us define

|| = Max {i|\; > 0}]. (I1.64)

Then we can see that for generic g € GL(K) (for instance in a vicinity of identity), this
polynomial has degree L if |\| < K, whereas if |[A\| > K, the polynomial is identically
zero. Indeed, as explained in appendix , X, (¢9) is identically zero if and only if |A\| > K.
This statement can be easily understood as the impossibility to antisymmetrize more
than K indices if they take values in 1, K].

The condition |A] < K means that the Young diagram \ has to lie inside the lattice of
figure m, where the Young diagrams are drawn as in , and the constraint |\| < K
forces the Young-diagram to live inside the lattice [0, K] x N, where N denotes the set
{0,1,2,---} of all non-negative integers. .

Let us also notice that, in this formalism, the T-operators are obtained by the action
of co-derivatives on characters. The expression of T-operators has the specificity
that is starts from characters (obtained from a trace), and then spins are “created” by
the action of co-derivative. This is conceptually quite different from usual definitions like
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, where one should first multiply R-matrices corresponding to each spin, and take
the trace afterwards. As a consequence, several non-trivial properties of the representa-
tions become irrelevant because the only thing we have to know about representations
is their character.

Symmetry group In this construction, one point which may look surprising is that for
the SU(2) Heisenberg spin chain, we introduce a twist g € GL(2) and various representa-
tions of GL(2). Actually choosing GL(K) instead of SU(K) simply makes the structure a
little more general, and SU(K) can be obtained by restricting the authorized values of g
to SU(K). Then all the representations of GL(K) would be replaced by representations
of SU(K).

To elaborate a little more, let us notice that using the generators A?) of SU(K) (i.e. the
Gell-Mann  matrices), we could define an “SU(K) co-derivative” as

S AU ® %f (e‘ﬁz(’bk}‘(m)‘ . where ¢ is vector with K* — 1 components. Then the
¢—0

formula (I1.58)) would become (for the representation )
a 0) 9 —ie A

Dem) =3 e (gl ) mi)|

e—

=—1 (Z AV ® nH(A“))) (I®m,(g)) (I1.65)

But one can show that (3°,AY @ 7, (AY)) = 4P;, — I, which means that this
“SU(K) co-derivative” obeys exactly the same algebra as the GL(K) co-derivative up to
multiplicative factors —41 and additive terms proportional to I.

This means that the analysis we will perform applies as efficiently to the group SU(K)
(or even SL(K)) as to GL(K).

I1.1.3 Generalization to super-groups

Super-groups, such as GL(K|M) introduced in appendix , are groups of “matrices”
such that the property sometimes holds up to a sign, i.e. there exist “anticom-
muting” objects such that (A®1I)- (I® B) = —(I® B) - (A®1I). For these groups, the
construction of the R matrix in equation (or more generally ([L.41])) has to be
modified so that the Yang-Baxter equation still holds.

For these super-groups, the “physical” Hilbert spaces #; are linear combinations of
(1 )) 1(2)),--- , (K+M)), where |[(1)),](2)),---,[(K)) are “commuting” and
(K4+1),[(K+2)), - ,|(K+M)) are “anti-commuting”. This means that for instance
((
ie

N

@ (G- (k) @ (1)) = £ ((@)|(k)) ((7)](1)) where the sign is plus if min(j, k) < K

|

|

( |

(i.e. if either |(j)) or |(k)) is “commuting”) and minus otherwise. The signs can be
Summarlzed by saying that both |(i)) and ((i)| have the grading p; € Z/27Z defined by:

(—1)P =1 if i e [1,K] (11.66)
(—1)Pi=—1 if i € [K+1,M]. (11.67)
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For arbitrary objects A and B with well-defined gradings p4 and pg, we have (A®1) -
(I®B)=A® B=(—1)P5 (I® B) - (A®1I). For usual matrix groups such as GL(K),
all gradings are zero and there is no such sign.

The simplest way to define a permutation operator would be to keep the definition
(11.5)) unchanged. Let us see how it would then act on |i) ® |7):

( > |k><l!®\l><k|>'|i>®lj>= Y (FyEetor(

1<k, I<SK+M 1<k, I<K+M
=(—1)®rtPIrs |5 @ |) | (11.68)

k) (U112)) @ (1) (kT15))

using the fact that the grading of |I) (k| is px + pi-

Finally, one can check that if the permutation operator was defined as
Pio =2 1 crickim 1K) (U] @ 1) (K[, then due to the sign in the Yang-Baxter equa-
tion would fail. To ensure that the Yang-Baxter equation still holds, it is actually
sufficient to change the signs in the definition of P, which gives the definition

Pra= Y (=L k) (I @]1) (k] . (11.69)

1<k, I<K+M

This equation gives very naturally
Pia-[i) ® ) =(=1)"* |5) @ i) (11.70)

which is the natural generalization of ([.2)) when some vectors are anti-commuting,.
For more spins, one gets for instance

Pis-li) ®@|j) @ [n) = ( Z (=D E) (| @I® ) (k:|> i) ® |7) ® |n) (IL.71)

1<k ISK+M

:( > (—1)"’“"1*"’“)("”"”(|k‘><l|i>)®|j>®(|l><k‘ln>))

(IL.72)
:<_1)pz‘+(Pi+Pn)(p¢+Pj) |n> ® |]> ® |’L> (1173)

To show that (I1.14) holds with the definition (II.69)), it is sufficient to prove that
PiiPix = P;jxPix holds. For instance for three spins:

PI,QPQ,?) |i7j7 k) :(_1)pk(pi+pj) |k:7 Zu]) - 732,3731,3 |i7j7 k> ) (1174)

where we used . It is not complicated to deduce that P;;Pjx = PjiPix also holds
for more spins.

Finally with this definition of the permutation operator, the construction of section
still gives a family of commuting T-operators.

This definition of the permutation operator, introduced here to reproduce the Yang-
Baxter identity , actually also allows to define representations associated to Young
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diagrams (see appendix , and to define T-operators associated to arbitrary Young
diagrams.

In order to also write the expression of T-operators in terms of co-derivatives, as
in section [I.T.2] we then have to incorporate the same sign into the definition of the

co-derivative, by replacing ([I.55)) with

0 0
3_¢t EZ (_1>pB€a"86¢ﬂ . (1175)
a,B o

The introduction of this sign is such that the relation D@7ty (g) = Pi- (I® my(g)) holds
by the same argument as in .

Therefore, the relation ([1.63]) holds for super-groups as well, and we will now be
indistinctly working with either a super-group, or a more “standard” matrix group such
as GL(K).

This construction gives a set of commuting operators, which we want to interpret as
conserved quantities of a given model. For this we can for instance define the Hamiltonian

2

H=
K+M

L — 2 9,log TH(u)| (I1.76)

u=0 "’

where TH(u) is the T-operator corresponding to the fundamental representation (this
operator was denoted T(u) in the section [II.1.1.2)).

In the case when all inhomogeneities are set to zero, it can be rewritten as

L-1
2 -1
H= K I M]I -2 (; 'Pi,iJrl) — 27)1’1, gL 91 (H??)

exactly like in ([I.34). This Hamiltonian corresponds to interactions between nearest
neighbors, because it is the sum over i of an operator (the generalized permutation)
acting only on the spins i and i+1. We will see that with this Hamiltonian, the spin chain
is integrable, due to the relation between H and T (u). For this Hamiltonian,
the T-operators are conserved quantities, because they commute with T (u).

An important difference with the bosonic case (i.e. the GL(K) spin chain of section
is that the character x,(g) is nonzero when Ax.; < M [DM92|. This condition
reduces to the condition |A| < K if M = 0, but if M # 0, it gives rise to the lattice of
figure where we see that the Young diagrams are forced to lie inside a lattice, having
the shape of a fat letter L. This lattice will be called a fat hook in this manuscript.

I1.1.4 Hirota equation and Cherednik-Bazhanov-Reshetikhin de-
terminant formula

In this section, we will introduce the “fusion relations” between the T-operators corre-
sponding to various representations. We will introduce the results obtained in [KVO0S|

(in particular the derivation of the CBR determinant formula (II.80) found in [Che86,
BRI0|), and briefly introduce the proof of these results.
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a
M M s
(a) A Young digram (b) A rectangular Young diagram
(here A= (7767434,'?% 170703 T )) ()\ = (7, 7,0,0,0, e ))

Figure I1.4: Young diagrams and (a, s) lattice for GL(K|M) (here K = 4 and M = 3)

First let us introduce a particular family of T-operators corresponding to “rectangu-
lar” Young diagrams: in view of the parameterization (A.21)) let us define

T (u) = TR (u) where Ajoq = (5,8,...,5,5,0,0,...) (I1.78)
N e’

a times

which corresponds to a rectangular Young diagram of horizontal size s and vertical size
a.

As explained in appendix [A] the character of a generic group element g € GL(K|M)
is nonzero if and only if A obeys the condition Agx,; < M. Using we deduce that
e (u) is a nonzero polynomial of the variable u for Young diagrams if and only if A1 <
M. For rectangular representations, that means that T®®(u) is nonzero if and only if
(a,s) € L(K, M), where the “fat hook” L(K, M) is defined by

s20 and0<a<K

or
LK,M)=<(a,s) eENxZla>0 and0<s<M ;. (I1.79)
or

This lattice of authorized values of (a, s) is shown in the figure (page[35) for GL(K) =
GL(K]|0) and in the figure (page for GL(K|M). Moreover, one should note that
the representations associated to (a = 0; s € Z) or to (s = 0; a € N) are identical (they
correspond to A = (0,0,0,---)), which means that T%*(u) = T*°(u) = T*(u). In the
present case, this representation is associated to the T-operator T%°(u) = Hlel u;.

An important relation satisfied by T-operators is then the following determinant

relation (which is called the “Cherednik-Bazhanov-Reshetikhin” formula [Che86, [BR90],
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and which we will prove below)

‘ (Tl«\j“*j (u+1-— i>)1<z}j<\>\|)
>\ —_
b

TN (u) = : (I1.80)

where |A| is defined by ([I1.64)).

The numerator of the right-hand-side is the determinant of the |A| x [A| matrix whose
coefficients are the commuting operators T** ™ (u + 1 — 4), where T"*(u) corresponds
to the symmetric representation Ay g = L]

J —_———

S
This equation generalizes the relation

X (g> = ‘ (X()\i+j7i)(g))1<i,j<|)\|‘ ) (1181)

on characters (see appendix , where ) denotes the character associated to the
representation Ap 4. It allows to express an arbitrary T-operator in terms of the operators
T"*(u). That will allow to prove the commutation relation (IL52), but also to show the
Hirota equation , found in [KP92), [KN92, [KLWZ97, [Tsu97].

Though this determinant relation was proven in [KV08|, it will be helpful to recall
this proof, which extensively relies on the “co-derivative” formalism. The proof is done
in two main steps: the first step shows that the right-hand-side of is a polynomial
(by showing the vanishing of specific minors of the determinant), and the second
step checks that it really coincides with T™ (u).

I1.1.4.1 Proof of the CBR formula : Part one

Let us start by proving that the right-hand-side of is polynomial:

By definition, all the T"*(v) inside the determinant are polynomial functions of the
variable v. Moreover, the denominator is a polynomial, which can be written explicitly
due to the relation

L L

T =[Jw=]Jw-6). (11.82)

i=1 i=1

This relation is nothing but the definition (I1.63)), where the representation associated
to an empty Young diagram Ajgo) = A0 = Ajo,s has the character Xag (9) =1, as it

can be seen from the relation in the appendix @
Hence in order to prove that the right-hand-side of (II.80f) is polynomial, it is sufficient
to prove that it has no pole, i.e. that the determinant is zerg®|when u = 6;+k for arbitrary
ie[1,L],k € [1,|A\| = 1]. To do this, we can expand the determinant with respect to

the two successive lines at position k£ and k£ + 1. That gives a sum of terms of the form

SRigorously, the argument works under the condition that the denominator only has simple zeroes
i.e. under the condition that the 6; — 6;’s are not integer. We will explain later in the text how to deal
with this constraint.
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(T (6; + 1)T"*2(6;) — T~ (6 + 1)T ' *(6,)) - D(k, k + 1; jo, j1), where D(k, ks 1,1')
denotes the (|A] —2) x (J]A\| = 2) minor obtained by removing the lines k& and &’ and the
columns [ and I’ from the determinant, and where we introduced s; = \j, + k — jo and
)‘Jl + k +1-— ]1
In order to prove that this numerator is zero when u = 6; + k, we will prove the
relation

T1,51(0i_|_1) TlSQ(Q) Tls1+1(9) T152 1(9 + ) 0’ (1183)

which means that all the terms of the determinant (expanded with respect to the columns
k and k + 1) vanish. That will prove that the right-hand-side of has no pole, and
is indeed a polynomial function of the variable u.

In order to prove @ , it is very convenient to introduce the generating series of
T"*(u) and to rewrite ([L.83) as the equivalent statement

Wb + 1;z) - W(0;;y) — ZW(Q“ z2) Wi+ 1;y) =0 (11.84)

where | W(u; z) = ZTI’S(u)zS = [@ (ui + ]3) w(z)] : (I1.85)

i=1

where w(z) = Y20, 2°x® is defined by in the appendix introducing the
representations associated to given Young diagrams.

To prove the relation for arbitrary inhomogeneities 0;, we will first prove it in
the simplest case : when all inhomogeneities are equal to zero. In that case, the relation
that we have to prove is simply

2 [(1 + ﬁ)@Lw(z)] : [B@Lw(y)} —y [f)®Lw(z)] : [(1 n f))®Lw(y)] (11.86)

Proof of (I1.86]). Using the appendix , we will now see that ([1.86) has a

remarkably simple proof, which relies on a diagrammatic expression of operators like

[(1 + ]3)®Lw(z)] For instance, one can show the relation D w(z) = 2oz w(x), which
can be graphically represented as

D w(z) = [ w(x). (I1.87)
where the line I stands for the operator %. Next, one computes
DoD w(z)= <1fzx ® 12 + Prali= - gx)> w(z), which can be written diagram-

matically as
DD w(x)z(l] + X)w(x), (11.88)

where . denotes the operator ;—— g . More details about this diagrammatic can be found

in the appendlx | including a very simple pattern to write D®Ly (x): one should write
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a term for each permutation, and dash all the lines going up to the right. For instance,
this rule gives

0%t = (111 + X + XT+ X + X + X

In this expression each picture is a graphical representation of a given operator: for

instance ”I stands for the operator 139” ® L @ L= whereas \I stands for the

l1—gz 1—gz’

(11.89)

operator P o - (1 —z ® - zx ® £ > These representations of operators will be called

B—diagrams, because they arise from the Leibniz rule when the effect of successive co-
derivatives is computed.
One can also show that a very similar diagrammatic rule can be used to compute

L\ ®3
(1 + D) w(x): in this case, one should dash all the lines which are either vertical, or
going up to the right. For instance, one gets

(1+0) T w@) = (11T + X + X1+ X + X+

L\ ®3
Let us then consider the operator (1 + D) w(:c)] - P,. where o, is the cyclic

¢ 4

) w(z).  (IL90)

permutation o.(1) = L, o.(i+ 1) = i. For an arbitrary operator O, the coordinates of
the product O - P, are easily obtained as
11,12, 48 11,09, - i
(O ' PUC) j1,j2,"-,LJL =0 ;2 2]3, 7JLI:J1 : (H.Ql)
As a consequence, if the operator O corresponds to a given D- diagram (as introduced
above, or with more details in the appendix |B.]] E then the operator O - P, corresponds

to another D- diagram, obtained by (cyclicly) shifting to the left the lower dots of each
D-diagram, to get (for instance for L = 3)

(10) w2 = (0 S+ T+ X+ 11+ N wio) (1o2)

This coincides exactly with up to the fact that one line (emphasized, in red in
the online version) is dashed instead of solid. Indeed, both and are sums
over all permutations o € S%, with a specific dashing rule: in ([1.90]), the solid lines are
the lines going up to the left. After multiplication by the permutation, these lines go up
either vertically or to the left, and the fact that they are solid consistently reproduces
(I1.89). The same argument holds for dashed lines, except for the line connected to the

A\ ®L
bottom-right-dot in ([1.90). Thus, for arbitrary L > 1, [(1 + D) w(x)] -P,. coincides

with ]5®Lw(x) up to the fact that in every lj-diagram, the line connected to the bottom-

right-dot is dashed instead of solid. If we recall that solid (resp dashed) lines stand for

13;96 (resp —— ) one gets the statement

{(1 + 15) - w(x)] - Py, - (]I®(L*1) ® g ) =D (x) . (I1.93)
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The same arguments allow to prove that
-1 A ®L
(]I®(L—1) ® g y) .730—61 . [D®Lw(y)] = (1 + D> w(y) . (11.94)

Multiplying ([1.93)) by (I1.94]) gives exactly (I1.86]). m

Proof of (I1.84]). As shown in the section m (in appendix , a simple recurrence
allows to show that the identity (II.86|) implies the more general relation (B.40]), which
reads

W+ 1;2) - W(u ,y)—%W(u;z)-W(u—i—l;y):(l—%)Wu—i-l Y,z [Hull :

(11.95)

where W(u;y, z) = [® (ui + ]3) w(y)w(z)] : (11.96)

i=1
If we recall that u; = u — 6;, this relation immediately implies ([1.84]). n
This proves the vanishing ([1.83) of the determinant (I1.80) at the zeroes of the

denominator, because all terms in its expansion with respect to the lines k£ and k£ + 1
vanish.

If the denominator only has simple zeroes, this is enough to show that the right-
hand-side of is indeed polynomial in the variable u.

On the other hand, the denominator has multiple zeroes only if there exist some
inhomogeneities ¢; and 6; such that 6; — 6; is an integer. If this is the case, the zeroes of
the denominator are easily transformed into simple zeroes by adding small perturbations
to the u;’s. When these perturbations are removed, several zeroes of the denominator
collide (to form a zero of multiplicity greater than one), while the same number of zeroes
collide in the numerator, giving rise to a zero with (at least) the same multiplicity. This
shows that the right-hand-side of is indeed polynomial in the variable u, even
when the denominator has zeroes with multiplicities.

I1.1.4.2 Proof of the CBR formula : part two

Having proven that the right-hand-side of (II.80)) is a polynomial (as a function of the
spectral parameter u), the next step is now to show that it coincides exactly with the
left-hand-side. To this end, the denominator in (I1.80)) can be explicited from (II.82)) and

then incorporated into the determinant:

’(Tl?AjHi]’(u +1- i>)1<ij<a

L L
1 A y
XX — 1 + —D (}\j—‘r’L—‘]) . ui,
TITO0 (g — k) (@ ( w11 > X ) . H

where x(® is the character of the symmetric representation, introduced in (A.58) .

43



This expression can be expanded in each variable u; around u; — oo. For instance,
when u; — oo, (I1.97)) becomes

‘(Tl,/\j+i—j (u+1— i))lgi,jga
i T — )

= (u, + D) (® (1 + ﬁfo X(Aj”_j)(9)> 'ﬁui +0 (é) :

i=2 1<i,j<a| 152

(11.98)
Proof of (I1.98)). In the determinant on the right-hand-side of ([1.97)), the term of degree
0 in u; is simply ’(@ (1 + 113> JOati=) (g>>

terms with u—. After multiplication by H ~, u;, this gives the term of degree 1 in uy.
The next term is obtained by recalling that a determinant is a sum (running over per-
mutations) of products of coefficients. For each term of this sum, the coefficient of ull
is obtained by keeping a % in one (and only one) of the factors. This prescription ex-

L 1 7 Xj+i—j

v (1 —.D) (A5 +i=7) ) ,
<®‘:2< t X (9) 1<i,j<a
expressed through the Leibniz rule. O

, obtained by neglecting all

1<4,5<a

actly coincides with the co-derivative of i

Moreover, we can note that due to the polynomiality of the left-hand-side, the term

@ (i) in ([I.98) is necessarily equal to zero. We can then reproduce the argument

to expand the result ([1.98)) around uy, — o0, and iterate up to uy, — oco. After these
iterations, we get

’(Tl,)\j+’i—j(u 41— i))1<ij<a L

LT (u - k:)\ = =@ (u+D) ‘<X(Ajﬂ;j) )<t

i=1

(11.99)

Finally, the Weyl formula ([I.81)) allows to write the right-hand-side of (I1.99) as
[®1L:1 (ui + f)) X, (9)|, which is equal to T (u). As a consequence, (T1.99) is exactly
the CBR formula (I1.80)).

I1.1.4.3 Fusion rule and commutation relation (I1.52))

As explained in the construction of the model, the T-operators obey the commutation
II.51E|. This means that all the T-operators in the right-hand side of (II.80)) commute
with each other, and therefore, ([1.80)) implies the general commutation relation

Yu, v, A, 1, (]T(’\)(u) , TW(v) D =0 (I1.100)

—
60ne should remember that T (v) = 13 (1)
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But of course, the CBR determinant formula tells much more than just a com-
mutation relation: it tells how to express the T-operators for an arbitrary representation
in terms of T-operators for simpler representations corresponding to Young-diagrams
with one single row. This result is often called a “fusion rule”.

Moreover, we will now show (in section that when restricted to rectangu-
lar representations , this CBR determinant formula is equivalent to the
following bilinear identity, called the Hirota Identity [KP92, [KN92, [KLWZ97, [Tsu97]:

T (w4 1) - T (u) = T*" (w4 1) - T 5 (u) + T Hu + 1) - T ()  (I11.101)

This identity involves the product of commuting operators, and it occurs frequently for
integrable models. What we will show in the next sections is that this identity allows to
diagonalize the T-operators and to recover the spectrum of the theory.

Moreover, as we have already seen, the T-operators are nonzero only inside the lattice
L(K, M) of figure m (page . In the next section we will investigate some properties
of the solutions of Hirota equation on this lattice. An explicit proof of these properties
will then be given in section [[I.3] where fundamental quantities of interests, called Q-
operators, will be defined.

I1.1.5 Jacobi identity and bilinear equations

Let us now show in what sense the Hirota equation is equivalent to the CBR
formula ([1.80]). To do this we will use an important tool, which is the Jacobi identity. It
is a general identity on determinants and allows to prove an equivalence between bilinear
relations and determinant formulae.

We will see that this Jacobi identity allows to prove on the one hand that the CBR
formula , once restricted to rectangular representations, is equivalent to the Hirota
equation ([I.101)). On the other hand, we will see that the CBR formula is also equivalent
to another bilinear relation, which we will call the main identity on co-derivatives.

This will involve the minors of an arbitrary determinant. Let us define

D(k,l;m,n) =

(11.102)

(%j) k<i<l
m<j

Then the Jacobi identity is the very general statement that for any coefficients a; ; (which
are either numbers, or operators commuting with each other),

D(1,n;1,n)D(2,n—1;2,n—1)=D(1,n—1;1,n — 1)D(2,n;2,n)
—D(l,n—1;,2,n)D(2,n;1,n—1). (11.103)
This identity is represented graphically in figure [[I.5], where the matrix with coefficients
(a; ;) is represented by a blue square. Its minors are denoted by a square where some

lines and columns are grayed-out. If the matrix is of size 2 x 2, we can recognize the
usual definition of the determinant.
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X X X

Figure I1.5: The Jacobi identity on determinants.

I1.1.5.1 CBR determinant formula and Hirota equation

Let us start by illustrating this in the case of Hirota equation: first, we restrict the CBR
determinant formula to the rectangular representation Ay, 4 defined in ([II.78)):

‘(Tl’s”_j(u +1-1))

1<i,j<a

T"%(u) = — , (I1.104)
k:i TO’()(u — k)
Ta,s Tl,erifj 1—3
PRGN | i L) . (I1.105)
T (u) T (u+1—1) 1<i,j<a
We then choose the coefficients
TH T (w41 —4)
i = I1.106
“i T T00 1 — ) (11.106)
and write the Jacobi identity ([1.103)) for n = a + 1:
Ta+17s Ta—l,s -1 TS TS -1 Ta,s—l Ta,s—i—l -1

Tw) T u-1) TTw-1) T%°w T°w-1)

This way, we see that the Hirota equation ([I.101]) is a direct consequence of the CBR
determinant formula (I1.80) (or actually its restriction to rectangular Young
diagrams).

Interestingly enough, we can also go the other way round, and show that the Hirota
equation implies the rectangular CBR formula , under the condition that
T%(u) = 0 if a < 0, that T%*(u) = T*°(u) is not identically zero, and that the solution
is “typical” in a sense which will be explained below. Indeed, if we assume that
holds, then its restriction to a = 1 gives

Tl,S(u) Tl,s—l(u)
Tl,s—i—l(u o 1) Tl,s(u o 1)
T — 1) ’

T%5(u) = ’ (I1.108)
which gives the (a = 2) case of the rectangular CBR formula ([1.104]).

Then one can iteratively express T%*(u) for increasing values of a. For instance if we
plug the expression ([L.108) of T**(u) into the Hirota equation, we get

W SN
T%(u) = T 1) (I.109)
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if T"*(u — 1) is non-zero. We can then plug the expression ([1.108) to get
Tl’s(u) Tl’s_l(u) Tl’s(u - 1) Tl’s_l(u — 1)'

Tl’SH(u -1) Tl’s(u -1) ’ Tl’SH(u —2) Tl’s(u —2)
T (u— 1)T%(uw — )T (u — 2)
Tl’sil(u) T1,372(u) Tl,erl(u - 1) Tl,s<u o 1)

Tl,s(u . 1) TLS_l(u . 1) Tl,s—i—?(u . 2) T1,5+1 (u . 2)‘ (H 110)

T35(u) =

T (u—1)T"(u—1)T"(u-2)
—T1’5+1(u B 2) (Tl,sz(u)Tl,erl (u _ 1) o Tl,sfl(u _ 1)T1’S(u))
- T —-1)T"(u—-2)
T 2) (T )T () — T @ T (1)
T —1)T(u - 2)
T1’8+2(u . 2) (T1,571<u . 1)T1,sfl(u) . T1,372(u)T1,s(u - 1))
n T - T (4 —2) (I1.111)
Tl,s (u) Tl,s—l(u) Tl,s—?(u)
Tt o) Two1) T )
T Pe-2) TV u-2) T(u-2) (IL.112)

T (u — )T (u - 2)

The equation @D obtained this way is exactly the (a = 3) case of the rectangular
CBR formula @D The reason why the result coincides with is simply that
(I1.104]) satisfies the Hirota equation. Then a simple recurrence shows that if the Hirota
equation holds, then one gets iteratively the rectangular CBR formula (I1.104])
when a > 2. The case a = 1 of is also trivially true because it reduces to
T (u) = T (u).

This proof that the bilinear equation (II.101]) is equivalent to the determinant ex-
pression holds provided the recurrence sketched above never involves a division
by a T-operator which is identically zero. Let us now see how to deal with this con-
straint: as we will see, a correct statement is that the “typical” solutions of the Hirota

equation ([I.101]) are given by the determinant expression ([I.104). In this statement, a
“typical solution” of the Hirota equation ([I.101]) is a solution T?(’j(u) of Hirota equation

such that, fo;severy small perturbation T(lj(u) =T 2(’)8) (u) + O(e) of Tz(’)s) (u), there exists

,S

a solution T/ J(u) of Hirota equation such that T/(u) = lime,o T(J(u) and such that
T‘(le’f(u) = 01if a < 0. I will not enter into the details here, but it is easy to show that
for a “typical solution” of the Hirota equation, for every (a,s,u) one can find a small
perturbation T(lj(u) such that in the vicinity of € = 0, T* 2*(u — 1) # 0 and the Hirota

equation allows to express T**(u) and to proceed with the recurrence.

To conclude this remark about typical solutions, let us give an example of a non-
typical solution of Hirota equation:

T% (u) =1 if (a,s) € L(1,0) orif a=4and s >0, (I1.113)
7 (u) =0 otherwise. (I1.114)
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Then one possible choice of perturbation T (16)3 (u) is given by
Ty () =x"(g,,) where g, =diag(1,e,¢,--- ,¢) € GL(5). (I1.115)

For this choice of perturbation, if a solution 7' (a ’)S (u) exists for all a, then we can show
by recurrence (with the arguments above) that for a < 5, we get

Ty (0) =x"(g,,) (IL.116)

and (for @ < 5), this recurrence never involves a division by zero. Then we see that
for s > 1, lim_ Té’)s (u) = 0 # T**(u), which proves that the solution (II.113II.114
of Hirota equation is a non-typical solution, which is why it does not satisfy the CB
determinant formula ([1.104]).

I1.1.5.2 Main identity on co-derivatives

To construct the Q-operators and the Backlund flow, we will need a combinatorial iden-
tity on co-derivatives, which reads as follows:

(Zl - Zn)W(u+ 1;217 T azn) : W(u, R2y "t azn—l)
= 2aW(u+ 121, 201) W20, 20)
— 2 W(w 21, Zn1) W+ 15 29, -+, 2p) (IT.117)

where  W(u; 2, -+, 2p) = [® (ui + ]5) w(z)w(ze)w(zig2) - w(zm) |, (11.118)

i=1

where w(z) = )", 2°x(®) is the generating series of symmetric characters. This formula
holds for arbitrary g € GL(K|M), L > 0, n > 2, u € C, {6;} € C* and {z} € C". It
generalizes the identity to the n > 2 case.

To prove this identity, let us first use the Jacobi identity to prove that is
equivalent to the determinant expression

1-k
1 ‘(zj Wu+1—k; Zj)>1<j en
W(W; 21, 20,0+, 2) = =5 — I1.119
( 1, <2 ) - }W(u—k,@) A(Zl,"‘ 7Zn) ( )
where W(u; () = l_Iu1 and  A(zq, - ,2) = ‘(ZJ —* (I1.120)

Proof. This equivalence between ([I1.119)) and ([1.117)) is proven by the same means as
the equivalence between ([I1.104)) and (I1.101]), and we will just sketch it here.
First, one proves that the determinant ([I.119) satisfies the equation ([1.117)). For

this, one writes the Jacobi identity ([L.103) for the coefficients a;, = zl_kw For

W(u+1—k;0)
instance the minor D(2,n—1;2,n—1) is equal to (UMZQ 1,6“ DA(z9, ) Zne 1)/1_[] 5 2
By writing carefully all terms of the Jacobi identity, and using the following property of
the Vandermonde determinant A(zy,--- , 2,):
1 1
A(Z27 e 7277,71)A<217 T 7zn) = (_ - _) A(zb o 7Zn71)A<227 T 7ZTL) ) (11121)
Zn 21
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we exactly obtain ([1.117]).
To finish the proof of the equivalence between (II1.117) and (I1.119)), one proves that

(I1.117)) implies by a recurrence over the number n of parameters zi,--- , z,.
Indeed, allows to express W(u; 21, 22, - - , z,) in terms of W(u; J), for different
strict subsets J of {z1,29, -+, 2,}. Exactly like in (II.110HII.112)), one can compute
explicit expressions, but it is not necessary, since the Jacobi identity ensures that the
outcome will be exactly . This recurrence completes the proof of the equivalence

between ([1.117]) and (II.119)). O

Now, in order to finish with the proof of , we just have to prove the determi-
nant expression . Let us present two different proofs: first a simple proof which
reproduces the arguments used in section to prove the CBR formula. The second
proof will show that the equality itself is actually equivalent to the CBR formula.

First proof of . A simple way to show this relation is by first checking that the
right-hand-side is polynomial, and then by expanding it. This proof is exactly the same
as the proof given in section for the CBR formula , and it relies on the fact
that when u = 6; + k (for arbitrary i € [1,L],k € [1,n — 1]), the minors associated
to the lines & and k 4 1 vanish due to the identity . Then the expansion of the
determinant around u; = oo is performed exactly like in . It gives

1 )(zjl_kW(u +1—k; z]))
"I W(u — k; 0) Az, 5 2p)

1<g,k<n

1-k
“j w(zj))1<j k<n

Another proof of the main identity on co-derivatives, written in [I2KLT], sheds more
light into the relation between ([I1.119]) and the CBR formula ([1.80)). Understanding this
proof will also be interesting for further generalizations of this result.

Second proof: Equivalence between ([1.119) and ( m Let us expand the quantity
W(u; 21, 22,y 2n) - A(21, - -+, 2n) in powers of 21, 29, -+, 2,

W(u; R1, %22, 7Zn) . A(Zl, o >Zn)

L n
- <ui +D) 2 Z () [T (g)zp ="M (11123
i=1

o€S™ (51,82, n)EN? k=1

where €(0) = HK] — J is the signature of the permutation o. In (I1.123]), we can see
that the coefficient of Hk LR g

L n
® (ui + ]5) Z H Pt B)=h) ()
i=1 sesn k=1

L

- R (ui + ]3) ‘(X()"“H_k)(g))lgj’kg'/\" — TW(w). (I1.124)
i=1
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which reads

( SRPW 1 - k;zj))

By comparison, we can expand

1<j,k<n |’

1—k )
(Zj W+ 1 -k ZJ'))Kj,kgn

=>" > o) [[T e+ 1 o(k)z TP, (11125)

0ES™ (81,52,...,8n)EN" k=1

where the coefficient of [[}_, 2 ’\’“H M is

> €o) H TRk g 4 1 — (k) = ] (T 7k (w + 1 — a(k))) (I1.126)

1<J}k<\/\|‘ :
oesSn

Then we immediately see that the equality (of the coefficient of a given degree in
each z;, in) (II.119)) is simply equivalent to the CBR formula (II.80)), which was already
proven earlier in the text. O

To finish this section, let us note that due to the diagrammatic expressions given
in appendix [B] the main identity on co-derivatives ([I.117]) can also be written in the
following, slightly stronger form:

0 |@(u+1+8) wiowom] [@(u+) m

i=1

:zlé(ui+1+D wzH] [
_tlé)(ui+D w(z) ] [é) (w+1+D) w(t)H], (IL.127)

i=1

U + D w(t)l_[]

1

where II = H z)) % (I1.128)

for n arbitrary pairs of numbers (z, a).

Proof. First, if all a; are equal to 1, then is exactly the identity written
forn=n+2 2=z zZ;=t, and Z, = zx_1 for k=2,3,---n+ 1.
Next if all the powers a; in ([1.128)) are non-negative integers, then IT can be written
as
2 ai

II = H w(%k) where ,%k =Zmax{j| 3, ai<k} - (H.129)

1<g

Therefore, the case when all the powers a; are non-negative integer reduces to the case
when they are all equal to 1, which reduces to ([I.117)).
Finally, it is easy to see from the diagrammatic introduced in appendix |B| that

w(lz)a R, <ui + f)) f(g) (w(z)a)} is a polynomial in the variable a. As a consequence,
;

if (I1.127)) holds when the powers a; are non-negative integer, then it holds for arbitrary
powers ay. O
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I1.1.6 Conservation of the number of particles

The CBR formula which we have just shown also allows to find simple eigenspaces
of all T-operators. To this end it is enough to find some spaces which are stable under all
T"*(u), and the CBR formula ([T.80]) will then imply that these spaces are stable under
all T-operators.

As we have seen for instance in (see appendix for more details), W(u; z) =
Yoo T1%(u)2* can be written as a sum of D-diagrams. To each D-diagram is associated

an expression of the form P, - (®1L:1 (’)i>, where o € 8" is a permutation, and O; is an

1 g =z
l-g 27 1—g =

| (Fa)® W(u;2)]) =0, (I1.130)

operator (equal to either or y; I), which commutes with g. As a consequence,

for any analytic function f.

Proof. First, each operator O; is diagonal is the same basis as g (and f(g)). That is
why (] (f(9))%", <®iL:1 (’)i) D = 0. Next one sees that (f(g))®" commutes with any

permutation operator P,, so that finally it commutes with each P, - <®1L:1 (’)i>, and
with their sum W(u; 2). O

the eigenvectors of the twist g, and by (z;) the

If we denote by (vj)KKKJrM 1<G<K4+M

corresponding eigenvalues, then we can notice that

L
(f(g))®L |U.7'1’U-7'2’”. 7,UjL> - (H f(m]‘)> ‘Ujl’vjz’ T 7ij> : (11'131)
i=1

For fixed My, My, ---, Mg\, we can introduce the sets

L
Vi, M=) 5ji,k} . (I1.132)

EM1,M27"' MM =Vect {‘Ujl ) ij tce 7UjL>
i=1

These spaces are the sets of states having a fixed number M}, of spins pointing in each
direction |vg). In the spirit of the introductory section , they are the sets of states
having a fixed number My, of particles of each type.

One can see that for any state |¢) € Engy ay My pns

K+M

(f@)®e) = [] F)" 16) - (IL.133)

=1

It is also possible to promote the numbers M}, into operators My having eigenvalue M, on

the eigenspace Eng ap,. M,y Then the operator (f(g))®" is equal to H?:lM fz;)Ms.
The relation ([1.130]) shows that all T-operators commute with (f(g))®" (in addition

to commuting with each other), and if we assume that the eigenvalues z; are distinct, we

can choose some functions fy such that f(z;) = 14;, i.e. such that (fi(g))®" = 2M~.
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In this case we see that the T-operators commute with 2M* and hence they commute
with each My. In other words, the sets Epy, ar,.... .y are therefore stable under all the
T-operators.

If the eigenvalues of g are not distinct, one can show that the spaces E ... My
are still stable under all T-operators, provided ¢ is diagonalizable. To show this, we

is stable under the operator P, - <®1L:1 Oi>

can for instance show that Eyy an,,.. v

associated to each f)—diagram.

Therefore, we have seen that the spaces En, an,.. My, are stable under all T-
operators, i.e. that all the T-operators commute with the operator M;. This means that
the number of “particles” of each type is invariant under the action of all T-operators,
and therefore it is preserved under the action of the Hamiltonian as well.

This remark will be useful in section [[I.3] because it allows to build some operators
which trivially commute with all T-operators (for instance, this will be the case of the
operator By which we will define in ([1.231)).

I1.2 Backlund transform and Bethe equations

As we saw in the previous section, the “2"9” Weyl character formula ([1.81)), satisfied
by characters (which are the T-operators of a spin chain with length L = 0), can be
generalized to u-dependent T-operators by introducing the correct shift. This gives the
CBR formula (II.80)), and we also saw that (for rectangular representations (IL.78)),
this CBR formula is equivalent to the Hirota equation (IL.10I), a bilinear equation on
T-operators.

In this section and the next section, we will show how to perform the same program

for the “15* Weyl formula” below (see appendix [A.3.4))

Ai+K—i

‘ (xa )1<z‘, i<K
X, (9) = ’ —— (I1.134)

where x, xg, - -+, xx denote the eigenvalues of g € GL(K).

First we will see that this formula gives rise to a bilinear identity on characters of
GL(K) as compared to GL(K-1). We will see how this bilinear identity generalizes to
T-operators (or to their eigenvalues) by adding a dependence on the spectral parameter
u [KP92, IKN92, [KLWZ97, [Tsu97|. Then we will see that if this bilinear identity is
satisfied, it gives an expression for T-operators, out of which the spectrum of the theory
can be obtained. In particular we will obtain some Bethe equations [Zab08| [Lai74l,
Sut75, BAVV82l, [KR83, [KSZ08| which generalize the equations of section Finally,
we will prove in the next section that these bilinear relations are indeed satisfied by
polynomial operators.

In order to do this, we will restrict, from now on, to the case when g is diagonalizable
and has distinct non-zero eigenvalues. The eigenvalues of g € GL(K|M) will be denoted
as (1,9, -+ ,TkyMm), and they are supposed to be distinct and non-zero. The case when
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g is not diagonalizable or when several eigenvalues are equal can in principle be obtained
as a limit, but this point will not be discussed much in the present manuscript.

The present section reviews results which were known before the start of the PhD.
In this section, we will not use any explicit definition of the T-operators obtained in
the previous section, but instead we will consider some T-functions, which are functions
of the spectral parameter u and obey the Hirota equation. We will assume that a
polynomia]E] “Béacklund flow” exists, which gives rise to so-called -functions.

The T-functions and @-functions will be denoted by slant letters as opposed to the
vertical letters for T- and Q-operators. What we will see in the next section is that
some Q-operators can be explicitly constructed and a polynomial Bécklund flow can be
constructed at the level of operators. Then we will be able to identify the @-functions
(and the T-functions) of the present section with the eigenvalues of the Q-operators (and
the T-operators). It will then be obvious that writing an equation on the T-operators or
on the T-functions is strictly equivalent, because the T-functions are the eigenvalues of
the T-operators, which commute with each other. For instance the equation

T (w+1) T (u) = T (w+ 1) T (w) + T (u+ 1) T (u) ,  (I1.135)

will mean that the eigenvalues of T-operators obey the same Hirota equation as the
operators themselves. In ([I.13F), the symbols like 7%° (u+ 1), T (u) etc. denote the
eigenvalues of the operators T**(u+ 1), T**(u) etc., but these eigenvalues all correspond
to the same eigenspace (we use the fact that the T-operators commute with each other,
so that they have common eigenstates).

For the moment, we will introduce a “Béacklund flow”, for some T-functions, which
obey the Hirota equation ([L.135). For L > 0, we will assume (but not prove yet) the
existence of this polynomial Bécklund flow, and we will restrict to results which were
known [KLWZ97, [Zab96l, [KSZ08|, [Zab08] before the start of this PhD, as opposed to
the results of the sections and , which are original results of this thesis [12KLT)
1TAKL™].

This Bécklund flow, can for instance be found in [KLWZ97| (for usual matrix groups),
in [KSZ0§| (for super groups) and in [Zab08] (for twisted super-spin chains), and is the
starting point for original works of this PhD [12KLT| 11AKL™|, including the explicit
operatorial constructions of the T- and Q-operators given in the next section [[I.3]

I1.2.1 Introduction of the Backlund flow

As written in appendix [A.3.4] the characters of the GL(K) group are expressed through
the Weyl formula ([1.134]). The idea behind the Béacklund flow will be to write this
expression for the character of

g, =diag ((x;)icr) € GL(|I]), where |I| = Card{I}, (I1.136)
for an arbitrary subset I of [1,K]. For such a set we will denote

T=[1,K]\ I, and 0=[1,K]. (I1.137)

7 We will call “Bécklund flow” any solution of the equations (I1.154} |I1.155)) given in the first subsection
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{1, 2, 3,4}
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{1,2,3} {1,2,4} {1,3,4} {2,3,4}
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{1,2} {1,3} {1,4} {2,3} {2,4} {3,4}

N Tl

{1} {2} {3} {4}

S\

Figure II1.6: Hasse diagram for GL(4). In red (and thicker), the nesting path
(2,1,4,3) is highlighted.

Given an ordering (i1, %, - , k) of {i1,%2, - , ik} = [1, K], we will be interested in
an undressing procedure

Iy ~ I 7 I, T Y
m m m M (I1.138)
GL(K) > GL(K-1) o GL(K-2) --- {1}
where I, = {21,129, - in} . (I1.139)

This procedure gradually decreases the rank of the group, and it is dependent on the
ordering (%1, s, -+ ,1k) of the set [1,K]. This ordering, which governs the undressing
procedure, will be called a “nesting path”. For a given set I C [1, K], the number K — |/
will be called the “nesting level”. It is the number of steps, in the undressing procedure
(11.138), which are needed to reach g, by starting from g = 95

The “Hasse diagram”|Tsul()] (see figure shows all the possible sets I C ), with
lines connecting each set to its subsets. On this diagram, each nesting path is one (out
of K!) path connecting @ = [1,K] to 0.

For the character y(@* = y Mo associated to rectangular representations, the formula
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(I1.134) can be written at an arbitrary nesting level and it reads
s+|I]—1
<xj > 1<i<a
jel

[1]—i
i Jati<ig|]
jel

X (g,) = € : (11.140)
|I|—i
(xj )Kigm

jel

where the numerator is the determinant of a matrix made of two blocks of respective size
a x K and (K — a) x K. This expression is valid for 0 < a < |I|, whereas X (9,) =0
if a > [1]. |

Writing Pliicker identities (a generalization of the Jacobi identity [KLWZ97|) for the

determinant ([I.140f), one gets
X(a+1,s) (gl,j )X(a,s) (gl) :X(a,s) (ng )X(a—i-l,s) (gl) + xjx(a—l-l,s—l) (glyj)x(a,s—&-l) (gl) , (Hl41)
X (g, X (g,) =X (g, ) (g,) + apx T (g, T (g,) s (11142)

where I, j denotes the set I U {j}, for an arbitrary j € [1,K]\ I.
An interesting particular case of ([1.141)), when a = 0 is the relation

Xg,) =xg,,) — X g,,). (I1.143)

were x®) = y(1*) denotes the character associated to the symmetric representation \ =
(5,0,0,---).
If we remember the expression of the generating series (see appendix [A.3.4))

wi(z) =Y 2 xO(g,) = [[—— (I1.144)

Al —x; 2
520 jerl
the relation ([I.143) actually reduces to the simple statement that
wi(z) =(1— x5 2) wrj(2). (I1.145)

The relations ([I1.141} [I1.142)) are written for the characters of GL(K). For GL(K|M),
the equations ([1.141} [[1.142)) hold provided (—1)Pi = 1. Moreover, the generating series

(I1.144)) becomes
un(2) =3 ;) = et

s=0

) =T[a—a; 2" (I1.146)

— z
g Jel

1

where Sdet ( L ) is the super-determinant of (see appendix [A.4)).

1-g =z 1-g =z
The generalization of (I1.143)) is then
Xg,) = X (g185) = 23XV (918) - (I1.147)
(—1)pi =+1, j¢I and IAj=1U{j}
where I C [1,K + M] and or (I1.148)

(=1)Pi =—1, jelI and IAj=1TI\{j}



For these super-groups, the undressing procedure (along a given nesting path

(41,22, - ,ik+Mm)) can become for instance
gIK+M ~ gIKJerl ~ gIK+M72 o 9o
m m M m (I1.149)
GL(KM) Do GL(K-1]M) D> GL(K-1|M-1) --- {1}
where I, = {41,429, - in}. (I1.150)

At every step, either K or M is decreased by one, and ([1.149) involves the inclusions
GL(KM) D GL(K-1|]M) D GL(K-1|M-1) which correspond to the case (—1)Px+m = 1
and (—1)Pkiv-1 = —1,

We will also call nesting level (associated to a set I C [1,K + M]) the integer
K + M — |I], which is the number of steps necessary to reach g, from g = 95 follow-
ing the procedure . We also define the complement of a set (as a generalization

of (I1.137))) by
T=[1,K+M]\ 7, and 0 =[1,K+M]. (I1.151)

In ([L.147), we see that the case (—1)P = 1 corresponds to the transformation
GL(klm) ~~ GL(k-1|m), where GL(k-1|m) corresponds to I on the left-hand-side and
GL(k|m) corresponds to IAj = I U {j} on the right-hand-side. By contrast, the case
(—1)Pi = —1 corresponds to the transformation GL(k|m) ~» GL(k|m-1), where GL(k|m)
corresponds to I on the left-hand-side and GL(k|m-1) ~» corresponds to IAj =1\ {j}
on the right-hand-side.

With the notations , the generalization of , to super-groups is
simply

;

X (g, I (g,) =X (g,4,)x T (g,)

+ 2T (g, )X (g,) (IL.152)
X (g,,)x ) (g,) =X (g,.,)x ™ (g,)

+a;x T (g, ) (g,) (11.153)

\

We have already shown that the T-functions, which depend non-trivially on the
spectral parameter u, generalize characters in a way which satisfies the Hirota equation

(I1.101f). We should therefore generalize ([1.152} [I1.153]) in a way which is consistent with

this Hirota equation.
The correct generalization of ([1.152] [IT.153)) is then [KLWZ97, [Zab96, [KSZ0S, Zah0§|

TE (w) T3 (w) — Ty (w) T30 (w) =y T (e 1) 7057 (= 1), (IL154)
Ti () T (w) — Tis (0) T9 (w) =5 e (1) 775 (w 1), (IL155)

where the “nested T-functions” 77" (u) (defined by this equation) generalize the char-
acters x(@*)(g,).
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[ |

1 1

Figure I1.7: Bécklund flow for a nesting path of GL(2|1). This shows the successive
(a, s)-lattices for a nesting path corresponding to GL(2|1) D GL(1]|1) D GL(1) D {1},
as in ([1.149)).

In the case (—1)P7 = +1 (corresponding to a transformation GL(k|m) ~~ GL(k-1|m)),
we will say that if we know a function T7x; (u) = 775 (u) (where I 2j and [, j = TU{j})
which satisfies the Hirota equation (II.101)), then any solution T7"* (u) of
is a “Bécklund transformed” of 777 (u).

On the other hand, in the case (—1)P = —1 (which corresponds to a transformation
GL(k|m) ~ GL(k|m-1)), we will say that if we know a function 757" (u) = 775 (u) (
where I 7 and J = I, j = IU{j}) which satisfies the Hirota equation ([I.101]), then any
solution Ty, (u) = T7° (u) of , is a “Bécklund transformed” of 77 (u).

In [Zab08], (where the function T7}%  ;xi1kioxsm (@) Is denoted as
Tym(a,s,s —a+2u)), it is shown that if these Backlund transforms exist, then

o If the function 77 (u) satisfies the Hirota equation, then its Bicklund transformed
also satisfies Hirota equation. Symmetrically, if the Backlund transformed T} (u)
of a function 777 (u) satisfies the Hirota equation, then 77 (u) also satisfies the
Hirota equation.

o If T7x; (u) is zero outside L(k,m) (defined by (L1.79)), then one can show that
77" (u) is zero outside L(k',m’), where

I 1. I —
{ M=k-1 or { M=k : (I1.156)

m' =m m =m+1

We will be interested in solutions of , such that k' = k—1andm' =m
if (—1)P7 = 1, whereas k' = k and m’ = m + 1 if (—1)P# = —1. Then the Bécklund
transformed of a T-function lives in a “fat hook” with one less row (if (—1)P = 1)
or one less column (if (—1)P = —1) than the original T-function (see figure [[L.7).

For the characters this statement about the size of the “fat hook” is trivial, but
for the T-functions, it is an important statement which is not completely obvious
because we do not use any explicit expression of the T-functions, but simply the
fact that T%’S(u) obeys the Hirota equation on the “fat hook” IL(K, M).

This statement about the size of the “fat hook” justifies that, for the T-functions,
the Backlund flow can be interpreted as the sequence of inclusions ([[I.149)).

This Bécklund flow is then often called “undressing procedure”: from a solution of
Hirota on a given lattice L(k, m), it produces a solution of Hirota on a smaller and
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smaller lattice. On the last step, the lattice IL(0, 0) is trivial and the T-function T;"* (u)
is a constant (independent of u, a, and s) inside IL(0, 0).

In the section we will see how to explicitly construct the 777 (u) for all I, and
we will check that they are polynomial and satisfy the Hirota equation. Before this
construction is presented, let us now see how it will be used: the “dressing procedure”
will allow to recover the spectrum of T-operators from the existence of this polynomial

Backlund flow.

I1.2.2 Bethe equations and energy spectrum

In this section, we will assume that for all subsets I C [1,K + M], the T-functions

satisfying ([1.154] |II.155) are polynomial functions of the spectral parameter u. We
can then define some @-functions, which are T-functions associated to empty Young

diagrams:

Q;(u) = T7° (u)|. (I1.157)

This defines 25¥*M different Q-functions, which are all polynomial in the spectral pa-
rameter u.

We will also assume that the function ¢)y(u) is independent of u (see also section
for an interpretation of this constraint in terms a physical gauge).

We will show that under these hypotheses, we will be able to recover the Bethe
equations (derived in section in the case of the XXX/, Heisenberg spin chain), and
to express the spectrum of the model.

In the next section [[1.3] we will construct an explicit realization of this Bécklund flow,
and prove that the polynomiality condition is satisfied (and that Qg(u) is independent
of u).

I1.2.2.1 “Dressing” procedure and ()-functions

For characters, we noticed that the relation ([1.147) was tightly connected to the expres-
sion ([1.146|) of the generating series of symmetric characters. Let us now generalize this
to T-functions: the restriction of (I1.154) to a = 0 reads

TILASj (w) Qr(u) — Qraj(u) T[LS (u) =z, T}Ef (u+1)Qu—1), (I1.158)

which will be called the “ T'Q)-relation”. It can be rewritten in terms of a generating series
if we define

Wilw2) =D 2T (u)]. (I1.159)
s=0

Then, the equation ([1.158)) is equivalent to

Wiaj(u; 2) Qr(w) — Wr(u; 2) Qra;(0) =25 2 Wiaj(u+1;2) Qr(u — 1), (I1.160)
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or equivalently

Wi (u; 2)

_ Qv s Qr(u—1)
“Quns (0 (1 P

where the operator e is defined by

68“) Winj(u; 2), (I1.161)

[e*flw)] =>" {% f(u)} = f(u+1). (11.162)
We see that
|2 F @)@ =fa+ D+ 1) = fla+1) [ f)] (11.163)

so that e? actually obeys the rule
% f(u) =f(u+1)e . (I1.164)

If we recall the definition ([1.148)) of IAyg, (I1.160) can be rewritten as

Wi j(w 2) = Or(F)Wr(u; 2) (I1.165)
—1

o QD) Qri(W e 1\pj _

(1-a5 = ien) Gy (P =1

Q "(u) Q 7‘(u—1) N . .
élj(u) <1 — T 2 é);j(u) ea> if (=1)P5 =—1

In the case (—1)P7 = —1, this expression is obtained from ([I.160)) by the substitution
-1

I — I')j and IAj — I'. In (I1.166]), the operator (1 -z 2z %68“> % is

defined by

s QI(u_l)eau Q) O v Q[(u—l)eau " Qry(w)
<1 @ > ) ‘Z( ) ) o I

_ 1 ) .
S T

As it was already said, the T-functions associated to the set I are non-zero only
inside the lattice L(ky, m;) where k; and m; denote the number of elements of I with
gradings +1 and —1:

k; =Card{t € I|(—1)" = 1} my =Card{t € I|(—1)" = —1}. (I1.169)

where O((7) = (I1.166)

In particular, we see that Vs > 1, T@LS (u) = 0, so that the definition (I[I.159) gives
Wi(u; 2) = Qy(u). Therefore, the T-functions T, (u) can be reconstructed from (IT.163)

by choosing a nesting path i.e. an ordering of the elements of I = {4,%5,--- 47} :
W](u; Z) = O[m_l (’l:m) . OI\I\—2 (’I:m_l) cee OIO(il)Q@(u) (11170)
where I, ={11,%2, -+ ,%,} and I, = (. (I1.171)
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This expression provides a “dressing procedure”, in the sense that it gives an expression of
Wi(u;2) =32 T;° (u) 2° (hence it also gives an expression of T, (u)) in terms of the Q-
functions @) (u) associated to subsets I’ C I (which were defined through the “undressing
procedure”). To recover the T-functions associated to an arbitrary representation A, one
should simply use the Cherednik-Bazhanov-Reshetikhin formula (I1.80)) (we will do it in
section .

Let us now see how this “dressing procedure” allows to recover the Bethe equations and
the spectrum of our spin chain, under the assumption that ()-functions are polynomial
functions of the variable u.

11.2.2.2 () Q-relations

In the dressing procedure above, the choice of the nesting path is arbitrary, whereas the
expression of Wy (u; z) should not depend on the path. We will show that in order to make
Wi (u; z) independent of the path, a consistency condition called “ @ Q-relation” has to
hold. For that purpose, let us write for the two nesting paths (21,29, ,%,,7, k)
and (2q,%9, -+ ,%,,k,J) of the set I,j,k (where [ = {4,15,--- ,%,}). For these paths,
the relation (I1.170)) gives

Wrik(u;2) =0r5(k) - Or(g) - Wi(u; 2) = Ork(g) - Or(k) - Wi(u; 2) (I1.172)
which gives the consistency constraint:
Or;(k) - O1(3) =O1k(3) - Or(k). (11.173)

Let us show how to write a constraint on ()-functions from the equation ([1.173)). For
simplicity let us start with the case (—1)Pi = (—1)P* = 1. Then (II.173)) implies

O1(k)™ - Ori(d) ™" =01(3) " - Orz(k) ™. (IL.174)
If we plug the expression ([1.166|) into (I1.174]), we get

@) (1 a2 Qr(u = 1)68“) Ql’k<u)> (1 — 5 2 Qxlw 1) 1)ea“> —j & k=0,

QI,k(u) Qr(u) QI,j,k(u Ql,k(u)
(I1.175)
where f(j,k)—J <> k denotes f(7,k)—f(k, 7). The term of degree 0 in z is @Q{—(:()u)—j <
»J>
k, which is trivially zero. The term of degree 2 in z is zijxk% — 7 <> k, which
is also trivially zero. Therefore, ([1.173)) reduces to N
-1 -1 +1
(xj Qr(u) Q[,k(u ) . Qr(u )Q[,k(u ) N k:) pr— (I1.176)
Qrjx(1)Qr x(u) Qrjr(u+1)Q;(u)

After division by z e®, and multiplication by @ ;x(u)Q;;x(w+1)Q ()@ ;(u), this
equation can be written in terms of 2 x 2 determinants:

5 Q5 (w) o Qf,k(u)
Ql,j(u —1) Ql,k(u - 1)

= Ql,j,k(u) Q(u—1)

Qrjre(u+1)Qr(u)

75 Qr;(u+1) kuI,k(u+1>‘
Qr4(u) Qe | T
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This is equivalent to

Afu+ 1) = A(u) (I1.178)
where A(u) = 5;%{ i) 5f§ﬁk—(u1)) /(@@ Q@ — 1)) (I1.179)

Due to the polynomiality of @-functions, A is then a constant. The value of this constant
can be viewed as a normalization, because the equations ([I.154] [[I.155]) are invariant
under the transformation

Qr(w) ~erQp(v), T7" () ~er T () (I1.180)

where ¢y is independent of a, s, and u (it is only a function of I). For instance, the
freedom ([I1.180]) can be used to enforce that the coefficient of highest degree in @;(u) is
equal to one. With this choice, ([1.179) becomes the following “ () Q-relation”

Ly Qf,j (w) QI,k(u)
QLj(u —1) Q[,k(u —1)

(xj — xk) -

Ql,j,k(u) Qrlu—1) =

if (1P = (=1 =1. (IL181)

If (=1)Pi or (—1)P* is equal to —1, then one can repeat this chain of arguments for
all possible values of (—1)Pi and (—1)P+. This way, we get a generalization of (II.181)) to
arbitrary grading which reads (with the notations (I1.148))):

QIAjAk:(u) Qiu—1)=

25 Qraj(0) 1k Qrag(u ‘ B
Qraj(u—1) Qraplu—1 /(x5 — w) |- (11.182)

This is very natural because we can see from that the effect of gradings can be
encoded into the notation /A7, which adds the element j if (—1)P7 = 1 or removes it if
(=1)Pi = —1.

In this section, @) @Q-relations were derived as a consistency condition for .
They were obtained by asking that the generating series Wy (u; z) is the same for two
specific different nesting paths (where only the last two indices are interchanged).

Actually, the @ @Q-relations even imply that the generating series Wy(u; z) is the
same for two arbitrary nesting paths (1,%2, -+ ,%,) and (%5(1), %o(2), " - » o(n)). Indeed,
the permutation o can be written as a product of transpositions of the form 7, ;41
(defined in (I.3)). As the arguments above ensure that Wj(u; z) is invariant under the
change of path associated to each 7y, ,11], they imply that W;(u; z) is indeed the same
for two arbitrary nesting paths.

11.2.2.3 Bethe equations

Now we can show how to find the @-functions which have to be plugged into the operators
O;(?) in the right-hand-side of . We will find a set of equations on these Q-
functions (called the Bethe equations) [Lai74, [Sut75, [KR83, BAVV82] such that, if we
find a solution of these equations, we will be able to plug it into the right-hand-side of
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(1I.170) and to write a consistent (i.e. polynomial) expression for the T-functions. In
particular we will see that for K = 2, we find the same Bethe equation as the equation
, which was obtained in the introductive section |[.1)for the XXX, /» Heisenberg spin
chain.

To show this, we will assume that @-functions are polynomials. Let us then denote
by ugn) their roots, which we will call “Bethe roots”:

dr
u) =ay H (u - ugn)> . (I1.183)
n=1

Then, the QQ-relation (II.182) can be written at positions u = ugrzj and u = u§"A’j + 1.
In both of these positions one term is zero in the right-hand-side, and we get

(5 — o) Qrajar(@) Qr(u — 1) + 2 Qrpz(u — 1)Q1Ak(u)‘u:u§2j =0, (11.134)
(j — k) Qrajar(a+ 1)@ () — 2z Qra;(u + 1)ka(u)‘uzu§2j =0. (11.185)

We can then take a linear combination of (I1.184]) and ([I.185]) in such a way that the
coefficient of @, Ak(ugrzj) cancels. This gives

] QIAJ' (u+1)(z; — 2p) QIAjAk(u> Qru—1)
2, Qra;(u—1) (2 — 21) Qrajar(a+1) Ql(u)|u:u% =0. (I.186)

An equivalent way to write it is

ng(um] + 1)Q1AjAk(uIA])QI(uIA)J - 1) _ T . (11.187)

QIAj (ugA)j 1) Q]AgAk (umg 1)@, (uIAg) T3

In this equation, we want to choose I, 7 and k such that the ()-functions involved in
lie along a given nesting path, so as to plug them into the expression of
the generating series of the T-functions. If both j and k have grading (—1)P7 = (—1)Px =
1, then from the definition (II1.148)) we see that I, IAj = TU{j}, and IAjAk = TU{j, k}
can be chosen along the same nesting path. Similarly, if 7 and k have grading (—1)Pi =
(—1)P» = —1, then I, IAFj = I\ {j}, and IAjAk = I\ {j,k} can be chosen along
the same nesting path. By contrast, if (—1)Pi = —(—1)P%, then we see that I and
IAjAE have the same nesting level (for instance, if (—1)? = 1 and (—1)P* = —1, then
[IAjAK| = |[TU{j}\ {k}| = |I]), and therefore they cannot lie on the same nesting
path. In that case we should use the relations

Qraj (uf” + 1) Qa () _Tk g Qraj (qujAk:)QIAk(qujAk: —1) T
Q[Aj (ugn))ka(u?\) +1) T QIAj (u(IerAk - 1)Q1Ak(u§r2jAk) L5
(I1.188)

which arise by setting u = ul™ + 1 (resp u = ungjAk) in (T1.182).
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Finally, the Bethe equations are the set of K+ M — 1 equations corresponding to an
arbitrary nesting path (41,29, ixim):

Vm e [1,K+ M — 1],

(n)
le(u]m + 1)Q1m+1(u]nm))Q[m 1( - %) Ty | (IL.189a)
le(ufm - 1)Q1m+1(u1 + 1)@y, 1( ) Lim
i (—1)pim (1) 41
(n) (n)
Q, (0 + 1) Qs (o, >Qfm+1<ufm D _ i (I1.189D)
QL (uIm -1)@Q,._ ( )leﬂ(uzm) Limi1
if (=1)Pim= (—1)Pim1=—1
(n) (n)
1 ,
Or (U1 )Qme( )) — Lim (I1.189c)
Qr 1( )le+1< ) Timn
if (—1)Pim=+1 and (—1)Pm+1=—1
(n) (n)
u; +1 u i
O f"; )QI’“K)( In) _ Tims , (11.189d)
le_l(ufm)QIm+1 (u m + 1) Lim
\ if (—=1)Pim=-1 and (—1)Pim+1=+1

where Iy = {¢1,%2,-* ,m} - (I1.189e)

There, the cases and are obtained from . On the other
hand, is obtained from by choosing I = I, 1 U {ims1}, and j = imy1,
k = iy (so that I, 1 = IAg, Iy, = IAJAKk and [,,,1 = [Ak), whereas is
obtained from by choosing I = I, and Jj = iy, k = im41 (so that I, = IAj,
Im =1 and I, = [AE).

The Bethe equations should be viewed as a set of equations on the Bethe
roots ugn), which fix the @-functions on a nesting path (see , where the degree
of freedom «; is non-physical as can be seen from ([I1.180])). Given a solution of this set
of equations, we can write corresponding polynomial expressions (from ([1.183])) for the
@-functions Q;_(u) along a given nesting path, and plug them into the operators O;(%)
in the right-hand-side of in order to express the T-functions.

Of course, there exist other ways to prove the Bethe equations: interestingly one of
them is to ask that every possible pole vanishes when 7' (u) is expressed from (TI.170))
(see next section).

Case of the XXX, Heisenberg spin chain Let us now show that ([I.189) allows
to recover the Bethe equation ([.24]) of the introductory section the Hamiltonian
(I.1)) corresponds to the GL(2) spin chain, with all inhomogeneities set to 6; = 0. Then
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Qp1.0y(w) = u™. If we assume that Qy(u) is a constant (independent of u), then we can

write ([1.189) for the nesting path (¢1,12) = (1,2):

Quy@™ +1) / ™ \* __2 (11.190)
Quy (™ — 1) \u +1 . '
where u™ = uf{q)} : (I1.191)
or equivalently
a™ \" oz, e u™ —um 1 1102
(u(n)_|_1) _flf_lr!;[nu(")—u(mﬂrl' (11.192)

In (II.190) there is a minus sign in the right-hand-side, whereas the left-hand side reads

1L, ﬁ To get (I1.192), the factor 38%“83 is removed from the product, and
that exactly absorbs the minus sign.

The Hamiltonian ([.1)) is obtained in the limit g — 1, where 2 is set to 1. Then if

we change the variables as u(" = fepﬁ"pn, the left-hand-side becomes exactly e*  P» while
the right-hand-side becomes exactly [, n S (Pn, Pm)- Therefore exactly gives the
Bethe equation , found in the introductory section. In the next section we will also
see that this formalism allows to recover the correct expression of the energy.
Assuming that the Backlund flow exists and is polynomial, we derived Bethe equa-
tions which generalize the equation found for the XXX, spin chain in

the introductory section.

11.2.2.4 Energy spectrum

Under the assumptions of the previous sections (i.e. if the Backlund flow exists and is
polynomial), one can even recover the spectrum of the Hamiltonian.

If the T-functions are the eigenvalues of the T-operators defined in section [[I.1] for
spin chains, then the energy of a state is given by KJ%ML — 2 0y log T (u>‘u20' This
expression is simply the eigenvalue of the Hamiltonian H = IGLML —2 0y log TH (u) |u:0,
where the T-operator T*'(u) = T (u) corresponds to the fundamental representation
(it was also denoted T(u) in the section [[.1.1.2).

Therefore, we need to express T'!(u) in order to recover the spectrum of the spin
chain. From ([.159) we see that T"'(u) = T%’l(u) is the coefficient of z' in Wy(u; z). If

we express Wj(u; z) from (I1.170), we see that T"!(u) is obtained by keeping the term
in z' in one of the operators Oy, and keeping the term of degree 2° (which is equal to

Qéf(s) ) for all the other operators O;. That gives
K+M , ‘
Q. (u— (=1)Pu)Q, (u+ (—1)P)
TH () = Qglw) ) (~ )Py, —= ‘ 11.193
( ) @( ) ;( ) k Q]k_l(u> Qlk (u) ( )
where I, = {41,142, - , 11}, such that Ixov = [1, K+ M]. (I1.194)
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In the case of the spin chain with inhomogeneities 6; = 0, we get Q(u) = ul.
Therefore, if the length of the spin chain is L > 2, then @;(0) =0 and 9, Q@(u)|u:0 = 0.
8“TTT$) , and in (I1.193)), we can see

—0
that the terms & < K+ M — 1 contain the prefactor j(u), hence these terms do not
contributef|to 9,T (u)|,_, and to T(u)|,_,. By contrast, the last term k = K+M contains
@5(u) both in the numerator and the denominator, so that this term reduces to

Qpyepn, (@ — (=1)P) Qg u + (—1)Pxem)
Q1K+M,1 ()

which contributes to 0,T (u)|,_, and to T(u)|,_,. This term gives

au QIK+M—1 (u) . au QIK+1\/I—1 (u)

Q1K+M_1 () — Q1K+M_1 ()

To write the energy of a state, we want to write

Oylog T(u)|,_, = (—1)Px+mL +

—(=1)PK+M u=0

(11.195)

For the Heisenberg XXX/, spin chain, we have K = 2, M = 0, and the energy
E =L-20,log T(u)|,_, is equal to

E=-L+2 Z (3 log(u — u(”))’uzo — Oy log(u — u(”))’u:A) (I1.196)
:_L_2§: u@+4 = —L+4—4cos(py), (I1.197)
where the last line, which is obtained by the change of Variablesﬂ ul = W> coincides

with the energy ([.21]) obtained in section [L.1]

I1.2.2.5 Bethe equations for GL(K) with K > 2
The equations (II1.189)) (which reduce to (II.187) in the case of GL(K)) are often called

“nested Bethe ansatz” equations [Sut75|, and it is also possible to derive them by the
methods of the introductory section [[.I| though it is much more complicated than for
the Heisenberg spin chain. Instead of this study, let us simply mention in what sense
they are a generalization of .

To do this, we should remember that for K = 2, we have seen that each excited state
can be labeled by a different set of rootﬂ for the @Q-functions. This will be interpreted
in section [[I.3] as the fact that each eigenstate is associated to a different eigenvalue of

8Rigorously, this argument assumes that the Q-functions on the denominator have no zero at u =0
when k& < K+ M. As a consequence the argument holds provided the roots of the @Q-functions @, (u),
Qr,(v), -+, Q. n_1(u) are all non-zero. In fact, T (u) is a rational function of all these roots, and
by continuity, the expression will hold even if some QIj (u) has a zero at u = 0.

9 This change of variables was already used to express the Bethe equations in terms of the momenta
pn of the introductory section

10T hese roots u(™ were indeed associated (via a change of variables) to the momenta of the spin waves

of section

65



the Q-operators. These roots will be called Bethe roots, and for K = 2 they are identical
(up to a simple change of variable) to the momenta parameterizing the states in (I.19)).

For K > 2, the excited states should therefore be labeled by the K — 1 sets
{1 <n<dm} {ully 1 <n<dpy} oo a1 <n < dpo ko), where
d; denotes the degree of the polynomial @;(u). They are the Bethe roots which define
the Q—functionﬂ of the nesting path (1,2,--- K), and we will denote them as

umn) = uf{qu,mm} : if n < d™ where d™ =d{1 9. m) - (I1.198)

In , the integer m will be called the “level” of the root.

The Hamiltonian arises in the limit where ¢ = 1 and where Vi,u; = 0.
In this limit, we can write the equation (I1.189) at the nesting level m (i.e. we set
I=(1,2,--- m—1),j=mand k=m+ 1) to get

u(m,n) _ u(m,l) +1 u(m,n) o u(m+1,l)
H ulmn) _ yml) _1q H ulmn) _ (m+1) +1
|;én 1<|<d(m+1)
1<I<dm™)

(mn) _ y(m=-11) _ 1
u u
. H u(mn) _ 4 (m-1) =1 (I.199)

1<Igdm=1)

if2<m << K-1. We also get

(Ln) _ (LD (Ln) _ 42D

u u +1 u u

H a@n) — @) —1 H atm) —geh 1| 1 (11'200)
l#nm 1<I<d®

1<l<d

for m = 1, and finally

u(Kfl’n) — u(Kflzl) + 1 u(Kflvn) — u(K727|) — 1
H aE-Ln) _ g&-1) _ | H aEK-Ln) _ g(K-2))
B IS
1<I<d' ™~
(K_1>n) L
u +1
- (W) (I1.201)

for m = K — 1. These expressions are obtained exactly like in ([1.192)), and in particular
the minus sign in ([1.189al) is absorbed into the condition | # n in the first product of
each equality.

" There are only K — 1 sets of Bethe roots, because the Q-function Q@(u) = ]_[iL:1 u; is known, and
the function @y(u) is supposed to be a constant, which will be proven in the next section
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These three equations can be rewritten as

Vm € [[17 K — 1]] il p(m) (u(m,n)) . (m,k) /.- (m,n) (1)
Wnel[l,d™] ©  © = ] s™R@mn —uhy o (11.202)
ke[1,K—1]
le[1,d®)]
(k,1)#(m,n)

where the product on the right-hand-side runs over all the (k,l) such that k # m or
| # n, i.e. over all the other Bethe roots except the root u®™™ . In ([1.202)), we define

(m) (mn if m<K-1
p (u 1log ( — )J§1> if m=K-1"~ (11.203)
E—Zﬁ if k=m
wvkl f k= 1
S0y —yy = o 1f - 2 i X (11.204)
u—v—1
1 otherwise

The equation ([1.203) shows that the roots of level m < K — 1 have no momentum,
which is consistent with the analysis of section where we see, (in (I1.195])) that
only the polynomial @,  (u) contributes to the energy, which means that only the
roots u~1" are massive and carry an energy. The equation shows that the
interactions of “particles” (i.e. the roots) depend on their level, and that a root of level
m “interacts” only with roots of level m 4+ 1 or m — 1.

The form of equation ([1.202)) is very general, and it describes the integrable theories
with various different types of particles (labeled here by the level m): every excited state
is labeled by a set of variables (u(m’”)) satisfying , and its energy can be extracted
from these variables (see the next paragraph).

Hence if we manage to prove that these @-functions exist and are polynomial (which
we will do in the next section), then we get the spectrum of the GL(K) spin chain,
generalizing the results of section

Energy spectrum The eigenstates of the spin chain’s Hamiltonian correspond to so-
lutions of ([L.189), and we can also compute their energy as in ([1.195). For a GL(K|M)
spin chain, this energy is in general equal to —=L — 2 0, log Tl’l(u)‘uzo, and it can be

computed as in m, to get

9 ‘ (_1)piK+M
_ _ _1)\P: _

ne[1,dE+M-1)]

K+M

(I1.205)

where we should note that (—1)”+v = £1 denotes the GL(K|M) grading introduced in
section [[I.1.3], which should not be confused with the momenta p, of the “particles”.
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II1.3 Differential expression of Q-operators

In the previous section, we saw that if the “undressing” and “dressing” procedures apply
and give polynomial T-functions associated to subgroups GL(k|lm) of GL(K|M), then
(under the extra assumption that Qy(u) is independent of u), we recover the spectrum
of the Heisenberg spin chain and generalize it to higher-rank groups.

In this section, we will introduce original results of this PhD [12KLT], and we will
explicitly construct the whole Béacklund flow associated to a spin chain. This will allow
us to prove the assumptions of section “from scratch”.

To do that, we will define some Q-operators and T-operators at all levels of nesting.
they will turn out to have a very simple expression in terms of differential operators or
equivalently in terms of diagrammatic expressions. These expressions will allow to show
that they obey the linear system (II.154] which defines the Bécklund transform.

The construction of “Q-operators” which we give in this section is quite different from
the constructions introduced in the literature for several modelsF_z], and in particular, it
defines the Q-operators directly as operators and shows their polynomiality for these
GL(K|M) spin chains.

I1.3.1 Derivation of the simplest Q-operators, when L =1

To start with, let us see, in the case of GL(K) with one single spin (i.e. L = 1), how to
write operators satisfying the equations of section [[I.2] and in particular the TQ-relation.
In terms of generating series, this TQ-relation reads (for first level of nesting of
the GL(K) spin chain)

Wi(u; 2)Qg(u) = Wy(u; 2)Q;(u) — z;2W5(u+ 1; 2)Qy(u — 1), (I1.206)
where Wy (u; 2) EZ 2T (), Q;(u) = T9(u) (I1.207)
0=[1K], and 7= [1,K]\ {5} (11.208)

For a spin chain with length L = 1, we can insert the explicit expressions of Wj(u; 2)
and Qg(u) into this TQ-relation (II.206]). These expressions of W(u; z) and Qg(u) readﬁ

Wi(u; 2) = (u +- 27 ) w(z), and Qg(u) = Q(u) = u, (I1.209)

and allow to view ([I.206) as an equation on the function Wj(u; z) = Q;(u) + 2T5" (u) +
Z2T%’2(u) +

To find a solution to this equation, it can be interesting to remember, from section
11.2] what properties we would like from this solution:

12See for instance [Bax72, PG92, [BLZI97al [BLZ99, Hik01, BHK02a, FM03, [KMS03, [KZ05, Kor05),
BT06, BJMT07, BDKMOT, Koj08, BT08, [DM09, BGK™10, BEMSI10, BFLT11l [Stal2, [FEMSIID
FEMS11al [Tsul2].

13We remind here that ) = [1, K], and that the operators T**(u) defined in section are now also
denoted as T%’S(u).
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e In order to obtain Bethe equations, we want to find a solution where Wj(u; z) is
a polynomial in u. Moreover, one can expect that at each step of the “undress-
ing” procedure, the T- and Q-operators are simpler than at the previous step,
in the sense that they have smaller degree. Hence, we will look for a solution
where Wj(u; 2) is a polynomial of degree not bigger than 1 (which is the degree of
Wi(u; 2)).

e Moreover, we would like Q-operators to commute with T-operators. For 1 spin,
(I1.209) ensures that in the basis where ¢ is diagonal, all T-operators are diagonal.
Therefore, in order to commute with T-operators, we expect that Qj(u) is also
diagonal in the basis where ¢ is diagonal.

We therefore expect that, in the basis where g is diagonal,

Q;(w) =diag(aru+ Bi, agu+ Bo, -+, axu + Bk) (11.210)

To go further, let us notice that the left-hand-side of (I1.206) is equal to u Wy(u; 2),
which is a multiple of u. Therefore the right-hand-side has to be zero when u = 0, which
gives the following constraint on Q;(u):

gz Tj z
_(0) — (—1) =0. I1.211
0,0 - 720y (11.211)
Now, plugging ([1.210]) into (II.211]) gives
T 2 T 2z
_— ——— (O — =0 I1.212
which is solved by
3 Ok if k # j (11.213)
i :
T T/ xj J
o = iftk=3y. (I1.214)

Up to a normalization, we have then shown that for 1 spin, the Q-operator Q;(u) is given
by

u+1/(1—a1/xj)
wt 1/(1~ 2/5)

Q(u) = w2/ s) . (11215)

wek 1/(1 = a41/25)

.u—l— 1/(1 —zx/xj)

From this point, writing the solution of the TQ-relation ([1.206) with the required
analyticity properties is just a matter of plugging the expression of Q;(u) into (I1.206)),
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and deducing Wj5(u; z). But before we come to this point, let us notice that except for
one eigenvalue where the behavior is singular, the operator ([I1.215) can be viewed as

Q;(u) =u+1+ lfxij. If we change the normalization by an (infinite) factor w(1/x;),

we see that Q;(u) = [(u +1+D) w(l/:cj)].

In the next sections we will see how to make this claim more rigorous, with respect
to the singularities in this expression. We will also see that the generalization to more
spins is very simply obtained by replacing (u + 1 + D) with ®1L:1 (ui +1+ f))

I1.3.2 General expression of the Backlund flow

In section [I1.3.1, we have found the expression of the Q-operators for a GL(K) spin
chain with one single spin, at the first nesting level. Their form involves the limit of

[(u +1+D) w(z)] at z — 1/x;, which is a singular limit. Let us now generalize this

to L € N (but still at the first level of nesting), and we will see that the main identity
on co-derivatives which we just derived allows to write an explicit polynomial
solution to the TQ-relation ([1.206)) (which is simply the equation (II.158)), written at
the first level of nesting in terms of the generating series). The n = 2 case of the main

identity on co-derivatives (I1.117)) reads

(t—=2)W(u+ 1t 2) - Qz(u) =t W+ 1;t) - Wy(u; 2) — 2 W(u;t) - Wy(u +1; 2),
(I1.216)

where W(u; z) and Wy(u; z) denote the same object, but () is added to draw attention to
the similarity with equation (II.206)). In order to deduce from , it would
be very natural to define Wj(u; 2) = lim; 1., (1 — f) W(u + 1;t, z) which would give
Q;(u) = Wj(w;0) = limy_y/,; W(u + 15¢). Under this definition, would provide
an explicit polynomial and operatorial solution of the TQ-relation (I.206)).
Unfortunately (1 —2) W(u + 1;¢,z) is diverging at ¢ — 1/z;, so that in order to
identify the object Wj(u; ), we should first remove this singularity. To investigate this
singularity, it is convenient to write W(u; ¢, z) as a sum of ﬁ—diagrams. Such an expression
is obtained in appendix (see ), and though the exact expression is not crucial for
the present argument, it is instructive to see this expression, written below when L = 2:

W(u;t, 2) = ﬂﬂ+; ]]€ﬂ+ﬂllg + ; ]Iml +;;>; w(z)w(t),
o (I1.217)

where a double vertical line ﬂ at position i denotes the operator wl, whereas the lines
?

: gt 1 g z

—g t? 1—g t’ 1—g =z

] , - I ,and | denote respectively the operators il

]

1 1 2 2
We see that when ¢t — %, there are two sources of singularities:
J

andl1 .
g -

e The factor w(t) = H;{:l —— has a pole of order one at t — 1/x;. The pole is of

order one because we assume that all the eigenvalues z; of the twist ¢ are distinct.
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e cvery time a co-derivative acts on w(t) it multiplies w(t) by a factor £ gt -. The
Tj t

- has one eigenvalue (associated to the value z; of g) equal to s

operator 72
This eigenvalue has a simple pole at ¢t — 1/x;.

In order to have a well-defined limit at ¢ — 1/z;, we can then multiply (II1.216) by
(1—g )"

WD) to get
%(1 —g ) W+ 1;t,2) - Qz(u) = T(1 — g O W(a+ 1) - Wy(u; 2)
—?jﬁﬂ—gw@-wmwwmwu+ha.(um@

This now involves the operator )(1 — g H)®" - W(u+ 1;t, 2), which is a polynomial in
the variables ¢ and u. Hence the limit at ¢ — 1/z; is well defined. Let us then define

1
Wy(u; 2) = (1 — 2z ;) tﬁlilr%‘ m(l —g ) W+ 1;t,2), (I1.219)

=(1—zuz;) lim %)(1 — g t)%h. [@ (ui +1+ 15) w(t)w(z)] :

t—)l/zj w =
With this definition, the limit of (I1.218]) when t — 1/z; is
Wy(u; 2) - Qg(u) = Wy(u; 0) - Wy(u; 2) — 22 Wi(u — 1;0) - Wy(u + 15 2), (I1.220)

which exactly coincides with the TQ-relation (I1.206]).

Before we generalize this expression to arbitrary nesting levels, and to the super-
groups GL(K|M), let us elaborate on the definition ([[.219)), and see what it teaches
about the Bécklund flow. First for zero spin (L = 0), we get

z 1
ifL=0 then W;(u; z) = lim <1——>wz: = w5(z
(4 2) t—1/x; t (2) 1}111{1_ka 3(2)
k#j
(I1.221)
1
where wy(z) = Zx(l’s)(gl)zs = H T (I1.222)
520 jer Tj=

As expected, when L = 0 we recover the characters: Tp) (u) = x,(g,). For L > 1, it is
proven in appendix that the definition ([I.219) is equivalent to

®r

Wi(u;z) = lim L(1 —gt)® [

t—1/z; w(t) <ul +1+ D) w(t)wg(z)] - (I1.223)

The difference with (II.219)) is that the factor 1 — 2z z; was moved to the right of the
®iL:1 (ui + ]3), and multiplied with w(z) to get w;(z). If we expand ([1.223)) in powers
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of z, then we get

1
T (u) = lim —(1—g t)®".
(u) i w(t)( g e

0% (ui +1+ ]3) w(t) - (gj)] . (11.224)

At this point, we can generalize this expression to arbitrary levels of nesting, and to
arbitrary Young diagrams, in the GL(K|M) case: let us define the “nested T-operators”

ad]
. 1—gt;)®"
TV () = lim (—
7 (w) viel H ((w(ti))(l)pl
ti—>1/$i el
. (I1.225)
& (ui + ks —mz + f)) T ) =" | x.(9,)
i=1 i€l
where yy =u—1i, I={1,2,--- , K+M}\ I, (11.226)
k; = Card{i € I|(—1)P* = 1}, my = Card{i € I|(—=1)* = —1}. (I1.227)

Compared to , the definition (II.225]) contains the following generalizations: first,
it says that for an arbitrary representation, x(* has to be replaced with X,- Second it
says that for an arbitrary level of nesting, we should put several functions w(t;) on the
right of the co-derivatives. We should put one such factor for each i € I, i.e. for each
eigenvalue which is “removed” in the character x, (g,). Last, it says that for super-groups,
the definition should remain the same up to a few signs, which are chosen in such a way
that the equations of section are preserved (as we will show in the next subsections).

This operator T?) (u) is well defined because it is the limit (when ¢; — 1/z;) of a

polynomial function of ¢;. With this definition, Tg)‘) (u) is also a polynomial function of
u, and we will see that it obeys the commutation relation

vu, v, A LT (TP @), TV (v) ) =o0. (I1.228)

Like in section [[I.2] we will denote

Q;(u) = T9°(u) (11.229)
L
= &llrr% B;- [@ (ui + ]{Zj —my7+ f)) H[] , (H230)
tz—’l;f/l‘z i=1
(1 —g ;)" o
where |B; = [ier T 9 t) and |II; = Hw(ti)(’l) ‘. (I1.231)
I

iel

In what follows, we will show that they do indeed define a Bécklund flow, which will justify the
denomination of “nested T-operators”.
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We will also show that with this explicit definition of the T- and Q-operators, the
TQ-relation (II.158)) is satisfied, and that for each I, T(’\ (u) obeys the CBR determinant
formula. We will also show how the “dressmg” procedure discussed in section[[I.2.2.1] gives

a simple determinant expression of T )(u). Finally, this expression will allow to show
that these operators obey the linear system , which defines the Backlund
transform, and they also satisfy the polynomiality conditions out of which the spectrum
can be deduced (as it was done in section [[1.2.2.4).

11.3.2.1 Proof of the TQ-relation

The first thing which can easily be shown is that the TQ-relation is satisfied by the
operators defined above. At the level of eigenvalues, this relation reduces to the T Q-

relation which was written in ([1.158)).
Let us show that the T-operators defined above by ([1.225)) obey the TQ-relation

IA_]( u) - Q(uw) — QIA]( u) - T Ty () :%’T}Z;l(u +1)-Qilu—1). (I1.232)
At the level of generating series, this relation reads
Wiaj(u; 2) - Qr(u) — QIAj(u) Wi(w; 2) =25 2 Wiaj(u+1;2) - Qpu—1).  (I1.233)

On the other hand, a particular case of the main identity on co-derivatives ([1.127])
(proved in section [[I.1.5.2)) is

(I1.234)

From the definition (II.231]) of II; and B;, we can notice that w(t;)II;a; = II;, and
multiply by BIAj . B[ = B[ . BIAj7 to get

é)(ui+1+f)> w(z)l'h]-ij-[ (w +D) ng]
o |@ ) n

1

—t; Braj- [® <u1 + D) w(z )ng] [ .

i=1 i=1

z—t

= 2 Bipj- [é <u1 + 1+ D) w(2)Ia

(w+1+D) HI] .

(I1.235)
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ag

To get this expression we used the fact that for any IT = [[,_, (w(z))
we have the commutation relation

9
, and any u;’s,

L

(f(9)™", [@ (w+D) m

i=1

D —0. (11.236)

This relation was already shown in section if IT is the character x,, and by lin-
earity, it holds for an arbitrary sum of characters. It was shown in section m (in
the second proof of the main identity on co-derivatives) that IT = [[,_, (w(z))™ is a
linear combination of characters x,, hence the relation (II.236). This relation allowed to
commute the B’s through other factors in order to derive from .

We can now see that, in each term of , the factor to the right is a Q-operator
(in the limit Vi, ¢; — 1/x;). The other factors contain w(z) = Sdetﬁ (see appendix
[A). To produce the correct function Wj(u; z), we actually need to replace w(z) with wy(z)

or wraj(z) defined by (IL.146). To this end we multiply (T1.235) by w;fég” = L. to
IAj
get (in the limit Vi, t; — 1/x;):

lim  —t; Z/tJBI [®(ui~|—l+]5> w(z)H]].Qmj(v+1)

Vi, t;—1/z; m i=1

=z lim ;ij . [é (ui +1+ f)) w(z)Hmj] - Qy(v)

Vi, t;—1/z; wmj(z)

i=1
L
. li ti ( 1 D> I ‘ 1
Vi, trs g ) wrxz (2 Braj - [@ Ui + (2) IAJ] Q/(v+1)
(I1.237)

In the left-hand-side, in the limit Vi, ¢; — 1/x;, the factor ul):/tj becomes

a5 (%)

2% — 1 Ag it is shown in the appendix [B.3] this factor can be “commuted”
ijj(Z) W(Z)

to the right of the co-derivatives due to the presence of the factor Bj. In the right-hand-
side of (I1.3.2.1)), the same argument allows to commute the factor to the right

IAJ( z)
of the co-derivatives. If we remember that wi(z()z) = wyaj(2), we get
TA;
L
1, lim By [@ (ui—i— 1 +D) wI(z)l_L] Qv+ 1)
. -
- Vi, thgl/:c Braa @ (ui T D> wiag(2)Miag | - Qr(v)
I Z
— 1/[15.7 vi, }jgll/wz BIAj . [@ (ui + D> wmj(z)l_[mj . QI(V + 1) . (11239)
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This equation ([1.239]) can at last be written as

—1/z;Wr(v+1;2) - Qra (v + 1)
= 2Winj(v+2;2) - Qp(v) — 1/x; Wiaj(v+1;2) - Q;(v+1), (I1.240)

which is the TQ-relation ([1.233)) at point u = v + 1.
We have then proven the TQ-relation, at all levels of nesting, and the proof relied

mainly on the main identity on co-derivatives ([1.127)).
11.3.2.2 Hirota equation

It is also possible to show that at all nesting levels I, the T-operators defined in ([1.225)
satisfy the CBR formula

‘(ﬂ””ﬁ@+1—o) N

A 1<i,5<|A

TM(w) = e A ally (11.241)
[iZ Qi(u—k)

It is not straightforward to prove it with the methods of section [[I.1.4] because the
denominator is more complicated than just Hf;l u;, so that the expansion around u; — oo
would be less direct than in section [TL1.4l

On the other hand, it was shown in section that the CBR formula ({II.80))
is equivalent to the determinant expression ([I.119)), which is itself equivalent to the
bilinear relation ([I1.117)). By the same argument, the “nested CBR formula” is
equivalent to a determinant relation and to the bilinear relation

(1 —zn)Wr(u+ 121, 20) - Wi(ws 22, -+, 2n-1)
= aWr(u+ 121, 2021) - Wri(u; 22, -+, 2)
— 2 Wi 21, zn1) Wilu+ 1529, 2) (I1.242)

where  Wy(u; 2, ,2,) = lim  Br-
Vi, t;—1/x;
L

® (ui + ]3) wr(z)wr(zi)wr(z42) -+ -w](zm)l_h] , (11.243)

i=1

where II; and B; are defined by ([1.231)).
In order to prove the relation ([1.242)), one simply has to remember that w;(z) = w(z)

T wg(z)?
1

and that the appendix |B.3|allows to move the factor w0 to the left of all co-derivatives.
I

This allows to write

Wilw; 2, -+ 2m) = ﬁ Uﬁf(lzk> Vi, thgl/x Br- [® (ui + b) (ﬁw(z)) HI] '

i=1
(I1.244)
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Due to this remark, the relation is easy to prove from by choosing
IT =1II, (HZ;; w(z)), multiplying by B; (which commutes with the other operators)
and taking the limit ¢; — 1/x;.

This proves that the “nested CBR formula” holds, and as a consequence, the

following “nested Hirota equation” also holds:

T (u+ 1T (u) = TY ™ (u+ DT " (w) + T9* (w4 DT (u)|. (11.245)

Moreover, there is a general commutation relation

L
u—6+D @ (v—6+D) H’D —0, (I1.246)

i=1 -
which is valid when IT and IT', are of the form [[;_, (w(zx))™, as in ([1.128). This
relation is obtained from (II.100]), using the fact that IT and IT" are linear combinations
of characters, as shown in section 111.1.5.2 (in the second proof of the main identity on

co-derivatives). Due to the form (II.244]) of the generating series of the T-operators, this
commutation relation implies

Vuv,s, s 10, (TP ), Ty (v)) =0. (11.247)

Finally, the “nested CBR formula” ([I.241]) allows to deduce the commutation relation

v, v, A L0 (TP @), TV (v) ) =0]. (11.248)

I1.3.2.3 QQ-relations and Wronskian expressions

Let us now prove that the T-operators which we defined in equation ([1.225]) correspond
indeed to the Bécklund flow of section [[1.2.2] First, one can easily prove that the Q-
operators defined in ([1.230f) obey the following QQ-relation

ijIAj(u) Tk Qrak(u)

Quajar(w)Qrlu =1) = Qraj(u—1) Qap(u—1)

It is proven directlyﬁ from the main identity on co-derivatives, like in the proof of (I1.232)
(see [12KLTY).
As in section [[I.1.5] it is then straightforward to show that ([1.249) is equivalent to

the determinant expression

/(lﬁ —-$k) . (IL249)

(x;;lQmjk(u — 1+ 1)>

1<k, l<n
Qraj,Aj, A0 (u) = o ) (11-250)
TSR Alwjy, gy, 25) T2y Qru— k)
where A(zj,, 25, , 25 ) = ‘(x;-kl>1<k . (I1.251)

15 An other proof of this QQ-relation could be obtained by repeating the arguments of section [I1.2.2]
which allow to obtain (I1.249)) from (I1.232). But with this method, it is not straightforward to derive
the denominator (z; — ).
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which holds for arbitrary I C {1,2,--- K+ M} and 7,75, - J
distinct and obey

such that the 3, are

n

(=1)Pix =1 and g, ¢1
Vk € [1,n], or : (I1.252)
(=1)Pik = -1 and j, €l

In the case of the GL(K) group, this allows to write every Q-operator as a determi-
nant, in terms of the K + 1 operators Qy(u), Q;(u), Qy(uw), - -+, Qg (u) as

(:c;-’ij(u —k+ 1)) jel

1<k<|| _
A ((2);er) TS Qola = 1)

We will even see (in section that in this expression, the operator Qu(u) in the
denominator is a u-independent operator which commutes with all T- and Q-operators.
(In other words, Qy(u) = 1 up to a normalization).

For the GL(K|M) groups, a very similar expression is written as:

Qr(w) = (11.253)

(l‘;iij(u —k 4+ 1)) jeJ

1<k<|J|

Qr(w) = g , (I1.254)
A ((@rag)e,) TH Qpta = k)

where F ={j € [1,K+M]|(-1)» = -1} (I1.255)

and J=(FUH)\(FNI). (I1.256)

This result, is very natural in the notations above (it just follows from (II.250))), and
it was called “bosonization trick” in [IIGKLT], because it allows to manipulate the
GL(K|M) QQ-relations using the same expressions as in the GL(K) case. An important
difference with is nevertheless that the operator Qg (u) in the denominator is a

non trivial polynomial in the variable u.

Determinant expression of GL(K) T-operators Next one can easily show that
with these definitions of T- and Q-operators, the expression (|I1.170))
(which defines the “dressing procedure” derived from the TQ-relation) of the generat-
ing series of T-functions holds at the level of operators. Hence, we get an expression
of T-operators for symmetric representations in terms of Q-operators. By plugging the
expression ([1.253)) of Q-operators we can get a simple expression of these T-operators.
In the GL(K) case, that gives the expression

J 1< k<K

’(xl'—k-&-s 0(1—k) Qj(u —k+14s6001— k)))

O (e K . (IL257
(u) Q@(u ) A(Qfl,"' ,Z'K)Q@(u‘l’s_ 1) HZ(:Q Qw(u—a) ( )

1 ifn>0
where (n) = { 0 otherwise (I1.258)
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This expression can be used to express the T-operators associated to arbitrary Young
diagrams, by means of the CBR formula ([I1.80). This gives the following Wronskian
expression, for the GL(K) T-operators:

:l'—k-l—)\k . —k 1 A )
‘(:L’] Q](u + 1+ k) L<jheK

Az, o) T, Qolu— K + M)

V() = Qyu—K)-

(I1.259)

Of course, the same expression is obtained as easily at an arbitrary nesting level and
it reads

(o) Qla—k+ 14 M) ey

1<k<|1|

A ((@5);e) THL Qolta =k + \)

TV (w) = Qplu— |1]) - (T1.260)

which holds if |A| < |I]. By contrast, the T-operator is zero if |A| > |I|, because x, (g,)
is zero in ([1.225)). Here we can notice that the Béacklund transforms, which decrease
the size of the set I, simply amount to keeping the minor of the determinant
(I1.259)).

In order to generalize this to super-groups, it is instructive to show how this expression
simplifies for rectangular representations:

Rectangular representations First, one can notice that (I1.257) is equivalent to

Tls

K s+K 1 SO (u —
Z Ui (0 +5)Q(— 1) (11.261)

Q@ u+s—1)][ick<x (7 — )
k#j

This can be seen by expanding the determinant with respect to the first col-

umn, and noticing that the minors which remain are exactly Q-operators, because

they are of the form (IL.253)). For an arbitrary rectangular representation A, =

(s,8,...,8,8,0,0,...), the determinant can also be expanded with respect to
a times

the a first columns (in these columns, the Q-operators are shifted by Ay = s, whereas

A = 0 for the other columns). This expansion gives

s+K—a
T4 (u Z Qp(u+5)Qpu—a)[Tep i’ ’ (I1.262)

BC[1,K] Q@ u+ts— ) HiGB H]EE ('r"' - xﬂ)
|B|=a

where the sum runs over all subsets B C [1, K] of size |B| = a.
We see that this expression is a sum of terms of the form Q;(u+ $)Q(u — a) (times

a simpler factor). At a = 0, only I = 0 is allowed and we recover T%%(u) = Qp(u). At
a =1, I has the form {j} (see (I1.261))), and each time a increases by 1, the size of I is
increased by one.
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Of course the expression ([1.262)) is less general than (I1.260) (because it only applies
to rectangular representations), but we will see that it is much easier to manipulate, and
to generalize. Moreover, in the next chapters of this manuscript, we will never have to
deal with non-rectangular representations.

Expression of T-operators for super-groups If we reproduce the proof of ([1.257)
(i.e. we plug (I1.250) into (I1.170])) for the super-group GL(K|M), then we obtain

K sTK—M—-1 U (4 —
Tl,S(u) _ Z xj Q{g}( + S)QJ( 1) H (IL‘] B {L‘k)_(_l)pk

L<G<KAM Qo(u+s—1) 1<k<K+M
(—1)Pi=1 k#j

if s >M—K. (I1.263)

This super-symmetric generalization of ([1.261)) holds only if s > M — K, whereas if
0 < s<M-—K, one gets a slightly different expression:

T () = (-1 ) Qp(u— D)Qp(u+ ) [[ep it

FC[1,K+M] Qplu+s—1) HieF Hjef (25 — xj)(i
|F|=s
ViEF, (~1)Pi=—1

if s <M—K+1, (I1.264)

and although it is not obvious, the QQ-relations imply that these two expressions are
equivalent when s =M — K + 1.

If we use the CBR formula to express the T-operators for arbitrary represen-
tations, then it is not easy to recast the outcome into the form of a simple determinant
like . However, in the case of rectangular representations it is possible to write
expressions analogous to ([1.262)):

( Z Qp(u+5)Qg(u—a)[l;cp x;ﬁKiMia .
BC[1K]+M Qy(u+s—a) HieB HjeE (zi — ffj)(il) ’
|Bl=a

VjeB,(-1)Pi=1
ifs—a>M-K,
T (u) = (I1.265)
_ _ ) q—s-i-M—K

(_1)(1 s Z QF(u+ S)QF<u (I) HzGFx’L

—1)Ps
FC1,K+M] Qp(u+s—a) HieF Hjef (z; — xj)( )
|F|=s
VieF, (—1)Pi=—1

\ ifs—a<M-K.

Once again, we see that this expression is a sum of terms of the form Q;(u + $)Qz(u — a)
(times a simpler factor). If we first describe the domain s > a + M — K, we find that
at @ = 0, only I = 0 is allowed and we recover T**(u) = Qg(u). At a = 1, I has the
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form {j} where (—1)» = +1, and each time a increases by 1, I can have one more
element j,, which must have the grading (—1)P% = +1. When a = K, I contains
all the elements with grading (—1)P% = +1, and we reach a boundary of the lattice.
At the boundary we have TX*(u) = Qp(u+ s)Qp(u—K) (up to a factor containing
Qg(u) and the eigenvalues of twist), where B = F' = {j € [1,K+ M]|(—1)? = +1}
and F' = F = {j € [1, K+ M]|(—1)P»? = —1}. Next we can describe the domain where
a > s — M+ K. First we can notice that the boundary at s = M has almost the same
expression T*™(u) = Qz(u + K)Qp(u — a) as the previous boundary at @ = K. Then if
we decrease s up to zero, we still obtain sums of terms of the form Q;(u + s)Q7(u — a),
where [ has one more element at each step, and this element needs to have the grading
(—1)Pir = —1.

Therefore, we see that the structure of the determinant expression is essen-
tially the same as ([L.262), with a specificity that the indices with grading (—1)Pix = +1
are in some sense associated to the domain s > a + M — K, whereas the indices with
grading (—1)Pix = —1 are associated to the domain a > s — M + K.

Exactly like for the GL(K) case, the expression (I1.265)) can be generalized to arbitrary
nesting levels.

This concludes the “dressing” process, and shows that the Q-operators obtained by
the “undressing procedure” of fig [I1.7] explicitly constructed by equation (I1.225)), allow
to reconstruct all T-operators.

Backlund flow and spectrum of the spin chain We have obtained simple de-
terminant expressions for the T-operators that we have defined in ([1.225)), which take
the particularly simple form and for rectangular representations. These
expressions can also be written at an arbitrary nesting level (see for instance )

From this point, some identities on determinants [KLWZ97| (called Pliicker identities,
which generalize the Jacobi identity ) show that these determinant expressions
imply that these T-operators obey the linear system , which defines the
Béacklund transform. This means that we have an explicit, operatorial expression of
a Bécklund flow which satisfies all the expected analyticity properties (indeed, we have
shown that it is polynomial, and as shown in the next section , the polynomial Qg(u)
is a constant). As a consequence, this construction gives a derivation of the spectrum of
the model.

I1.3.3 Degree of the T-operators

By construction, the T-operators of the Backlund flow defined by are polynomial
functions of the variable u, and we will now show that their degree depends on the
eigenspace, and is explicitly given by the operator > jer M (where M; is the number
of particles of type 7). This means that for states |¢)) € Eup sy, i, (Where the set

Erg M, My Was defined in (11.132)), the state T?‘) (u) |¢) is a polynomial function of
u which has degree > ; M.

Proof. The most direct way to show this result is to write explicitly the expression
(I1.225)) in terms of D-diagrams.
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Using this method, we can first find the degree of the polynomials
Q;(u) = lim By - [@iLzl <ui + ky — mj—l—f)) HI} defined in (I1.230)). The expression

of [@1 1 <u1 + k; —my + f)) HI} in terms of f)—diagrams is given in appendix [B.1] It

is given by equation (B.26) when L = 2 and a general rule is given in appendix [B.1| to
write it for arbitrary L. It gives a sum of D diagrams multiplied by II;. This factor I1;

disappears when [®1L:1 <ui +k—my+ ]5) HI} is multiplied by B; = w
But this multiplication also introduces the factor [],.7(1 — ¢ #;)®", which means that

each line of every D-diagram should be multiplied by [Lc;(1—gts).
The consequence is that B;- [@iL:l <ui +kr —ms+ D) I 1} is a sum of ﬂ—diagrams,

where each double vertical line | correspond to the operator u; || jer(1— g tj), whereas

the line I denotes the operator g tx [[;c7,(1 — g ?;) and the line I denotes the
k k
operator [ ;.4 (1 — g t5).
Therefore, every dependence in u comes from operators 01(0) =u]] jef(l —gt;). If

we denote by (v;), <<KaM the eigenvectors of g, we see that in the limit ¢; — 1/z;,

viel, 09u)=0

Hence, the maximal possible degree in u of Q;(u) |vj1,vj2, o ,UjL> is the number of
indices i € [1,L] such that O!” does not give 0, i.e. the number of i € [1,L] such that
Jiel.

This proves that for states belonging to the set Eys as,,... i, the degree of Q(u)
is at most ., M;

In order to Conclude the proof, one can checkiﬁ that Qp(u) has degree 0 and is given
explicitly by

K+M K+M
H M! [T (@ = g /ay)™e (11.266)

1

T

In the right-hand-side, each My, is an operator, hence this identity means that for a state
W]) € EM17M27“‘7MK+M’ we have Q@(u> W)) = K+M Mk" HK+M(1 - xk/xj)Mk |77Z}>
G4k

For the GL(K) group, if one of the operators Q () had a degree smaller than M,
then we could write Qg(u) as the Wronskian determmant [1.253)) and obtain that Qz(u)
would be a polynomial of degree smaller than Z =1 M; =L. That is impossible because
Qg(u) = [1-, wi. Therefore each polynomial Q (j;(w) has degree M, and when we write
the Wronskian expression ([1.260) we deduce that Tg’\) (u) has degree >, ; M

For super-groups, the same conclusion is obtained by a slightly more complicated
argument, because we cannot use the relation (I1.253). If we denote by d(P) the degree

16This check is important, because the above arguments would not forbid Qp(u) to be equal to zero
(or to have some eigenvalues equal to zero).
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of the polynomial P, then the QQ-relation implies that

d(Qrjx) = d(Qq;(w) +d(Q; k() — d(Q(u)) (I1.267)
where I, 5,k =1U{j}U{k}, (I1.268)

even for super-groups. Then we can deduce recursively that d(Q;) = >_,c; d(Qy), so
that if any Qg;(u) had a degree smaller than My, then d(Qg(u)) would be smaller than
> ;M; = L. This allows to conclude about the degree of all Q-operators. Finally the
expression gives the degree of the T-operators associated to symmetric repre-
sentations, from which the degree is obtained for every representation, using the CBR

formula ([1.241)). ]

II.4 Relation to the classical integrability

As a conclusion to this chapter, it is interesting to note that, as explained in |[11AKL™]
this construction actually corresponds to a general property of the rational 7-functions of
the MKP hierarchy. This hierarchy arises for instance in the study of some specific partial
differential equations, which are called “integrable” in the sense that they can be solved
exactly. In this section we will not introduce completely the classical integrability{"] and
the MKP hierarchy, but the reader can find in [11AKL™| (and in the references therein),
an introduction to the subject, which emphasizes the tools mentioned in this section.

The aim of this section is not to cover in great details this MKP hierarchy, but rather
to explain that the construction of the previous section finds a natural interpretation
in this context. This shows that the main identity on co-derivatives out of which our
construction of the Backlund flow was proposed is not just a surprising identity very
specific to this model. It is rather a meaningful identity arising in lots of different
contexts, which would allow to generalize the construction to other integrable spin chains
(non polynomial ones, for instance), or to other integrable systems if we prove that they
are related to the MKP hierarchy.

In this section, we will restrict for simplicity to the group GL(K) as opposed to the
super-groups of the previous sections.

I1.4.1 The MKP hierarchy and the CBR formula

The KP and MKP hierarchy describe some sets of functions (called 7-functions) which
obey a given equation (see below). Several constructions are known for these functions,
and each of these functions allows to construct a solution of several integrable differential
equations.

More explicitly the 7-functions of the KP hierarchy are specific functions of an infinite
sequence t = (ty,ty, -+ - ) of variables called “times”. A function of t is called a 7-function

1"The name “classical integrability” emphasizes the fact that it solves differential equations on func-
tions, and not on quantum operators.
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of the KP hierarchy if it satisfies

7{ (6~ [ )r(t + [z )z = 0], (11.269)
C
27t 272 z3
where T(t + [Z_l]) =T (tl + T,tQ + 7’t3 + T =+ - ) , (11270)
and £(t,2) = Z e (I1.271)
k>1

In (I1.269)), the integration over the complex variable z is performed on a contour C which
encloses the singularities of 7(t — [z7])7(t' 4 [27!]) but not the singularities of 5t~
A very simple example of 7-function is the function

7(t) = T € (IL.272)

In this case the factor 7(t — [z7'])7(t' + [z7}]) in ([1.269) is equal to T(fz(f)l])T(t’)T([z_l])
which is independent of z and has no singularity. Then the contour C does not enclose

any singularity, and ([1.269) holds.
The modified KP hierarchy (or MKP hierarchy) is obtained by adding one more time

u. Then a function 7(u,t) is a 7-function of the MKP hierarchy if

Vn € N, ]{eé(ttl’z)z"T(u +n,t— [ ) 7r(u,t + [z )dz =0/, (I1.273)
c

where the contour C encircles all the singularities of 7(u+n,t —[z7])7(u, t' 4+ [27!]), but
does not encircle any singularity of e$(t—t2) 27,
Once again, a very simple 7-function of the MKP hierarchy is given by the function

T(u,t) = o5 £(tx5) (I1.274)

Expression in terms of Young diagrams These 7-functions are functions of the
“times”, but they can be transformed into functions t(u, A), which are functions of arbi-
trary Young diagrams A:

T(u,t) = sa(t)t(u, A) (I1.275)
where s (t) = ‘(h%_iﬂ- (6))1sen| - (I1.276)

where s, (t) denote the Schur polynomials, which can expressed in terms of the symmetric
Schur polynomials h; = s A defined by

02 =3 " hy(t)2" (I1.277)

k>0
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One can show that it is also possible to go the other way round and express T(u, \)
as

T(u, A) = sx(0)7(u, t)| (I1.278)

t=0

~ 1 1
where 0 = (@1, éﬁtz, gatg, .. ) . (11279)

For instance, for the T—functio T(u,t) = g Elbay) eZk%t’ctr(gk), the object

$x(0)7(u,t) is equal to s)(t)7(u,t) where
t = (tr(g), tr(Qg ), tr(?)g )’> :

Therefore the 7-function 7(u,t) = eZi=18(6%9) ig associated to T(u, \) = sy(t). To
understand this object, let us first write (I1.277)) to obtain hy(t):

(I1.280)

k
ktr(g")
— — eftr log(1—g=z)

> he()h = S0 = e
k>0

= w(z) (I1.281)

where w(z) = det 17; - =372, 2°x¥)(g) is the generating series of the symmetric char-

acters (see (A.58)). This immediately implies that hy(t) = x(®)(g) is the character of g
in the symmetric representation A 4. Then the equation ([I.276]) ensures that for an

arbitrary Young diagram A, s)(t) is the character x, (¢). This shows that the 7-function
T(u,t) = eXi=1€(673) g associated to T(u, A) = x,(9)-

Bilinear identities for 7-functions We have defined 7-functions as functions satis-
fying the relation (I1.273)), and we have shown that the simplest example of 7-functions
(I1.274]) was tightly related to characters. We will now see that the relation is
tightly related to bilinear identities, and we will later see that for well-chosen 7-functions,
these bilinear identities correspond to the relations obtained in section [[I.3|for characters
and for T-operators.

Let us choose n = 1 and t' = t — [2;7!] — [227!], and write ([1.273). The factor
ef(t=t':2) 2m ig then equal to

eﬁ([zl_1]+[z2_1]’z)z =2 ezk>l (II282)

(I1.283)

— o plog(l—z/z1)~log(1—2/22) _

1-20-2)
The prescription for the contour C in ([1.273) is that it should encircle all the sin-

gularities of 7(u + n,t — [z7])7(u,t' + [27!]), but not the singularities of e$(t-t2)zn,
Moreover, 7(u + n,t — [z7!])7(u,t’ + [27!]) is regular at 2 — oo where it converges to
T(u+n,t)7(u,t’), and that implies that the singularities of 7(u+ n,t)7(u,t’) lie only in
a bounded domain of the complex plane.

18 Here, g € GL(K) denotes a matrix with eigenvalues z;.
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Let wus consider a contour C, which encloses all the singularities of
S nr(u + n,t — [27)7(u, t’ + [27Y]). If we choose for instance a circle with a
large radius we can compute

‘% EED g Lot — )7 (u, b+ [27Y])de (I1.284)
COO

=2i721297 (0 + n, t)7(u, t') (I1.285)
=2z 27T (u+ 1, t)7(u,t — [z, — [227])  (11.286)

because the integrand is equivalent to 212z, w in virtue of m
The difference between the contour C,, and the Contour C of (I1.273) is only the two

singularities of e¢(t=¥2)2" at positions u = z; and u = z,. Thus, the difference between
these contours is

§ —f] (e D ) 0

= 21’17r21zl_z222 (w4 n,t — [ )T(w t' + [2171)
—zm(u+n,t — [z )7(u,t' + [227]))
- zmsziz (ar(u+ 1t — [z 7wt — [271)

—27(u+ 1,6 — [ )7(u,t = [2171])) (11.287)

Finally, (I1.273]), (I1.284) and (I1.287)) allow to conclude that

(21 = 20)T(u+ 1L, t)7(u,t — [217] = [227])
=u7(u+ 1,t — [z PDr(u,t — [227Y)
—mr(u+ 1t — [z ) 7(u,t —[z7"]) (I1.288)
This equation is a 3-term consequence of ([1.273)), and we will now show that the main

identity on co-derivatives is nothing but this equation ([I.288)), written for well-chosen
T-functions.

T-functions for spin chains In the previous section, we defined the T-operators as
TM(u) = [®1L:1 (ui + ]3) X, (g)] , and we would like to identify them with some t(u, A).

If we remember that T(u, \) = x, (g) was associated to 7(u,t) = e>#>1 wt(9") e see that
we have to define

L

e [® (ui + ]j) ekt trtr(gh)

i=1

(I1.289)

Then the T(u,t) are linear combinations of the previous T-operators, written as

T(u,t) =Y sa(t) TV (), (11.290)

A
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and therefore they commute with each other.
Let us now show that the main identity on co-derivatives ([1.127) is the statement
that the function T(u,t) obeys the relation (II1.288)).

Proof. First, let us see what T(u, t + [z7!)] means:

L -
Tl t+ 7)) = | (w+D) =l >“‘gk)]
Li=1
[ L
= ® (ui + f)) et log(1=9/2) .30k >0 tktr(gk)] (I1.291)
i=1
[ L
= ® (ui + D> w(l/z)H]
Li=1
where IT = Xzt ttr(6") (I1.292)

Therefore, if we replace t ~» t + [z17!] 4 [227'] in ([1.288), it reads

L

(le__ [@ (w+1+D) w(1/z)w(1/z)  [® (w+D) T

i=1 i=1

:i[@) (w+1+D) w(1/22)H]' é)(ulw) (1/21) ]
_l[é) (w+1+D) wu/zl)n]-[é) (w+D) w(l/z2>H] (11.293)

i=1 i=1

This is exactly the equation ([1.127)), and the condition IT = []}_, (w(zy)) (resp II =
[Th_; (w(z))™ in (IL.128)) corresponds to the case when t = 0+ [z1] + [2] + -+ + [25]
(resp t = > ,_, ax [2x]. The more general case (where t is arbitrary) can also be written
as a limit of t =) ;_, a; [2x] when n tends to co. O

We saw in this section that the main identity on co-derivatives is the same as an
important identity satisfied by the 7-functions of the MKP hierarchy. We will not detail
it here, but we showed in [11AKL™| that the main identity on co-derivatives (or more
specifically the equivalent CBR formula (I1.80))) allows to show that T'(u,t) is indeed a
7-function of the MKP hierarchy.

In the next sections we will see that another property of the T-operators, namely the
existence of the polynomial Bécklund flow defined in section [[I.3] is also related to the
properties of specific 7-functions of this MKP hierarchy (the rational solutions).

I1.4.2 The rational solution of the MKP hierarchy

The general polynomial solution of the KP hierarchy was constructed by Krichever in
[Kxi78| (see also [Kri83,[IDMKMSS]), and can be directly extended to the MKP hierarchy.
In this section, we will not reproduce in details this construction, but simply give the
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most relevant expressions which allow to compare with the Backlund flow introduced in
the section [L3l
The general polynomial solution of the MKP hierarchy is given by the determinant

‘(Ai(u —J t))Kz‘,jgN‘
Hf\]lplil

where A;(u,t) Z a;m 0" z“eE (t2) )

Hut) = (11.294)

(11.295)

z=p;
and it is labeled by an integer N > 0, by N numbers {p;}, by N numbers d; (which are
the degree of the polynomials Z(ut ), and by the coefficients {a;,}.

If we expand at large u, we see that

Ai(u,t) = a; gulipestP) 4 O (u®'p?) (I1.296)

and 7(u, t) = u> hiXin £t (ai,dipl 1<2 ]<N‘ T O (2ot ) (11.297)

By comparison, T'(u,t) has the large u asymptotic behavior
T(u, t) ~ uleXs= &) (11.298)

as can be seen in , from which we deduce that T(u,t) corresponds to N = K,
pi=x;and ), d; = L.

From there, one can see that A;j(u,t + [z7']) has a pole when z — p; = ;. That
allows to show that the residue of 7(u,t + [z7']) at 2 — z; gives rise to the smaller
determinant

(Ax(u=1t)) e

1<ISN—1
Hiej 2%

Hence, this residue is a minor of the original determinant, exactly like the Béacklund
transform reduces a determinant (eg (I1.259)) into its minor (eg (IL.260]). This explains
why the Béacklund flow was defined in by taking a very singular limit t; — 1/z;,
which amounts to taking a residue. A more detailed dictionary between this rational
solution of MKP and the Béacklund flow constructed above is given in [IIAKL™|, but we
can already see that the Bécklund transform comes from the limit z — z; of T'(u,t +
[27'])). But as we saw in ([L1.291), t ~> t + [¢7!] is equivalent to a multiplication by
w(1/z) on the right of all co-derivatives. Therefore, we recover the prescription
which says (for GL(K)) that every successive Bécklund transform inserts a w(t;) on the
right of the co-derivatives, and prescribes to take the limit ¢t; — 1/x;.

Moreover, as t is related (through ) to the choice representation for the aux-
iliary spacdﬂ, these expressions suggest that Q-operators correspond to a specific (actu-
ally inifinite-dimensional) choice of representation in the auxiliary space. This approach
is frequently used in the litterature (see for instance [DMO06, DMO09, DM11, BEMST0,
FLMS11b|) and can certainly be shown to be equivalent to the present construction.

19 Another way to phrase the same remark is by arguing that in view of ([1.63)), one should identify
what stands to the rigth of the coredivatives in ([1.225) with a character of some representation.
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Chapter 111

Thermodynamic Bethe Ansatze and
Y-systems
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As we saw in the introductory chapter [[.2] field theories (as opposed to the spin
chains studied in the previous chapter) may only be described by the Bethe ansatz in
a regime where the spatial dimension is large enough. Therefore this Bethe ansatz is
called the asymptotic Bethe ansatz. By contrast this chapter will be devoted to the
exact computation of finite-size effects in these theories.

A first step in the study of finite size effects was achieved by Liischer [Lus86al, [Lus86b],
who gave (order by order) the first corrections to the asymptotic Bethe ansatz.

But there are also several models for which an exact computation of finite size effects
can be obtained, in the sense that a set of (usually integral) equations can be written,
which give the exact spectrum of the theory for arbitrary value of the size L.. One approach
to get these equations is to define an integrable discretization i.e. to write a field theory as
the limit of a spin chain. This approach was introduced by Destri and de Vega [DdV8T],
and the corresponding equations are often called the “DdV” equations. This approach
was successfully applied to models such as the Sine-Gordon model and Toda theories,
but there still exist several field theories which are believed to be integrable at infinite
size but for which we do not know any integrable discretization.

Another method was introduced by A. Zamolodchikov [Zam90|, and is called the
thermodynamic Bethe ansatz (TBA). This method can be used for many relativistic
sigma-models, and will be introduced here in the example of the principal chiral model.
This thermodynamic Bethe ansatz seems very general, but one drawback is that unlike
the lattice discretization, it often leads to an infinite set of integral equations. It was
understood in [GKV09b| that in the particular case of the SU(2) x SU(2) principal
chiral model, this infinite set of equations can be recast into a single non-linear integral
equation.

This chapter will introduce an important original result of this thesis: the existence
of a general procedure, based on the Q-functions (expected to be the eigenvalues of Q-
operators constructed as in the chapter which allows to recast the TBA-equations of
many theories into a finite set of non-linear integral equations (we will call such a set a
“FiNLIE”).

In the present chapter, we will illustrate this method on the example of the principal
chiral model, (as in the article [IOKL]). As we will see in the next chapter [[V| we can
also apply this method to the AdS/CFT spectrum.

The section will motivate the thermodynamic Bethe ansatz on the example of
the principal chiral model. It gives rise to a set of equations which describes the spectrum
of this field theory. The derivation of these equations for numerous integrable models is
well presented in the literature, and the section does not aim at giving the most
rigorous proof of this construction. It is rather designed to introduce the key concepts
and hypotheses underlying the thermodynamic Bethe ansatz, and to show the equations
that arise from this procedure. These equations will be the starting point of original
works of this PhD, presented in the next sections.

The section gives the typical solution of the Hirota equation in several cases
corresponding to different integrable models (to a large extent this was already known
in the literature before this PhD (see in particular [KLWZ97]), but some of the results
presented here are original results [IIGKLT] of this PhD). As explained in this section,
this general solution is a key ingredient to write FiNLIEs. Finally the procedure allowing
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to write FiNLIEs is illustrated in the case of the principal chiral model, introducing
original results of this PhD, written in the article [10KL].

III.1 Example of the principal chiral model

II1.1.1 The asymptotic Bethe ansatz

In the asymptotic limit (when the spacial dimension is large enough), the solution of
the principal chiral model was obtained by Wiegmann and Polyakov in [Wie84, [PW83),
PW&4|. Let us briefly introduce the model and the main arguments and results of this
approach (though without proof).

The principal chiral model is a two-dimensional relativistic field theory characterized
by the action

=50 // dz dt tr ([0#h] - [0,h" // dz dt tr (b1 h) (III.1)
Qo

where the integration variable x is associated to a periodic space dimension of size L,
and the variable ¢ € R is associated to the time. The field h(x,t) takes values in SU(N),
and the index p refers to the direction x or t. This action is invariant under Lorentz
transformations on the one hand, and on the other hand under the transformations
h ~» h-gand h ~ g -h where g € SU(N) (these two transformations are called SU(N),
and SU(N), respectively). Therefore, this field theory will be called the SU(N) x SU(N)
principal chiral model.

The integrability of this model (in the sense that when L is large, the wave function is
described by the Bethe ansatz, and the spectrum is obtained from Bethe equations) can
be motivated by writing an inﬁnite set of conserved charges [Pol77|, and since the problem
is relativistic, the momenta in are parameterized by rapidities ¢; as follows:

pi =m; sinh(¢;) . (IIL.2)
They are also associated to energies
E; =m, cosh(¢;). (II1.3)

In the case of the Heisenberg spin chain, one can note that the function S (p p') (in

(L.15)) can be expressed as S(p,p’) = S(u —u’) where u = £~ and v’ = np"p - This
means that the spectral parameter u is an additive parameterization of the momenta.
For the principal chiral model, the Lorentz invariance imposes that such an additive
parameterization of the momenta is given by the rapidity ¢ and we get S (p1,p2) = S (9)
where ¢ = ¢; — ¢2. To have a notation similar to the section [[I| we will actually denote

by the letter u the quantity
N
= —¢. 1.4
u=5 6 (ITL.4)
In what follows, this quantity u is actually what we will denote by the word “rapidity”.
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In the equation ([11.2)), one can show that there are massive particles of mass my,
given by my = aAe_NTg (where A is a cut-off). One can also show (see the explanations

below and [PW83], [Wie84] for more details) that these particles give rise to N—1 different
types of bound states (configurations of multiple particles, labeled by a € [1,N — 1])
with respective masses

Me =My N where 1 <a <N -—-1. (IIL.5)

s
S1n N

In what follows this mass m; will usually be set to 1 by rescaling the length L into
a dimensionless parameterﬂ L ~» L m;. These massive particles carry spins for both
SU(N), and SU(N), i.e. the wave function transforms “covariantly” under the symmetry
group SU(N), x SU(N),. For the massive particles of type a = 1, the wave-function
transforms as the bifundamental representation ((CN), ® (CN) ) under the symmetry
group SU(N), x SU(N),.

Then the matrix S(py, p2) = S(u) is constrained by the relation ([[.27), by a unitarity
condition S(u) - S(—u) = 1 (analogous to the constraint that for two particles, the two
conditions can be recast into e = S(p;, px)), and by a crossing condition (see
(I11.9)) which describes how the S-matrix transforms when particles are replaced with
anti-particles. As shown in [ZZ79], this allows to fix the S-matrix uniquely (up to a
scalar factor y.,,) and to get for the fundamental massive particles (of type a = 1 in

(TILH))

510) = e (0) - So0) T 5 5 0) F). (116)
Ty T (=5) _ sinh(r4F)

where  Sy(u) = ()T (53) Xepp (U) = m, (IIL.7)

and Ry (u) @ Rp(u) = (ul+1P;, ;) (ul+1iP,,.) . (IIL.8)

This S-matrix acts on the spaces corresponding to the particles ¢ and j, like the operator
R(u) of spin chains (see ([L.17])), and the main difference is that the “physical space”
associated to each particle is ((CN) ., ® (CN ) »» Which contains two copies of CN. The
operator P;, ;. is the permutation operators (as defined in ([.2))) acting on the spaces
(CN)  associated to the particles ¢ and j, while P; acts the same way on the spaces
(€%,

The “crossing equation” [ZZ79] is the constraint

LsJL

(I11.9)

2
So(u+15)2xepp (u+15) _ u+il —1 u—15 +1
So(u—15)2xepp (u — 1) u+15 u—15

on the scalar part of the S-matrix. We will actually use another (slightly stronger)

In the Bethe equation, the mass and the length L only appear in the expression e! ' P = ¢i I ma sinhé,

which means that the eigenstates only depend on the product L m;.
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equation below

s N—1

2
u—1i1-5-=
H U+ 112)2 X epp (U + 1) = | ——25 (111.10)
N1 Ut
n=-—
which implies the previous one ([11.9). One can see that this equation actually comes
from

: N—1

2 u—1-~+
So(u+1in) = — ——2— . II1.11
H7 O(U ]ln) U+H¥ ( )

In m, we see that when N > 3, the non-trivial factor x.,, is a zero- moddﬂ
(in the sense that J] 2 T o Xepp (U + 1) = 1), and is not imposed by the unitarity

and crossing symmetry ThlS factor is actually chosen to have a minimal number (and
multiplicity) of poles in the S-matrix. Indeed one expects that the only poles of the S-
matrix (inside the physical strip —§ < Im(u) < §) should be simple poles and correspond
to bound states. In , the pole at u = 41 indicates the existence of a bound state,
made of two fundamental particles with rapidities ¢; = ¢ —1if and ¢ = ¢ +1ig (so that
u = 35 (¢1 — ¢2) = —1). This bound state has an energy m; (cosh (¢1) + cosh (qbg)) =

sm(2 ) Sin(W)

e cosh (¢g) and a momentum m; (sinh (¢;) + sinh (¢s)) = my () sinh (¢). T

y

in 2m
can therefore be viewed as a single particle of rapidity ¢, and mass m; Sf;g It is
N

also possible to compute the S-matrix describing the interaction of this bound state
with the fundamental particles, and then the pole structure allows to find other bound
states (corresponding to bound states of three particles) and to recursively identify the
spectrum ([IL5)).

As we see, these bound states with mass m, can be viewed as being made of several
fundamental particles with specific rapidities (such as ¢; = ¢y — 1% and ¢y = ¢ +1%).
Therefore we will restrict (for massive particles) to the fundamental particles with mass
mi.

Bethe equations To summarize the Bethe equations obtained in this approach, let us
first remind how the various excited states are parameterized. In the introductory section
it appeared that in the Bethe ansatz, the excited states are labeled by rapidities of
“particles” (denoting different excitations). In the present case, these “particles” are of
several types:

e Massive particles with the mass m; = 1 (after rescaling L.). We will denote by
01,02, -+ 040 the rapidities of these particles. These particles interact through
the S-matrix ([I1.6)).

2If N = 2, then the y.p, factor is equal to —1 which does not contain any information. This is
because there is no bound state, i.e. no pole of the S-matrix inside the physical strip.
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e “SU(N) Magnons” corresponding to the spin waves carried by the set of the SU(N),
and SU(N), spins of the massive particles. As we saw in chapter |[I| for an SU(N)
spin chain, the rapidities of these “magnons” are the roots of the N — 1 polynomials
@;, (u) along a nesting path and they obey the Bethe equations ([L189), (or (IL.202)

in terms of Bethe roots).

Here, by contrast, we have both SU(N), and SU(N). spins. Therefore, we have
two sets of polynomial @-functions corresponding to the SU(N), and SU(N) spins.
With  the notations of chapter 1!} these polynomials are

denoted as Q{1}( u), Q?PZ} (u), Q{12 -1y (u) for the SU(N), spins and
Q{l} (u), Q{Lg} (u), -+ Q%}g,..’Nfl} (U) for the SU(N), spins.

The rapidities of these particles can be conveniently encoded into the polynomials

wl (W) ZQU, . g (—5 — 1) if1<m<N-1 (ITL.12)
Q[o (w) =p(u) =[] (-16) (IIL.13)
(1) =Q) M if1-N<m< -1 I1.14
U) =Qp s . xtm) - —iu if1-N<m< - (I11.14)
m(U) =1 ifm=+N. (III.15)
Their roots u™" are defined as
d(m)
Qpumy(u) = H (u— u(m’”)) : (I11.16)
n=1

where m denotes the different type of “particles”, d™) denotes the number of particle of
type m, and {u(m’“)‘l <n< d(m)} is the set of the rapidities of all the particles of type
m.

The polynomial Q[O](u), which describes the massive particles, will be of special im-
portance, and it will also be denotedE| as .

One can notice that, compared to the @Q-functions of chapter [[I the change of vari-
ables above contains a “rotation” u ~» —iu. This is physically quite natural because in

1Pn

Chapter we had a change of variables u™ = —2%— (for the roots of the polynomial

1—ePn

Q{l 5. N—1} (u)). This relation implied that p, € R < Re(u™) = —3. That is why we

change the variables as Qm(u) = Q(R) Nl (—% — ﬁu). For other @-functions, we will

1,2, N—1
see that the change of variables ([II.12HII1.15]) allows to have real @-functions, and that

will allow to consistently write the thermodynamic Bethe ansatz.

Then the Bethe equations take the same form as , up to the change of variables
1 ) and up to the specific behavior of the massive particles, involving the S-
rnatrlx m We will also set the twist to one g = I (as compared to chapter .

30ne should not confuse the symbol ¢ in ([11.2} [IT1.3) with the symbol ¢ (which denotes the polyno-
mial @ (u)).
[0]
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Explicitly, these Bethe equations read

Vm € [-N+1,N - 1]\ {0}, Vne [1,d™],
Q- (U™ = 1/2)Qpuy (U™ + 1) Qpy 1y (u™™ — 8/2)

1= I11.17
: Qg (U™ +1/2)Qp (U™ —1)Qp 1y (utm) +1/2) (IL17)
Vn € [1,d"7],

i1 snn(Zo,) _ 1 Quy(0n —1/2)Qpy(0n —1/2) 11118
‘ 500) @y 0n T 37200, n T 5/2) (IIL.18)

d(0)
where S(u) = H So(u = 0)*Xepp (U — Oi) - (I11.19)

k=1

The Bethe equation (III.17)) describes the “magnons” (as in chapter [[I)) and is sometimes
called the “auxiliary Bethe equation”, as opposed to the Bethe equation ([II.18]) which
describes the massive particles.

This can also be written (in the spirit of (I1.202))) as

Vm e [1 - N,N—1] K p(m) (ulmim) )

X _ ).k (ymon) (DY E (111,20
Vn € [1,d™)], ke[[l—l;[,N—I]] ( | |
le[1,d™)]

(k,))#(m,n)

where the product on the right-hand-side runs over all the (k,l) such that k # m or
| # n, i.e. over all the other Bethe roots except the root u™". In (TI1.20), we define

0 if m=#0 (i.e. for magnons)
(m) —

P () { sinh (226,) if m=0 (ie. for massive particles) ° (IIL.21)

u—vit if k=m#0

if k=m=20
S0 (y — v) = Sl Xenp (4=) : (111.22)

— if k=m=+1

2
1 otherwise

These constraints give equations on the rapidities 6, of the particles. Each excited
state is associated to a solution of these equations, and the corresponding energy is

2m
E =Y cosh <N9") : (I11.23)

I11.1.2 Thermodynamic Bethe ansatz

The thermodynamic Bethe ansatz is based on a “double Wick rotation” trick which goes
as follows: in ([II.1)), the space is periodic x € [0, L] while the time ¢ € R is not bounded.
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It means that (z,t) belongs to a cylinder of radius L. This cylinder can be viewed as a
torus where one dimension has size L, and the other one has size R — oo. On this torus,
we can write the partition function Z as an Euclidean path integral, which is dominated
by the vacuum when R — oo (i.e. at zero temperature):

7 ~e R B0l R — o0, (111.24)

where Fj is the vacuum energy, and the symbol ~ denotes a logarithmic equivalent.

In this Euclidean path integral, the roles of space and time are symmetric, and they
can be exchanged (the corresponding transformation is called a “Matsubara transform”).
This means that Z can as well be computed from the same principal chiral model with a
space period R — oo and an Euclidean time period L. Back to the Minkowski signature,
it means that the time has an imaginary period L, which is equivalent to the existence of
an inverse temperature § = L. Therefore we see that a model with finite size is mapped
to a “mirror” model with an infinite size but a finite temperature. Fj is then extracted
from the free energy in the mirror model:

Bo(L) =f(L). (II1.25)

In this mirror model, the space period is R — oo so that the the Bethe equations given
in the previous section can be used to compute the free energy f(L). Although the Bethe
equations that we can write in this mirror model take exactly the same form as
, the roots u™m entering these equations are “virtual particles” which do not have
the same physical meaning as the original ones. Moreover, the finite temperature =L
gives a large number of (virtual) particles, and the Bethe equations have to be written
with such a large number of “particles” (i.e. of excitations).

I11.1.2.1 The string hypothesis

Let us investigate the properties of the Bethe equations for the magnons, in the
mirror model where the temperature is finite and thus each of the polynomials Q[m](u)
has a very large degreeﬂ We will motivate the statement that, in the “mirror” theory
with a finite temperature, the roots will be grouped (in the complex plane) in a very
specific way. This statement will be called the “string hypothesis”, as its derivation below
is not completely rigorous.

Let us assume that the Bethe roots contributing to the free energy are symmetric
with respect to complex-conjugacy, i.e. that there is no spontaneous breaking of the
symmetry of the Bethe equations , under complex-conjugation, then we

can see that if a given root u™m" (where m # 0) has a positive imaginary part, then

Q[m_u(u(m’n) - ﬁ/Z)Q[mH}(U(m’n) —1/2)
Q[mq] (ulmn) 4 ﬁ/2)Q[m+1] (ulmn) +1/2)

—0 (I111.26)

4We remind that the degree d™) of Q[m] (u) is equal to the number of particles of type m.
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becaus the polynomials Q[mfl](u(m’”) +1/2) and Q[mﬂ](u(m’”) +1/2) are real and their
degree becomes infinite when the number of particles is infinite.
Due to the Bethe equation ([I1.17)), we therefore expect that in this limit we have

u(mon) 4
% — 00, which means that Q[m](u(m’”) —1) — 0, i.e. that there existsﬂ another
]

Bethe root u™" such that ™) =y — 3 If ut™" — i also has a positive imaginary
part, then we can apply the same argument to deduce that there is another root with
rapidity u™" — 2i. Tteratively, we deduce that if a Bethe root does not lie on the real
axis, then it belongs to a set of roots separated by a distance 1. As we assume that
the configuration of roots is symmetric with respect to complex-conjugacy, these sets of
roots have the form

k+1
ulmklm) — (fmkln) g (a — %) where a € [1, k], (I11.27)

where k is the number of roots in this “string”. This labeling of the roots is illustrated in
figure which shows a simplified configuration of Bethe roots where only two types
of strings are present.

Here u(™#m) ¢ R is the rapidity of “the center of the string”, and the roots ™"
belonging to this “string” stand above and below it on the complex plane. This allows
to formally introduce a new type of particles labeled by [m, k], and which corresponds
to the strings of k elementary particles of type m.

This means that when m # 0, the polynomial Q[m](u) can be written in terms of the

real numbers u(™k:" which correspond to the centers of the strings:

d(im k]

Qpuny(U) = ﬁ 11 | f[ (u — y(tmEln) g (a - %)) , (I11.28)

k=1 n=1 a=1

where we have denoted by d(™*) the number of such sets of roots (of Q) (u)) which
have size k.

For the polynomial @y (u) (i.e. for massive particles) there also exist bound-states,
discussed in the previous section, and which give rise to the spectrum ([I1.5). Hence
for particles of type m = 0, we also write ([II.28]), with the important difference that
k < N —1, i.e. that these bound states cannot contain more that N — 1 roots.

The relation is the so-called “string hypothesis”, and it will guide us to find the
configurations of roots contributing to the free energy of the finite-temperature principal
chiral model.

5 To understand the limit (ITL1.26), one can think that if u™" = x + iy, then the ratio

(m,n) _ = 2 (m,n) _ - 2 i M
Zimjgz(mv"wzkig[miﬂEE““’")*"‘H;Q; is roughly speaking equal to (iig_‘_:;g) , where M denotes the de-

gree of the polynomial Qp, 1 (u)Q ) (u) (hence M is very large). But if y > 0, then |x + iy + /2| >
|x + 1y — 1/2| and we obtain q]@ in the limit M — co.

6 To motivate the existence of a Bethe root with rapidity u™") = u(™" _ i we assume that the
convergence Q[m](u(m’”) — 1) — 0 does not reduce to the same argument as in footnote

This can be motivated for instance by saying that the degree of Q[m] (u) is smaller that the degree of
Q[m_l](u) (resp Q[m+1}(u)) if m is positive (resp negative), as it was seen in section [II.3.3
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Using this “string hypothesis”, we should write the Bethe equations
for roots u™" which belong to a given string (i.e. u™m = ug[m’k]’n)). In fact, the
equation is not always completely well defined because the numerator contains
Q[m}(u(m’") + 1) which is zero if a < k (because ensures that @, (u) has another
zero at u™" + 1), and (by the same argument) the denominator is zero if @ > 1. There-
fore, we should write for each a € [[1, k] and multiply the resulting equations.

The most concise way to do this is with the notations of . With these
notations, one gets the following Bethe equation on the “strings™

Vm € [1 — N,N —1], Vk>1, vn e [1,dt D],

oi L D (u(Emkim) H Um0 (k) (50
jE[1-N,N-1] ’
=0
ie[[l,d([jv”)}]
([m,k],n)#([5,4],1)
(I11.29)
k—1 -1
. 2 2 .
where SNy —v) = H S (4 —v+1(s — ), (I11.30)
k-1 0 ifm#0
and p{™kD (u) = Z p(m)(u +1s) = sm%’“ . 2 ) . (IIL31)
~ ———sinh | —u ifm=20
s=—t5 sin 3 N

In , it is implicit that if m = 0, then k£ should be chosen as k¥ < N — 1. Moreover,
we see that the product in the right-hand-side of runs over all the ([j,[],i) such
that jZmor [l # k or i # n.

After taking the log, the equation ([I1.29) reads

Vm e [1 - N,N—1], VEk > 1, ¥n € 1, d™H],
2k m = —L plmi (lmalmy o N plm ) ) () (509)

je[1-K,K—1] , (111.32)
120
ie[[l,d([j’l])]]
([ m) £ (1111
; 1 .
where F-GD(y —v) = Zlog (SED-BD (4 —v)) . (I11.33)
1

Here 2 k 7 denotes an arbitrary multiple of 27.

This means that the rapidities u(™*:" of the centers of the strings are real
numbers, solution of an equation 2 k 7 = f(u(™*:") where the function f is a fixed real
function (if the rapidities of the other roots are fixed). All the rapidities u(™*:" belong

to the set {u‘%‘i) € Z}, but there can exist some values of u such that 2 Kk 7 = f(u)

which are not the rapidities u{™*:") of strings ([I1.27) of roots. Every such value of u is
called a hole.
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Possible configuration of Bethe roots :
“string” of type [1, 5]

=~
X\ X X X X X X X
u5[1 1) “string” of type [2, 2]
X\ X X X X X X X =
a2 u a0 o) O O O O Ow?2J0  eaw
K X% X% X% X% X% X% X%
w0 @) O O O O 0.0
X\ X X X X X X X
S5
X X X X X X X

([1,51.J)
1

X : rapidity u®" of a particle of type m = 1

. X

O : rapidity u®" of a particle of type m = 2

Corresponding densities :

Figure II1.1: The “string hypothesis” and the introduction of densities.

This illustration of the “string hypothesis” shows a simplified configuration of Bethe
roots, where only two types of bound states appear, namely the strings of type [1, 5]
(made of five particles of type m = 1) and the strings labeled by [2,2], which are
made of two particles of type m = 2. The rapidities of the particles inside a string
are labeled as in , and one real rapidity u(™k:") describes each string. The
position of each cross (resp circle) on the plane denotes the rapidity u®" (resp u®")
of a “particle” of type m =1 (resp m = 2).

Such a configuration can be described by densities (lower half of the figure) for the
rapidities ul™*:")  For instance, the density p(>?) stands for the frequency at which
the pattern of two red circles on top of each other is repeated.
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In finite temperature there are many particles (and maybe also many holes), and
we can introduce a density p of particles and a density p of holes. They have to obey

p+p= ]&,2 |. This relation says that the number | v (p+ p)du of holes and particles in
the interval [u, u’] is equal to the number |f(”—\ which is the number of times that

2J; takes an integer value in the interval [u, u’] (if f is monotonous in the interval [u, u']).

Therefore, we introduce densities of holes and particles for each type [m, k| of particles
(more precisely they are the densities p{™#) of the centers u(™*:") € R of the strings,
as in figure . As explained above, they have to obey the relation

m —([m L m m j j
plmth g plimtd — | g plmtd ) - 37 KRG (y — ) B () dy
je[l-K,K—1] V VER
1>0
(I11.34)
where KA. () = 2—8 log (S [, kD, (y — v)) . (I11.35)
im

In the right-hand-side, the integral [ . KRG (g — v)plil(v)dv can also be
written as K ([PED.(151) 4 p([ ) where

(fr # fo)(u / £1(u = V) fa(v)dv (111.36)

denotes the usual convolution.

In general the sign inside the absolute value (in ) is not completely obvi-
ous. But it is at least clear that when u is large enough this sign is positive, (because
= 9,p ™k (u) is very large). We will actually assume that the densities p and p are
analytic, and this imposes that this sign is always plus. Therefore, we will actually drop
the absolute value in ([11.34]).

Let us now introduce a new labeling for the densities (i.e. for the different types of
particles):

p2* =pllesh if s >0 (I11.37)
p20 =p0a) if s=0 (I11.38)
p* =pl=a=sD if s<0. (I11.39)

In this notation, the densities are labeled by two integers (a, s) € [1,N — 1] x Z. We will
use the same rule to label the densities p and the kernels K (for instance if s > 0 and
s’ > 0, then p** = pll*) and K»»*" = K(esD.(¢"sD) This choice of labeling may not
seam natural, but we will see that in these new variables, the equations on the densities
will turn out to be quite simple and universal.

II1.1.2.2 Minimization of the free energy

In order to compute the path integral (I11.24]), we should find the configuration of roots
having the lowest free energy in the mirror model. This free energy should contain two
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2:11 S;;% cosh (2 u) p(@9(u)du corresponding to the energy,

terms: one term E = [ o>
and an entropic term.

The entropic term [Zam90| corresponds to the fact that many configurations are
described by the same densities of roots. This counterintuitive fact arises because the
densities only contain informations about the number N, = p(u)d, of holes and the
number N, = p(u)d, of roots in a given interval [u, u + d,]. But the solutions of 2 k 7 =
f(u™ELmYy can be reshuffled between roots and holes in

(N, + Ny)!
(NI (M)!

different ways, without consequence on the densities p and p. As the entropy is the
logarithm of the number of configurations, one can show [Zam90| that the entropy is
equal to

/GR(erp)lOg(erp)_plog(P)—pIOg(p) du.

Therefore, the free energy is given by

Nl m@ 27
N a,0
E h|{— ’
( sinz (N u> pru)

f(L) = minpa,s’ﬁa,s/

ueR a=1 N
1 ~a,s a,s
LS g (1 N pas) + 5log (1 + pas) ) du, (IIL40)
p ac[1,N-1] P P
SEZ

where 5 = L.

The minimum in ({{I1.40f) is a minimum among all the possible densities which satisfy
the Bethe equation ([I[.34])). That means that if we vary p®® by an amount dp®®, then
p** has to vary by the amount

5ﬁa,s _ _5pa,s o Z Ka,s,a’,s’ % 5pa’,s’ . (11141)

a’€[1,N-1]
s'€l

With this constraint, the minimization condition reads

5f N-1 sin ma 271_ ~a,s a,s 57
O :L— = LZ - N COSh (WU> 68,0 — log <1 + Za75> - log (1 + p > _p (11142)

dp c sing pes ) op
Nolgip me 2 05 s
:LZ . 17\: cosh (—u) 050 — log (p ) + Z Ksa's’ log (1 + e )
— sin ¢ N pLs , pos
a=1 a E[[I,N—lﬂ
s'€Z
(T11.43)

This equation ([II1.43)) is the “TBA equation” , which is an equation on the ratio gz
We will see that if we denote this ratio by Y, ., then a simpler “Y-system equation”

a,s?
arises.
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I11.1.2.3 TBA equations and Y-system equation

The TBA equation ([11.43)) is an equation on two types of densities p and p. It can be
rewritten in terms of the quantities

P if s =0, (I11.44a)

v, ="
’ P if 5 0. (I11.44b)

pa,s

For instance, when s # 0, the TBA equation ([11.43)) is rewritten as
log (V,.) = > Ko xlog (14 (¥,0) ) if 5 40, (IT1.45)
a’'€[1,N-1]
s'ez

where the sign £1 is equal to 1 if s’ = 0 and (resp —1 if s’ # 0).
Then one can compute the quantity log (Y“’S(U+Q)Y“’s(u_2)) :

Y .Y
log <Ya,s (u + %) Ya,s (u B %)) _

> Km wog (14 (V) ™) . (1T146)
a’€[1,N-1]
s'eZ

a,s+1"a,s—1
Ya,s—i—lY

a,s—1

where Ka,s,a/,s’(u> = Ka,s,a’,s’ (U + %) + Ka,s,a’,s’ (U . %)

B K(z,SJrl,CL/,S/ (U) . Ka,sfl,a/,sl (U) . <III4.7)

But one can show (see equation (30) in [GKKVI0]) that this combination K is re-
markably simple:

if a =a’" and |s| > 1 then K595 (u) = 84 0110(u) + 049 _10(u) (I11.48)
if a=a"+1 and |s| > 1 then K595 (4) = —6, 46 (u) (I11.49)

whereas if |a — a/| > 1, then K®**" =0 for all s, s'.
From there, we get that if |s| > 1, then

Y;LS (U + %) Y;Ls (U B %) _ 1 + l/Ya,S-f—l 1 + l/Ya,s—l
}/G,,S-‘y-lYa,S—l B 1 + 1/Ya+1,5 1 + 1/Yva—l,s .

(I11.50)

This equation is called the Y-system equation.

In this equation, the factor 1 +1/Y, ;  (resp 14 1/Y, ;) should be absent if a = 1
(resp a = N — 1), because the sum over (a/,s’) (in ) does not contain s’ = 0
or s = N. The condition that this term is absent can also be written as a boundary
condition

Yo, = Ya, = 00|. (I11.51)

S
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Figure I11.2: The (a, s)-lattice for the principal chiral model

When |s| < 1, the derivation of the Y-system equation from the TBA equation
(I11.43)) is more technical. The case N = 2 is performed in [GKVQ09b|, where it is also
conjectured that it holds as well for N > 2.

It is a bit more technical, but the TBA equation ([I1.43]) also implies that
holds even when |s| < 1 (see for instance [GKV09D]).

Moreover, one can show [GKV09b|] that the free energy f(L) of the mirror
theory (or the vacuum energy Ey(L) of the original model) can be expressed in terms of
these Y-functions as

N-1 . ra
SIHF

Eo(L) = f(L) = —

1 2
— h{—u]l 1+Y d II1.52

As we saw, the thermodynamic Bethe ansatz gives rise to the TBA-equation (IIL.43),
which is an equation on the densities of roots and holes for the configurations of Bethe
roots which minimize the free energy. Solving this equation allows to compute the free
energy in the mirror theory with temperature, i.e. to completely find the vacuum energy
(of the initial model) at any finite size. This equation can be rewritten in terms of ratios
of densities, celled the Y-functions (see for instance ([I1.45))), and the resulting equations
imply the Y-system equation ([I[.50). This equation is very universal, and the same
equation describes the finite-size effects of several other integrable models.

A first point which characterizes this SU(N) x SU(N) principal chiral model is that
(a, s), which labels the different types of particles, takes values in [1, N —1] X Z, and that
in (LIL50), Y, ;. (resp Y, ) should be set to oo if a = 1 (resp if a = N—1). The lattice
of these authorized values of (a, s) is depicted in figure , where the circles denote the
values of (a, s) corresponding to a Y-function. The black disks in the middle stand for
the functions Y, ; which correspond to the massive particles. Apart from this property,
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the SU(N) x SU(N) principal chiral model is characterized by its large u behavior, namely

S 5
log (Y,,) + Lzlirrllg cosh (%u) 5.0 7 Cas- (II1.53)

where ¢, is a u-independent number. This condition can be read from the TBA-
equations , but it is not a direct consequence of the Y-system equation .
This means that the TBA equation ([11.43) is slightly stronger than the Y-system equa-
tion . Nevertheless we will see that it is sufficient to know the Y-system equation
on the one hand, and the asymptotic behavior on the other hand.

I11.1.2.4 Excited states

The construction given above allows to find the energy of the vacuum at any finite size,
but it does not apply to excited states.

What was proven for a few models, (and can be conjectured for many other models)
is that each excited state corresponds to a different solution of the Y-system equation,
with different analyticity properties (in particular regarding the existence of zeroes and
poles of the Y-functions) [BLZ97b, [DT96, DT99).

This means that the functions Y, ; are multi-valued functions of L, living on a specific
Riemann surface. Each sheet of this Riemann surface corresponds to one excited state,
and there exists a path connecting this state to the vacuum (which means that the
excited states are obtained by an analytic continuation from the vacuum). This analytic
continuation preserves the Y-system equation , the asymptotic behavior @ ,
and the form of the expression ([I1.52)) of the energy. For this last equation @ ,
an ambiguity appears for excited states because the integrand has singularities, and the
integration contour has to be specified|

A rigorous analysis of the analytic continuation from one sheet to the other seems
out of reach, but we will assume that for arbitrary excited states, there exists a choice of
contour such that the integral gives the energy of this state. Under some natural
hypotheses, we can find this contour for several models, and in the case of the principal
chiral model, that allows to go through a couple of non-trivial checks.

II1.2 General solution of Hirota equation

As we saw in the previous section, the thermodynamic Bethe ansatz gives rise to the
Y-system equation

Y+ Y- — 1 + Ya,s—i—l 1 + Ya,s—l
b 1 + 1/Ya+1,s 1 + 1/Ya71,s

(I11.54)

where we have a set of functions Y, ; = Y, (u) of the spectral parameter u, labeled by
two integers (a, s). In ([I1.54)), the dependence in the spectral parameter u is written as

"For the vacuum, we will see that the Y-functions are analytic (they do not have poles), whereas for
excited states, they have poles giving rise to the ambiguity in the expression ([II1.52)) of the energy.
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a superscript:

2

ff=f <u + 3) : (ITL.55)

This Y-system equation is a very general equation, which arises from the
thermodynamic Bethe ansatz for a large variety of models. We will see in this section
that its general solution is exactly given by the construction of the chapter [[I. This
remark will be the key point in order to recast these TBA-equations into a FiNLIE. It
is motivated by noticing that under the change of variables

T T
}/as _ a,s+1 “a,s—1 7 (11156)
7 Ta—f—l,s Ta—l,s

the Y-system equation is equivalent to the following Hirota equation

T T = ToiroTurs+ Tugir Tusr |, (IIL.57)

where the T, ; are functions of the spectral parameter u, labeled by two integers (a,s).
The sense in which they are equivalent, as well the proofs of this equivalence, will be
given in [[I1.2.2] while the present section only announces the key informations.

Up to the change of variables

~s N
T, (u) =T (—ﬁu + 2 > ° - Z) (II1.58)

this equation is identical to the Hirota equation ([I.101]) which we derived for spin chains.
For models with a known integrable lattice regularization, this result is not surprising
because the field theory can be written as the limit of a spin chain. But the thermody-
namic Bethe ansatz tells us that this Hirota equation even describes models without any
known integrable lattice regularization, and allows to study them very efficiently.

As shown in chapter , this Hirota equation is equivalent (for typical solutions on
the half plane a > 0) to the CBR determinant formulaﬂ

‘(Tl,s—i—i—j (ut+3(at+l—i— j)))1<i,j<a
i1 Too (u— 5+ 5(a — 24)

(111.59)

In this section we will write the general solution of the Hirota equation ([I1.57]) for
several boundary conditions, hence the solution of the Y-system equation ([11.54)). Before
we delve into this, let us note the nature of the relation between ([II1.57)) and ([I1.54)):

8 The expression ([I1.59)) for the CBR formula is identical to the expression (I1.80]) obtained in chapter
up to the change of variables ([I1.58]).
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one can note that Y,

a,s’

“gauge” transformation

written as a function of T, ; (see (ILL.56))), is invariant under the

T, , ~ gitlgl—slglerslgle=sip | (111.60)

a,s

(111.61)

where | fI7 = f <u +n%>

for four arbitrary functions ¢, ¢,, g5 and g, of the spectral parameter u. These functions
will be called “gauge-functions”. The Hirota equation ([11.57) is also invariant under
this gauge transformation. We will see that every solution of the Y-system equation
corresponds to a set of solutions of the Hirota equation, which are obtained from each
other by gauge transformations. The complete proof of this statement is more technical
than one would naively expect, and it is given in subsection Before that, we will
comment on the labels (a, s) in the Hirota and Y-system equations ([T11.54] [[T1.56] [[TT.57)).

I11.2.1 Examples of (a, s) lattice

In section we have derived that, for the principal chiral model, the indices a and s
labeling the various Y-functions belong to the set [1,N — 1] x Z. We also saw that the
Y-system equation is satisfied at @ = 0 and @ = N if we define Y, ; =Y, y = oo.

If we try to write that in terms of T-functions, we see that T, needs to be well defined

when (a,s) € [0,N] x Z, in order to be able to compute the ratio Y, —T‘l—s“#

a+1,s a—1,s
Moreover the requirement Y, , = Y, v = oo translates into 7", ; = 0 and TNi1s = = 0.

This is very natural and corresponds very well to the analysis of chapter [[I, where we
saw that the T-functions are zero outside a given domain of the (a,s)-plane. We also
saw that this domain depends of the symmetry group of the model (see the figure m

(page [35)) for GL(K) and the figure (page [39)) for GL(K|M)).

I11.2.1.1 The lattice S(N) of the principal chiral model
Let us denote by [S(N)],- and [S(N)], the lattices

[S(N)]ly ={(a,s)|la € [1,N—1] and s € Z} (I11.62)
S(N)]+={(a,s)|a € [0,N] and s € Z}. (I11.63)

We will say that Y, , is a solution of the Y-system equation on S(N) if Y, , is defined
for all (a,s) € [S(N)]y, and if it obeys the equation for all (a,s) € [S(N)]y,, with
the prescription Yj , = oo = Yy .. This prescription can be summarized by rewriting the
Y-system equation as

Ya—i—sY:z_s _ 1 + Yva,s-‘rl 1 + Y;,s—l (III 64)

(Y:z—&-l,s)l_éa N (}2_1,8)1—5@,1 (1 + Y-H 8)1_5G,N71 (1 N Ya_178)1_6a,1

As we have seen, the Y-functions of the principal chiral model are an example of functions
which obey the Y-system equation on S(N).
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We will also say that T, , is a solution of the Hirota equation on S(N) if 7, , is defined
for all (a,s) € [S(N)],, and if it obeys the equation for all (a,s) € Z x Z, with
the prescription 7, , = 0 for all (a, s) € [S(N)];.

With these definitions, we will see (in section in what sense the Y-system
equation on S(N) is equivalent to the Hirota equation on S(N).

We can see a representation of these lattices in figure (page[L02): the set [S(N)],,
of authorized values (of (a,s)) for the Y-functions is denoted by circles (and disks),
whereas the set [S(N)], contains all the nodes of the grid in the background.

This lattice corresponds to the symmetry group SU(N) x SU(N) of the principal chiral
model.

I11.2.1.2 The lattices w(N) and L(K, M) of GL(K) and GL(K|M) spin chains

For GL(K) and GL(K|M) spin chains, we have seen in the previous chapter that the
T-functions live on the “fat-hook” lattice of the figures and [[I.4] We will therefore
denote by [L(K, M)], the lattice

s20 and0<a<K

or
LIK,M)] ;=< (a,s) eNxZ| a>0 and0<s<M ;. (I11.65)
or

In the case of GL(K) (or SU(N)), we can choose to emphasize the inclusion
SU(N) € SU(N) x SU(N) by choosing a lattice included in S(N). Then we can define
a lattice

s>0 and0<a<N
[w(N)],=q (a,5) e NXZ or . (I11.66)
a=0 ora=N

We will say that T, is a solution of the Hirota equation on L(K, M) (resp w(N))
if T, , is defined for all (a,s) € [L(K,M)], (resp [w(N)];), and if it obeys the equation
(LIL.57) for all (a,s) € Z x Z, with the prescription T, , = 0 for all (a,s) ¢ [L(K,M)]
(resp [w(N)]).

The two lattices w(K) and LL(K, 0) are equivalent in the following sense: if T, , is a
solution of Hirota equation at every (a,s) € [0,K] x N such that T_, , =0, T, ; =0
when a € [1,K — 1], and Tyk,,, = 0 when s > 1, then T, can be continued into a
solution of Hirota on w(K) or into a solution of Hirota on LL(K,0) (both are possible),
by defining T, and Ty, (or T,,) recursively. For instance, for w(K), this is done by a

. . T 1 Tk . .
simple recurrence defining Ty , = —F—="= for s < —1. These two lattices are depicted

TK,5+2
in figure [[I1.3]
After the change of variables Y,

_ Ta,s+1 Ta,s—l
Ta+1,s T,

a—1,s

, we see that the authorized values for
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la
K .o K
2 2
1 1
0o 1 2 3 4 - 5 B 0o 1 2 3 4 5
(a) The lattice L(K, 0) (b) The lattice w(K)

Figure I11.3: The lattices L(K,0) and w(K) corresponding to the group GL(K)

Y-functions are

s>1 andl<a<K-1
or
L(K,M)}y =< (a,5) e Nx N a>1 and1<s<M-1 3| (I11.67)
or
s=M2>1 anda=K=>1

We see that the if K> 1 and M > 1, then at (a,s) = (K, M), Y y :%@ is

K+1,M TK—1,M

well defined. On the other hand, we get Yy, =occif s > M and Y, \, =0 if a > K. If we
plug this into the Y-system equation at (a,s) = (K, M), then the right-hand-side
is indeterminate, because it contains T’f/o. Therefore we will say that Y, ; is a solution
of the Y-system equation on L(K, M) if Y, _ is defined for all (a,s) € [L(K, M)],,, and if
it obeys the equation for all (a,s) € [L(K,M)], except (a,s) = (K,M). In this
Y-system equation, we use the prescriptions Y, =00, Y, ; =0, Y , = o0 if s > M and
Y,u=0ifa>K.

This lattice L(K, M) is depicted in figure [[I1.4 Physically it appears for the spin
chains of chapter [[I, but also for several fields theories, such as the Gross-Neveu model.

I11.2.1.3 The “T-hooks”, such as in the case of AdS/CFT

We will see in the next chapter that another shape of lattice occurs in the study of
the AdS/CFT spectrum. This lattice is called a T-shaped fat hook, or a “T-hook” in
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Figure II1.4: The “fat-hook” L(K, M): the lattice [L(K, M)], for Y-functions is denoted
by circles whereas the lattice [L(K, M)], contains all the nodes of the grid in the back-
ground.

Figure III.5: The “T-hook” T(2,3|2 4+ 1): the lattice [T(2, 3|2 + 1)],- for Y-functions is
denoted by circles whereas the lattice [T(2, 3|2 4 1)] contains all the nodes of the grid
in the background.
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IGKV09al, I GKKV10], and [Vollll, Vol12], and it is defined as

( s>20and 0 <a<K )
or
TEK,KM+M)] =< (a,8) e NxZ|s<0and 0 <a <K : (I11.68)
or
\ a}Oand—M'éséM)
( s>0and1<a<K-1 )
or
s<0and1<a<K -1
or
a>0and —M —-1<s<M-1
T(K, KM+ M)y =X (a,8) e NX Z or ,

a=K>1and s=M
ifM>-M+1or KKK

or
a=K >1and s = -M
L ifM >-M+1or K <K|
(II1.69)
where K, K’ M, M’ > 0. (IT1.70)

This lattice is depicted in figure [[TL5, and we will say that T, is a solution of the
Hirota equation on T(K,K'[M+ M') if T, , is defined for all (a,s) € [T(K, K'|M + M)],
and if it obeys the equation for all (a,s) € Z x Z, with the prescription T, , =0
for all (a,s) ¢ [T(K, K'|M + M)] .

Like in the case of the lattice L(K, M), the Y-system equation is ill-defined at the
corners (a,s) = (K,M) and (a,s) = (K, —=M’). Therefore we will say that Y, is a
solution of the Y-system equation on T(K,K'|M + M') if Y, , is defined for all (a,s) €
[T(K,K'|M + M)}y, and if it obeys the equation for all (a, s) € [T(K,K'|M + M)],
except when (a,s) = (K,M) and when (a,s) = (K',—M’). In this Y-system equa-
tion, we should use the prescriptions Y, = oo, Y, = oo if s > M, Y] 1y = if
s <=M, Y,y =0ifa>KandY, , =0ifa>K. These prescriptions are ex-
actly what comes from writing a ratio of T-functions which are equal to zero outside
the lattice T(K, K'|M + M), and they make the Y-system equation singular at positions
(a,s) = (K,M) and (a,s) = (K', —M").

I11.2.1.4 The Wronskian gauge

Let us now define a physical choice of gauge, which will fix part of the gauge freedom
of equation (I[II.60)). To this end, we should remind that the Hirota equation (III.57)) is
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equivalent to the Hirota equation of chapter [I[I| up to the change of variables ([II1.58]).
But in chapter , the (a, s)-lattice had a clear interpretation in terms of representation,
which allowed to say that for instance

T% () = T*%(u) = T (u). (II1.71)

Additionally, we know that for GL(K), x®*(g) = det(g)*, so that one can show (see
the relation (B.27)) in appendix [B.2)), that

TX(w) = T®%(u + s)det(g)* . (I11.72)

In the present section, we do not introduce any twisted boundary condition. This means
that we take the limit ¢ — I of expressions like (I1.63)) (this limit g — I is taken after
acting by co-derivatives). Therefore, we will disregard the factor det(g)® in (II11.72]).

After the change of variables ([11.58)), the constraints ([I1.71)) and ([II.72]) become
Ty. =Tho Ty =Too" Ty, =T (111.73)

In the thermodynamic Bethe ansatz approach, the gauge freedom (II1.60) allows to
restrict to T-functions obeying the constraints ([11.73)).

Proof. Let T, be an arbitrary solution of the Hirota equation on the lattice w(K). On
the boundaries of the lattice, the Hirota equation implies that there exist six functions
f1, f2, f3, f1, f5 and fg of the spectral parameter u, such that

Too=fif5" Too=fr fi Ty, =fE (II1.74)

because one term is zero in the Hirota equation on the boundary of the lattice (for
instance, at a = 0, we get T, To, = T 441 Ty .1, which implies that Tj, = f1[+S]f2_S]).
If we set
—2K] f[—2K
1 I 1

g, =—, gy =7, g, =—, II1.75
! f193 ? éK] ! f193 ( )

then the function T,, = glotsl glomsl glmats] g l=a=s] T,, gives the same Y-functions and
obeys the additional gauge constraints ([11.73)). O]

In the case of super-groups, we can also define an analogous gauge condition. The
first difference is that we do not have an expression like ([I1.72]), but on the other hand,
the expression ([1.265]) gives

Qp(u+5)Qp(u—K)

K,s .
T™%(u) o Quluts—K) if s > M, (II1.76)
a, Qpu+M)Qp(u—a) .
T*M(u) Quat M —a) if a > K, (I11.77)
where B ={j € [IL,K+M] | (-1)» = +1} (II1.78)
and F ={j € [1,K+M] | (-1)» = -1} (I11.79)
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where the symbol o« means that the equality is true up to a function of the twist,

analogous to the factor det(g)® in (I11.72)). If we perform the change of variables (I11.58)),
keeping in mind that Qu(u) is u-independent, then we get

T s :ng,_oﬂ Top :T(EI)&] Txrnm =Tk Mt for any n >0 (I11.80)

This condition generalizes to the lattice L(K, M). Like previously, the gauge
freedom (I11.60)) is sufficient to restrict to T-functions obeying the constraints
(the proof is as easy as above, and is left to the reader).

In what follows, we will often view the choice of a gauge obeying (or (TIL.80))
as a more physical choice, because if a lattice regularization turned out to exist and to
give a meaning to the T-functions (identifying the (a,s) labels to rectangular Young
diagrams), then the T-functions which would come out would satisfy the constraint
(50).

We will call “Wronskian gauge” the gauges which obey these conditions. One should
note that this requirement fixes only three out of four degrees of gauge-freedom (i.e. the
function g, in is not fixed by this argument).

For the lattice T(K, K'|M + M’) (which corresponds for instance to AdS/CFT), the

gauge condition ([[II.80)) can be generalized as
Too=Too"  Tainw =T —w-n Tionst =Tkaren  foranyn >0  (IIL81)

As we will see, the “Wronskian gauges” are gauges where Wronskian determinant
expressions (similar to ([1.260)) in the previous chapter) appear in the most natural way
(hence the name of Wronskian gauge). For instance, we used this gauge in the article
[LIGKLT], which gave the typical solution of Hirota equation on the lattice T(2, 2|2+ 2)
in the form of a Wronskian determinant.

I11.2.2 Equivalence of Hirota equation and Y-system equation

To see in what sense the Hirota equation and the Y-system equation are equivalent, the
first statement that we will prove is:

Statement 1. If T, , obeys the Hirota equation (LIL5T7)), then Y, , = %# obeys
the Y-system equation ([11.54))

a+1l,s “a—1,s
Proof. Let T, , be a set of functions which obeys the Hirota equation ([I1.57)). Then if

we define Y, | = ;“—rl#, we can notice that due to the Hirota equation, we have
’ a+1l,s *a—1,s
T T T T
14y =—__—@s-as 1+1/Y,, = —oses (I11.82)
@ Tafl,s a+1,s ’ “° Ta,sfl Ta,s+1
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We can then compute

1 + }/;L,s+1 1+ Ya,sfl

(111.83)
1 + l/Ya—H,s 1 + 1/}/;—1,3
_ T(j,_s+1 Ta_,erl Ta+1,371 Ta+1,s+1 ch,_sfl Ta:871 Tafl,sfl Tafl,erl (III 84)
Ta71,5+1 Ta+1,s+1 T;_Jrl,s Ta_Jrl,s Tafl,sfl Ta+1,371 T;;l,s Ta_fl,s
Tt T T T
- ptleetl el _y ey (11.55)
Ta+1,s Ta-‘,—l,s Ta—l,s Ta—l,s 7 '
which means that Y,  obeys the Y-system equation (II1.54). [

The next statement which we want to prove is the following:

Statement 2. IfY,  is a typical solution of the Y-system equation ([IL.54), then there
T T

a,s+1 Ta,s—1

Ta+1,s Ta—l,s

As in the section a typical solution of Hirota equation (resp the Y-system
equation), is a solution T, (resp Y, ) such that every small perturbation of a set of
initial data (see below) is associated to another solution of Hirota equation (resp the
Y-system equation), which converges to T, , (resp Y, ;) when the perturbation tends to
Z€ero.

For the lattice S(N), for instance, one possible choice of initial values is the set
of functions {}/a,()‘l <a<N-1land0<s< 1}, for the Y-system equation, and
{Ta70|0 <a<Nand 0 <s < 1} for the Hirota equation. Then a typical solution of
the Y-system equation on S(N) is a solution Y, ; of the Y-system equation such that, for
every small perturbation [Ya,0:|€ =Y, o+ O(e) (and [YaJL =Y, + O(e)) of the initial
values, there exists a solution [Ya,s]e such that Y, ; = lim. 0 [Ya,s]g' Similarly a typical
solution of the Hirota equation on S(N) is a solution T, , of the Hirota equation such
that, for every small perturbation [T(w]€ =T, + O(e) (and [TaJL = T,,+O(e)) of
the initial values, there exists a solution [Ta’s]e such that T, , = lim. o [Ta,s:|€'

An important properties of these typical solutions is that they are completely char-
acterized by the initial values (the various T- or Y-functions are expressed recursively
in terms of the initial values).

From the thermodynamic Bethe ansatz point of view, we will see (in the next sections)
that the solution of Y-system is typical when the size L of the spatial dimension is large.
If we assume that the Y-functions are analytic in the parameter L, it is quite natural to
expect that at any size L, the solutions are still typical.

Moreover, for the vacuum (the case when we can derive the Y-system equation), the
functions Y, ; are all positive (due to their definition in section @ as ratios of densities),
and we can directly show that all the Y-functions are fixed uniquely by the initial values
(because the iteration procedure cannot involve a denominator which is identically zero),
and that the solution of the Y-system equations is typical.

exists a typical solution T, ; of the Hirota equation (IIL5T) such thatyY, , =

Proof of Statement|[d. The Statement [2] is slightly trickier than the previous Statement
. We will prove it on a case-by-case basis (though we will see that the proof is identical
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for the lattices considered, and it will be detailed mainly for the (a,s)-lattice S(N) of
the principal chiral model (starting with the simplest case of S(2)). The idea of the
proof will be that, starting from a solution of the Y-system equation, we will find initial
values for the T-functions such that the initial values for the Y-functions are reproduced
(when we write the ratio of these initial 7-functions). From these initial values we

can (using the typicality condition) define all the other T-functions by recurrence so
Ta,s+1 Ta,sfl
Ta+1,s Tafl,s

equation and reproduces the initial values of the Y-functions, therefore it coincides with
the Y-functions for all (a, s).

that the Hirota equation is satisfied. Then the ratio obeys the Y-system

S(2) case Let us start with the simplest lattice S(2) (corresponding to the SU(2)xSU(2)
principal chiral model). In this case a = 1 is the only value of a for which Y,  is defined.
Assuming the typicality condition stated above, we have shown that an arbitrary solution
of the Y-system equation is uniquely fixed by the initial conditions Y} 5 and Y} ; and that
the typical solution of the Hirota equation is fixed uniquely by the initial conditions 7j i,
To1, Tigs Tiq, Tyo and T, . We can note that for this SU(2) principal chiral model,
the Y-functions are characterized by two initial conditions, whereas the T-functions are
characterized by six initial conditions. This is absolutely consistent with the fact that as
compared to the Y-functions, the T-functions have an extra gauge-freedom characterized
by four functions (see (II1.60))).

If we know a solution Y, ¢ of the Y-system equation, then we can write initial condi-
tions for the T-functions. They can be chosen for instance as

To,o = To,l = T2,o = T271 =1 (I11.86)
and T, 5 and T}, are solutions of
T Try=1+Y, THTo,=1+Y,. (I11.87)

We will discuss how to solve these equations, but for the moment it is enough to
say that solutions of (IIL.87) do exist. For instance, one can choose T;y(u) = 1 for

1+Y,, . Y .
Im(u) € [0,1[ and define T o(u) by recurrence as ——=* if Im(u) > 1 and as —* if

1,0 1,0
Im(u) < 0.

Then the (typical) solution of Hirota equation characterized by these initial values
gives rise to a solution of the Y-system which is characterized by the initial values Y]
and Y} ;. This proves that there exists a solution of the Hirota equation associated to
this typical solution of the Y-system equation (III.54)).

Case of S(N) For the more general lattice S(N) (corresponding to the SU(N) x
SU(N) principal chiral model), we can follow exactly the same argument as for S(2).
For the Y-system equation, one possible choice of initial values is the set of functions
{Ya,O‘l <a<N-land0<s< 1}. For the Hirota equation, a possible choice of initial
values is the set of functions {Ta,0’0 <a<Nand 0 <s < 1}.
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Given a solution of the Y-system equation, we can define initial values for the Hirota
equation which obey for instance

Too = Ton = Txpo = Tna = 1, (I11.88)

log (1 + Yls) log (TLS)

log (1 + Y2,s) log (T2,5>
and . =M- ‘ , for 0 < s <1, (I11.89)

lOg (1 + YN—l,s) IOg (TN—l,s)
D+ D™ —1
—1 D+D™' -1
where M = : (II1.90)
-1 D+ D! -1
—1 D+ D™t

and D = e2% . (111.91)
The equation ([II1.89) is simply the requirement that Tﬁ+ =1+Y, should hold.

a—1,5s “a+1,s

In order to show how to find T, ; such that holds, let us show how, for N — 1
functions y; = log (1 + 1/'173), Y2 = log (1+ Yl’s), s, yno1 = log (14 YN_LS), we can
find N — 1 functions zo, x1, - -+, xn_1 such that M - (z;)1<jen—1 = (y;)1<j<n—1. First
one can notice that if a solution exists, then the first component of M - (z;) — (y;) is
—x9 +a] + 27 — 1. If it is zero we get 2o = 2] + 27 — y1. Then the second component
gives 3 = :z:[+2] + xHO] + x[ 2 —yi — vy, etc. This gives

k—1

M - (z;)1<jen-1 = (¥j)1<j<n-1 = Vk, xp = 1+ Z — |,y (111.92)
I=1
where [ij, = D'+ D" +...4+ D' = Y D> (111.93)
Finally, the last component of the equation M - (z;)1<jen—1 = (¥j)1<j<n—1 gives the
constraint
b1+ Z —llpy=0. (T11.94)

One easily sees that this equation always has a solution 1, which can for instance, be
defined by recurrencdﬂ Out of this solution z;, we obtain a solution of the equation

9 Let us give a possible way to solve the equation IN]pz1 = f(u) : if we notice that
D Nt1(IN], = D7'[N—1],) = 1, we can define a solution of [N]pz; = f(u) as z; = 0 for
Im(u) € [0,N — 1] and then by recurrence as z1 = f (u—~32) — D™N[N — 1] y2 if Im(u ) > N-1,
and as 21 = f (u+ 531) — DN[N — 1] p2 if Im(u) < 0.
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M - (z5)1<jen-1 = (¥j)1<j<N-1-
This shows that we can find initial values { 0|0 a<Nand 0 <s<K 1} which

obey m and m Then a typical solution of Hirota equation can

Ta,s+l Tas 1 lt
Ta+1,s T ’

a—1,s

gives a solution of the Y-system equation which reproduces the initial values
{Y, 0‘1 a <N—1and 0 < s < 1}. Therefore, it reproduces all the Y-functions.

be built from these initial values, and after the change of variables Y, , =

Other lattices For other shapes of the (a, s)-lattice, it is possible to proceed the same
way to prove this Statement [2 The set of initial conditions may be quite different, but
the method is absolutely the same.

For instance for L(K,M), the argument is identical to the construction above,
if we wuse the initial values {le‘l <a<K+M- 1} for Y-functions and
{Too, Ty O}U{ .l }0 < K + M} for T-functions. An analogous of can be the
choice Too=Tio= T 01 = Txym1 = 1, and the other initial T-functions are expressed
from the equation at s = 1.

For the lattice T(2,2]4) of the AdS/CFT correspondence, the same argument can be
used with the initial values {YLS‘—?) <s K 3} for  Y-functions and
{Too, T} U{T, 8| < s <4} for T-functions. An analogous of the gauge condition

(II1.88)) can be the choice T00 =Ty, =T,_4,=T,,=1, and the other T-functions are

expressed like in (II1.89)), by using the relatlon L+1/Y, = HasTas [

Ta,sfl Ta,s+1

We have now proven that every solution of the Y-system equation corresponds to (at
least) one solution of the Hirota equation.

We can now prove a concluding result which states that the gauge transformations
are the only additional freedom in the Hirota equation as compared to the Y-
system equation. More precisely the statement is

Statement 3. If T, ; and T are two typical solutions of the Hirota equation ([I11.57))
T T T

such that “:“1 7 91 - = o then there exist four functions gy, g, g5 and g, such
a+ s ta s a+l,s ta— ls
a+s| |a—s| |—a+s| |[—a—s
that T, , = gi" g5 gs g T, ..

Proof. Let us write this proof for all the lattices L(K, M) and T(K,K'|M + M’) at once.
For all these lattices, the CBR determinant relation (| m holdﬂ

Then, we can use the relation # =141/ T“ o T“ ==L which is just the Hirota
a,s—1 " a,s+1 a+1,s a 1,s
: : Ta,9+1 T{L s—1 __ Ta ,s+1 Ta s—1
equation (see (II1.82))), to rewrite the condition T Ty, = Ta+1,s ~a_1’s as follows:
fas)ftas) [
— =1, where fr, ) = —2 . I11.95
Fas+1) fass—1) T, (ITL.55)

The general solution of this equation is f(,) = REPIRL where {hy} and {h,} are two
sets of arbitrary functions labeled by a € N.

9This CBR relation holds for all lattices such that T, ; = 0is a < 0 and T} , # 0 (at least for positive
s), under a connexity condition which holds for instance for (K, M) and T(K, K'|M + M').
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If we find four functions g¢,, g5, g5 and g, such that

ho=9195  hi=gg5,  ho=09s =930 (I11.96)
then we obtain the relation T,, = glotl gla=sl glrats] gl=a=s] T,, when s =0 and when
s=1. Due to the CBR formula, these initial data completely fix the

solutions T, ; and TM of the Hirota equation, which allows to conclude that
T,,= glotsl glomsl glmats] g l=a=s] T, . holds for arbitrary a and s.
Let us now show that a solution of ([I1.96)) does exist. For that, we can simply choose

a solution ¢, of the relation :—i = 9L (it can for instance be defined by recurrence), and

0 91
define g5 = Z—f. Then hg = g,95 and h; = g{ g5 are satisfied. If we also define g, as an

n - .
arbitrary solution of %2 = g—l and g, = Z—s, then ([I1.96|) is satisfied, which finishes the

92 0

proof. O]

Conclusion In this section we have proven the statement that every solution of the
Y-system equation corresponds to a set of solutions of the Hirota equation, which are
obtained from each other by gauge transformations. We have proven this statement in
the case of the lattices S(N) and T(K, K'|M + M’), and for their sublattices (K, M) and
w(K) ~ L(K,0) as well, so that we covered a wide range of possible thermodynamic
Bethe Ansétze. These simple properties will be used extensively in the resolution of the
Y-systems, for instance in section [[IL.3]

I11.2.3 Typical solution of Hirota equation

In the previous sections, we have seen that the Y-system equation describes the finite
size effects of several integrable models, and we have seen in what sense this equation is
equivalent to the Hirota equation .

We will now write the typical solution of the Hirota equation for different (a, s)
lattices. We will see that for the lattices IL(K, M) of spin chains, this solution will be
the same as in section [[1.3.2.3] More generally, we will see that for each of lattices
introduced in section , the typical solution of the Hirota equation (which is an
infinite set of equations on an infinite set of functions T, ,), is parameterized by a finite
set of g-functions.

Let us start with a statement [KLWZ97, [Zabh96, Zah98] for the lattice S(N) of the
SU(N) x SU(N) principal chiral model:

Statement 4. Let T, , be any typical solution of the Hirota equation on S(N).
Then there exist two sets of functions di1ys iy 5 dewys Py Ppays o0 Puwys and
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two additional functions q, and py such that

Vae[l,N], VseZ, T,.= Y oI,T)q p- (111.97)
IC[1,N]
[I|=a

( [717n+2l}>
(i} 1<k, l<n

n—1 [2k—n
[T qé) !

where qg;, 4, . iy = , 1< <9<+ <1, <N,

(I11.98)

[—1—n+21}>
‘ <p{i’€} 1<k,i<n
n—1 _[2k—n]
[Tim 20

In the expression , the sum runs over all subsets I C [1, N] having exactly
a elements. For convenience we can write I = {iy, i, - ,i,} where iy < i1, I =
[1L,NJ\ I = {41,752, ,jn_a} Where ji < jri1. Then the sign e(1,1) is defined as the
signature of a permutation:

and P, iy, in} = : 1<iy<ipg<---<ip <N. (I1199)

(,T) = (o), o(n) = { §Z|z| L ; I[[\1’+|§|,]]N]] | (I11.100)

where I = {i17i27 T 7ia}7 T = {jlaj?v T 7jN—a}a I < ik—‘rl? .]k < jk‘—i—l . (111101)

For instance, if N = 3 and a = 1, then ¢({1},{2,3}) = +1 = €({3}, {1,2}) whereas
[+s] [—s] [+s]_[—s]

({2} {1,3)) = —1. Hence T, = aii'pl,y — 'y + i3y
Proof of the statement [ Like for the proofs of the previous section, we will use a set of
initial values which characterize T, .. First, let us show that the T-functions T, T},
and {TLS‘O < s < 2N — 1} are initial values, in the sense that if we know these values,
then we can successively deduce all T-functions: first all T, can be expressed from
Ty and T ;. Then the Hirota equation allows to express {T275|1 < 5 < 2N — 2}, then
{T375‘2 <s<2N — 3} and iteratively up to {TN78|N —1<s< N}. As a consequence
the T-functions of {Ta,S‘O <s < 1} are expressed from these initial conditions. Finally,
a simple recurrence gives all the T-functions out of {Ta,s‘O <s < 1}.

The proof of will be obtained by finding functions ¢ such that holds
for these initial values and by deducing that it holds for all (a, s).

To this end, we can use the fact that if holds, then the following determinant
is zero:

21

(q{z’})
Vi e [1,N], ( pioki =0 (IT1.102)

Lk+1-3 ) 2<kb<N+1
1<ISNA+1
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For instance when N = 2, this determinant reads

[+2] [+4] [+6]
qﬁ?] {li+}31 {li+}41 =0 I11.103
Tl,o T1,1 T1 2 - ( : )

1 2 3
o

+2 +3 +4 +2 492 +4 +6 +2 12 4 16
here { (1, T T =P a aly diS) - p s ay agy)

1] 2] 43 0] ( [+2] [+4] [+6 0] ( [+2] _[+4] [+6
(T1[,1 }7 Tl[,Q ]7 T1[,3 ]) :p[{z]}(q[{u}v q[{1}]7 q[{1}]) - p[{ﬂ}(q[{Q}], q[{2}17 qgg}])

(II1.104)
The expression ([11.104) is directly read from ([I1.97)), and it implies that ([11.103)) holds,

because for any i € {1,2}, the first line is a linear combination of the last lines. When

N > 2, (II1.97) still implies that the determinant ([I1.102) is zero by the same argument.
Let us now go in the opposite direction, and assume that we have T-functions, but

we do not know yet whether ([I1.97) holds. Then, we can view the equation ([II.102))
as a difference equation'| which defines Apiy- This equation will be called the Baxter

equation. In general (i.e. under typicality condition on the T-functions) this equation

has N independent solutions, which we can choose to denote as A1y dgays “ 7 dyny
If we denote by v; the vector v; = (q!{j}? ], qgf‘ ], e ,qg}QNH]), then the independence of
these solutions means that the vectors {v;|]1 < ¢ < N} span the N-dimensional space
Vect {wy|2 < k < N+ 1} where wy, = (T1[4k__k%, T1[5k__k{, cee Tl[ii%__k%) Therefore wy, is a
linear combination of the vectors v;, and there exist functions oy ;(u) such that
N
wy, = Z Qi Vi (IIL.105)
i=1
N
. I—k+3 21
ie. VEe[2N+1], Vie[LN+1], T84 =3 aag. (I11.106)
i=1
For instance if N = 2, this equation reads
(TH, T, 1Y) =asn (@ afy s dity) + assagsy aghy > agay) (I11.107a)
+1] 2] p[+3 +2]  [+4] [+6 +2]  [+4] [+6
(TE5, TR, TEEY) =asa(a af s dty)) — asa(diays diay s dgy) - (ITL107D)
Comparing the expressions that it gives for T}, and T} ,, we deduce that az; = 04[2;2]
: 4 6 4 6 :
(assuming that (qﬁ}], qi}}) and (qg}], qg}]) are independent).
For arbitrary N, the same argument gives aji1; = aL}Q] = 04[2%1'_ 2k], if the vectors
0; = (q[{jf], qgf}, . ,qgf N+2]) are independent. Finally, if we define Pgy = 04[2;-2], then
the relation ([I1.105) says exactly that ([I11.97)) holds when ¢ =1 and 0 < s < 2N — 1.
Moreover we can find two functions g, and P such that for s € [0,1], T, , = qé;rs] pgs].
+
For this it is sufficient to find g, such that Zi’, = %, and to define p; = T}, /q-
0 0,0 ’

1By difference equation, we mean “discrete differential equation”, also sometimes called “recurrence
equation”.
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Finally, the determinant expression ([11.99)) is equivalent (because of the Jacobi iden-
tity (I1.103))) to the bilinear identity

VI C [1,N],Vi,j € I such that i < j,
PPrij = pl_,ip}_,j — p}fip;j, where I,i,7 =1U{i,7} (II1.108)

The Jacobi identity also implies that this bilinear identity is equivalent to

[n+1-20]
’ (1 {in} >1<k I<n
PG = : ) (IT1.109)

12, in } n—1 _[2k—n]
k=1 DPg

Therefore, we can express Ppy = Pgzxp Py = Pas—xp 0 Pt = Pazonogy in

terms of the functions pﬁ and p- deﬁned above.

To summarize the above Constructlon we have seen that if T, is a typical solution
of the Hirota equation on the (a, s)—lattice of the principal chiral model (ie. T, =0
if a < 0 or a > N), then we can define d1y> g2y > ANy Py Prays 5 Py and
qy and p, such that (IIL.97) holds when a = 1 and s € [1,2N — 1], and also when
a =0 and s € {0,1}. Moreover, there exists a determinant identity, analogous to the

Jacobi identity, which allows to prove IKLWZ97| that (II1.97)) is a solution of the Hirota

equation. Therefore the quantity 7,, = > Ic[[1 Ny €7, Iq; +] p[ ) is a solution of the
Hirota equation, which coincides with Ta,s for aiset of initial values. This implies that
T,,=T,.. O

In this derivation of (II1.97]), we have assumed that the difference equation ([11.102])
has N independent solutions, and that the vectors v; = (q&l}}, q?f ], x ,qE;fNJFQ) are

independent.

There exist non-typical solutions of the Hirota equations for which these hypotheses
do not hold, and for which the determinant expression does not hold either.
Though it is a bit more technical to prove, these hypotheses hold for typical solutions,
hence the statement [4] is a statement about typical solutions. As explained in the pre-
vious sections, this typicality condition should hold for the solution of Hirota equations
obtained from the solutions of the Y-system equations arising from the thermodynamic
Bethe ansatz.

In , we see that two sets of functions, denoted by q and p play a completely
symmetric role. In what follows, both of them will be called g-functions, although they
are denoted by two different letters q and p.

Expression in terms of forms Let us comment a little bit on the form of the expres-
sion ([I1.97) proven above. We will see below that the expression has the same
structure as the expressions for the rectangular representations of spin chains, written in
section of the previous chapter.

In particular they can be written as a determinant [KLWZ97]|, like for spin chains
where we saw that the expression ([1.262) (which has the same form as ([IL97)) was
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identical to the determinant expression ([1.259) (as it could be seen by expanding the
determinant with respect to the first lines). More explicitly, in the present case the

expression ([I1.97)) is identical to

[+s—1—a+2i]
(q{j } > 1<)

[-s—1—a—N+24]
<p{j} > 1<j<N

_ a+1<i<N—a
Tavs_ a—1 [+s—a+2k] yyN—a—1 _[—s—N+a+2k] | (IIIllO)

k=19 k=1 Py

For instance when a = 1, we see that if we expand the determinant ([II.110) with
+

N

AN
Q

,_.
N

respect to the first line, we get N terms where each term is equal to (—1)’¢ js times the
corresponding (N — 1) x (N — 1) minor. Finally, using the definition of multi-
indexed g-functions, we recognize that the expression and are identical
when a = 1. When a # 1, one can use the “generalized Laplace expansion formula”’, which
says how to expand a determinant with respect to several lines at once. If we expand
with respect to the a first lines at once, this formula gives a sum of terms which are
products of a x a minors (corresponding to the first lines) multiplied by (N —a) x (N —a)
minors (corresponding to the last lines), and we obtain that the Wronskian determinant
(TIL.110) is identical to the expression ([IL.97).

Another convenient way to rewrite this expression is by means of “exterior forms”
[I1IGKLV]|. Let us define N objects &, &, -+, &N, and an antisymmetric (and linear)
product A such that & A& A --- A&x = 1. Then the linearity and antisymmetry of the

product A imply that for arbitrary coefficients (c;;), <ij<ns e have

N N N
<Z Ci1 f1> A (Z Ci2 52) ARERRA <Z CiN €N> = ’(ciﬂ')l@l,j@
=1 =1 =1

so that we can view this product A as a formal antisymmetric multiplication of objects,
designed to give rise to determinants. In what follows, we call 1-form an arbitrary linear
combination of &, &, -+, and {y. The product of n (1)-forms is an (n)-form, and by
definition a (0)-form is a usual scalar.

Let us now rewrite, in this language, the expression of T-functions (which
is identical to the expression (I11.97))). To this end, let us define the (1)-forms

N N
) = Z iy i Py = Zp{i}& : (II1.112)
=1 i=1

If we also introduce the (n)-forms

, (I1.111)

[—n+1] [—n+3] [-n+5] [n—1]
_ 90  Ndgy Ny A A,
Ay = Cnt2 ontd  [n=2] , n>1, (IT1.113)
q@ q® PR q@
[—n+1] [—n+3] [-n+5] [n—1]
SO O O AL n>1 (I11.114)
Py = Crnt2] [—nid] [n—2] ; ) '
d(0) = o> Do) = Pp s (IT1.115)
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then we see that the formula (III.110)) can be rewritten as

T,o=dy) AP | (111.116)

_a)

Moreover, if we wish to compare this expression with the initial notation (II11.97
(111.99)), we see that (if i; < is < --- < 4,) the function Uiy g iy 1S the coefficient
of & N&iy N--- A&, In q,), and we see that the expression and are
identical.

The notation g (iriioe i} (with curly brackets around the indices) suggests that, as in
chapter [[I} we have

Vo € 8", (I11.117)

q{io'(l)7id(2)7"'7ia(n)} - q{ilai27"'7in} ’

On the other hand, as we see that Uiy in, o in} is the coefficient of &, A&, A--- A&, (which
is antisymmetric), it is actually more natural to use a notation (denoted without curly
brackets) where

Vo e 8", (IIL.118)

and qil,iQ,"',i" — q{i17i27"'7in}7 if 21 < 7/2 < - K /l/n . (111.119)

qio‘(l)7io(2)7""ic(n) = 6(0-> qilyiQ""»in ’

With this notation we see that q; ;, .. ; is the coefficient of & A&, A--- A&, in q(,. For
the simplicity of notations, we will try to use, as much as possible, this antisymmetric
definition, denoted without curly brackets.

We can also note that the definition ([II.113]) is equivalen@ to the following qq-

relation [Woy83| [BCFH92, BHK02b|, [PS00, [DDM™07]:

Qo jkde = 4 590 5 — 4 59 g - (II1.120)

“won

where “..” stands for an arbitrary set of indices, and where the Q-functions q; ;, . ,

defined in (IHI.118HIH.119D, are the coordinates of the form ¢, defined by (II1.113).

Generalization to other lattices Let us now generalize this result to other lattices
starting with the lattice w(K) (corresponding for instance to an SU(K)-symmetric spin
chain):

Statement 5. Let T, , be any typical solution of the Hirota equation on w(K) such that
the “Wronskian gauge” condition (LI1.73|) is satisfied. Then there exist K functions qy,
Qys * 5 Qg such that

— —a s —s—K]
T,,= (—1)(E-D(K=a) [(:)] A qEKia)] ’ (II1.121)
K
where q(;) = Z 4;Si » and qg =1, (I11.122)
i=1
_ _[-n+1] [-n+3] [—n+5] [n—1] .

12This equivalence has exactly the same proof as in section [II.1.5| where the Jacobi identity shows the
equivalence between a determinant expression and a bilinear identity.
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We can notice that the main difference with the equation is that for the lattice
S(N), (i.e. for the symmetry group SU(N) x SU(N)), we had two sets of N functions,
whereas here we only have one set of K functions (for the group SU(K)). Another remark
is that the gauge condition (I11.73) allows to set q) = 1.

This solution of Hirota equation was first introduced in [BLZ97a] for K = 2, and
generalized in [KLWZ97| to arbitrary rank K.

Proof. To prove this statement, we will first show that (when s > —1), T, is given

a,s

by the same expression ([11.97) (or (III.110) in terms of a Wronskian determinant, or
(II1.116)) in terms of exterior forms) as in the previous statement. Then we will translate

the additional constraint 7, ; = 0 (which makes the difference between the lattice
w(N) and S(N)) into a constraint on the g-functions, which will allow to prove that the
functions p, and g, coincide up to a shift and to a rescaling.

The construction used in the proof of the Statement |4f (page allows to find two
sets of functions q, Gy, *+*, qn, P1s Doy *+*, Py, and two additional functions g, and
py such that the equation (IL97) (or equivalently (III.116)) holds (at least for initial

values). In this construction, the two functions g, and Py simply have to obey

Vse[0,1], T, =g, p%—sl : (I11.124)

In view of the Wronskian gauge condition (IIL.73), we can choose q; = 1 and Py = Ty -

We can also notice that a particular case of (IIL97)) is Ty , = q%rs] p(%_s}. Then the gauge
condition Ty ;4 = Tf{,s gives pa = py , which means that p is i-periodic.
Compared to the Statement [4f (page [116)), another important difference is that now,

the T-functions should obey the boundary condition
Va € [1,K — 1], T ,=0. (IT1.125)

a,

In the proof of Statement , the equation (I11.97) (or equivalently (II11.116))) holds by

construction for initial values, and by recurrence it holds for every (a, s). In the present
case, the same recurrence proves that ([I1.97)) holds when s > —1. If s is smaller, then
the recurrence cannot be performed because it would involve a division by zero. But

this result is exactly enough to rewrite ([I1.125)) in terms of the expression ([I1.116)), and

obtain the vanishing of the following determinants:

[—a—2+2j]
(% ) 1<i
S

<K
Voe [LK=1],  Toi=| /ooy 0 | =0. (I11.126)
< % 1<i<K
a+1<j<K

At a = K — 1, it implies that there exist K — 1 functions ¢, such that

K—2
Py =Y e ay (I11.127)
k=0
K K
where p) = Zpifi, and q) = Z qéi - (II1.128)
i=1 =1

122



Then we can write the condition ([I1.126) at @ = K — 2. The determinant has its

two last lines made of functions p;, and in particular, the last line is pH)Q}. We have

just shown that p[(J{f] = 5;02 cEjﬂqEI)KHkH], which allows to replace the last line of the

+2] [-K+2]  [+2] [~K+4 +2) [+K—4] .
g, g drA e give
determinant equal to zero (where two lines are equal), and the only remaining term is

CEE]ZqEI)K”]. That gives

determinant by this sum. The terms c

( [—K+2j]>
2] d) 1<i<K
_CK—2 1<i<K -1 :O s (IIIng)

(p {i} > 1<i<K

where we can notice that the determinant is equal to Ty _; o # 0. Therefore we obtain
CK—92 = 0.

Next we can write the condition at a = K — 3. We can plug the expression
(II11.127)) into the last line of the determinant, and we obtain cx_3 = 0. We can the
repeat the argument for a« = K — 5, a = K —7, etc up to a = 1. That gives cx_o =

ck—5 = -+ = c; = 0. Hence we obtain that there exists a function co(u) such that
Py = o dpy) - (111.130)
Let us now find an expression for ¢y. To this end, let us write down

(q[—K+2j]> ‘

Ty 10 = Z s o (IT1.131)
(pi)lgz‘gK

_K— i —1)K7100
—(=1)% e | (o) S 11132
( ) Co (| 4G; 1<i j<K Dy K-1,0 ( 3 )

As compared to the gauge condition ([[I1.73]), this gives
co=(-1)*"p, . (I11.133)

Finally, we should rescale the functions g, in order to obtain the expression ([11.121]).
Let us define

1/K
6= fa,  where f= (pf" ) (IIL.134)

This definition is such that

To =ds pg =y (a7 ) (I11.135)
[—s]
~|—K— y s p
= ' <q£ K—1+2j+ ]) - K [—QK—1+2 i (I11.136)
1<i,5<K szl f j
_ ~['7K71+2j+s]> _ =[+] 11137
'(ql A (S ( )
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~[n—1]

where Gy =1, and g, = q, IA ) Ay forn>1. (II1.138)

To see this, we used the identity 57 = 1, which arises because p, is i-periodic.
j=1

[—K—142j+s]

We can also notice that (for s > —1)

(q[—K+2j+s}> ( [~K+2j+s]
i 1<i<K i 1<i<K
Ty i, = 1K1 | = ([ 1<j<K-1 (111.139)
’ ( [—S]> ( [—K—s})
b; ) 4q; .
1<i<K 1<i<K
p[*S*l] <€1'[L'7K+2j+81 1<i<K
—(—1) L = 1<j<K-1 (II1.140)
(fIK+s]) <(~1[fo3]>
‘ 1<i<K
—1~[+s ~[—K—s
=(—1)* gty Ay, (I11.141)
Therefore we have proven that T, , = (—1)&-DE~a) Z]EZ)S IA E]EI_{S__:)(] holds when a = K
and when a = K — 1, which implied™] that it holds on the whole lattice w(K). If we

finally rename the g-functions as ¢ ~» q, this proves the relation ([II1.121)). m

We can note that the solution ([II.121f) is very similar to the expression
obtained for spin chains. This is not a surprise because these two expressions are solution
of the Hirota equation on the same lattice w(K). More precisely we can see that these
expressions coincide up to the change of variables

. n - —tu—3% ~

k=1 l=k+1

The @-functions of chapter E obeyed QQ-relations which involved the eigenvalues x;
of the twist g (see (I1.181))), whereas after the change of variables ([11.142)), the qq-relation
does not contain a twist anymore (see for instance (11.108) and (III.120))). Moreover, we
see that in , we have defined the left hand side as an antisymmetric function of
the indices 11, 9, - - - , i,, motivated by the exterior forms formalism. In the right-hand-
side, we also see an antisymmetry which comes from the factor [, ,(z; — z). We
see that the twist is responsible for this difference between the present chapter and the
chapter [[T, where we explicitly constructed Q-operators which are symmetric functions
of their indices.

Another difference between the @Q-functions of chapter [[I]and the present g-functions
is that in general the g-functions are not polynomial. Indeed, they are constructed for
an arbitrary solution of the Hirota equation, which may or may not be polynomial.

Due to these differences, we use a small letter for the g-functions of this chapter,
as opposed to the capital letter of the @-functions of chapter [[I. The capital letter @
will also be used in this section to denote polynomial functions, whose roots will be the
rapidities of excitations (“particles”).

13Indeed, the set {TKJ} U { TK7175|< s <K - 1} can be used as initial value for the Hirota equation
on the lattice w(K) under the Wronskian gauge condition.
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For an arbitrary “T-hook” T(K, K'|M+M’), the typical solution of Hirota equation can
also be easily written in terms of g-functions. This solution is written in the statement
below, and it was first written for (K, K"+ M'|M) = (2,0/1) in [BDKMO7, [BT08|, then
generalized to an arbitrary lattice L(K,M) = T(K,0/M) (corresponding to GL(K|M)
spin chains) in [Tsul0]. For “T-hook”, the character solution (i.e. the solution of Hirota
equation without spectral parameter) was first written in [GKT10] for the AdS/CFT
“T-hook” T(2,2]|4). We then generalized it to the u-dependent Wronskian solution of
the Hirota equation in [IIGKLT], and the generalization to an arbitrary “T-hook” was
written in [Tsull]. The proof can in principle be obtained by the same method as the
Statement [5| (page , i.e. by first finding a Wronskian expression in terms of too
many functionﬂ and then showing that they are not independent of each other and
they can be expressed in terms of only K + K’ 4+ M + M’ + 1 functions. However, this is
more technical than for the Statement [f] and is not crucial for what follows, hence this
solution will be given here without proof.

Statement 6. Let T, , be any typical solution of the Hirota equation on T(K, K'|M+ M)
such that the “Wronskian gauge” condition (UL81) is satisfied.

Then there exists a set of functions Q;, Q,, ---, QK+K,+M+M, and an additional
function Q@ such that

(

—M+M K—K/7M+M’}

Ty oltet EEEGMEM | s KoK
> 1,19 Q; (I11.143)
IC[1,K] ifs>2M+a— K
|I|=a
_ . =K K+ M+ M g = K=K MM
e, Y Dot e gt 2 (I11.144)
T - 4
“ Fcuﬁ;ﬂ;ﬁr_]\?Mﬂ ifa>s+K—Manda> —s+K — M
I=[1,K]UF
= st =EEE MMy o —KEK MM
€us > e(1,1)Q; = lgh : (I11.145)
Mf / 4
| BC[[K+M+\B\:%ZK+M+ME ifs<—-a+K—-M
I=[1,K+M+M']UB
where €* | = (_1)(a+1+K+K/+M+M/)(s+K’+M’)’ (I11.146)
el = (— 1) KHKTMEAL) (T11.147)
and Q; = Q, where J = (FUN\(FNI), F=[K+1,K+M+ M],
(IT1.148)
N[—1-—n+21]
~ ‘(Qj’“ >1<kz,l<n . . .
and Qg i . iy = o Y , if j1 <ja <" <Jn. (IT1.149)
k=12

More precisely, we would a priori obtain 2K + 2 functions to describe the domain s > M + a — K,
plus 2(M + M/) + 2 functions to describe the domain where a > s+ K — M and a > —s, plus 2K +2
functions to describe the domain s < K' — M’ — a.

125



Moreover, the functions Ql, Qz, oy Qe ki 4nd Q@ can be chosen such that

[—1-n+2[]

\(QM ) '
~ 1<k, IS M+M
Qp = T g =1. (I11.150)

k=1

The letter Q (resp Q) denote here the @Q-functions associated to a super-group (and
to a lattice T(K,K'|M + M’) or L(K,M), cf figure and figure (page [108))),
whereas the letter g (in the previous statements) denotes the g-functions associated to
the group SU(K) or SU(N) x SU(N). The choice of a different letter is simply aimed at
preventing confusions in the chapter [V], and does not have a deep physical meaning,.

We can see that the expressions (III.143HIII1.145) have the same structure as the
equation ([[1.265): namely the T-functions are sums of terms of the form Q[I+a] Q[T_a]
where « is equal to a constant plus a or |s| (depending on the domain). In the row a =0
of the “right band” (which means the domain s > M + a — K), the set I is equal to (),
and when a increases, I acquires new elements which belong to [1,K]. Then we arrive
to the “upper band” (i.e. the domain a > s+ K — M and a > —s). At the boundary
(s = M) the T-functions are the same as at the boundary a = K of the right band,
and that is a consequence of the gauge constraint . Then, when s decreases,
acquires new elements which belong to the set [K + 1, K + M + M’]. Finally, in the
last domain s < —a + K' — M’ (the “left band”), the set I acquires the elements of
[K+M+M +1,K+ K +M+ M]. Therefore the set of indices [1,K] is associated
to the right band, while [K + 1,K + M + M] is associated to the upper band and
[K+M+M +1,K+ K + M+ MT] is associated to the left band. This structure is
summarized in figure (in the notation of exterior forms).

Like in the particular case of the lattice IL(K, M), which was studied in chapter
for spin chains, we will see (see (IIL154|II1.155)) that the QQ-relations are modified by
the grading of the indices. On the other hand the functions Q obey QQ relations which
are independent of the grading. This constructions comes from the “bozonisation trick”

of equation ([I.254)) in section [I1.3.2.3| (see also [ILIGKLT]). More precisely, the formula
(II1.149)) ensures the following QQ-relation, which is not grading-dependent.

Disizy iny 3:d6 vz sin = L iz sim, yQZ ia,- QZ inoein. Qi g in, ko (LI1151)
where Qi0(1>7i0(2>,...7i0(n) = ¢(0) Qllwln , for arbitrary o € S" (IT1.152)
and Q; 5, i = Qi in i) if iy <iy < -or <iy. (II1.153)

After the change of labeling ([11.148]), we obtain the following QQ-relations [Tsu98|
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Figure II1.6: The typical solution of Hirota equation for the T-hook T(2,2|2 + 2) of
AdS/CFT (expressions are written up to a sign)

BDKMO07, BT08, [KSZ08, [Zab08), [GS03, [GV0S8, T1GKLT:

( _ i (O- +
Qi17i27“'7in7 jkailviQf"yin _(_1)pj (Qilﬂ'z,' Jin, jQil,i2,~ Jin, k
+ —_
_Q117127 va .7 Q'Llﬂ’?? o 7ZTL7 k) ) <III.154)

if (=1)P = (=1)™,

(L 1\Pj _
Qil:iZ:'”vinv J'Qil,iz,'",in, k _( 1) ! (Qll,lz yin, Js szth, )%

_Q:ﬂﬁy Vin, jka;7i27“‘7in) ) (111155)

\ if (<1 £ (<1,
where Qia(l)%@),...’ig(n) =€(0) Qi iniin s for arbitrary o € S" (IT1.156)
and Qil,i2,~-~,in = Q{i1,i2,~~,in}7 if i <ig<--- <. (111157)
Here, the grading is (—1)» = —1 for the indices j associated to upper band, i.e. the

indices in [K + 1,K+ M + M'] (and (—1)P7 = +1 for all the other indices).
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Expression in terms of forms In terms of from, the expressions ([11.143HI11.145)) are
conveniently rewritten aﬂ

s+ K=K MM — KoK MM
Q(a) A Q(K a),K+1,K+2,-- K+ M+M'+K’ (IT1.158)
fs>M+a—-—K
w Aot =E=KMEMT) [—a— K=K pMaM)
T,,= 4 ea’s L ’Kv(M*SQ) (M'+s), K+1\3[+M’+1 JK+M+M/ +K’ (111159)

ifa>s+K—-Manda>—s+K —M

_ ’ _ ’

el Q[ s+ K+K +M M ] Q[+S_ K+K +M M ]
a,s =1, ,K+M+M/ (K'—a) =(a)

. ifs<—a+K -—-M

(111.160)

In the case of the T-hook T(2,2|2 + 2) of AdS/CFT, these expressions are summarized
in figure [[I[.6] The differential forms which appear in ([IL.I58{II1.160)) are defined by

b

Qaj...be(n) = Q(n)@,m,b = H (&8@) Q(n—&-l—i—b—a)’ ifa<b (111.161)
where Q)= Y Q. i L A& A NG, (111.162)
11 <1< <lp

Ey NEG N N&, it g e iy, ig, -+ ,in}
ar (SJ Ea)fl i i {() otherwise.
(111.163)

With these definitions, we see that the form Qa““ b(n) contains all the Q-functions labeled
by a set of indices which contains [a, b], and n additional other indices. Moreover, the
change of variable ([I11.148)) between Q and Q allows to compute the form Q(n) in (I11.162))
as a partial Hodge dua of the form Q(n) defined by

- . ~ KAMAM 4K

20 = On= >, 9k (IIL.164)
i=1

Q[(I)n—&-l] A Q[—n+3} A Q[—n+5] A Qn 1)

and Q(n) = , when n > 1.

(11L.165)

15The article [KLV12] will include a deeper study of these expressions written in terms of forms.
16 Hodge duality is simply a formalism to rewrite (in terms of forms), the change of variable
(I11.148]) between Q and Q. It says that up to a sign, Q(n) can be formally viewed as Zn Q(n) =

+ (Z(fl)pjzfl (& + agj)) Yo Q(n,), where a sum runs over all indices j such that (—1)P7 = —1.
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Freedom in the choice of the ¢-functions In section [[T[.2.2] we have seen that if
two different (typical) solutions of the Hirota equation give rise to the same Y-functions,
then they are equal up to a gauge transformation.

In the same spirit, let us now conclude the present section by a statement describing
the case when two different sets of g-functions give rise to the same 7T-functions: in such
a case, the two sets of g-functions have to obey the same difference equation ([11.102)),
which means that they are obtained from each other by linear transformation. Going
carefully through the construction given in the proof of the Statement || (page we
find the following statement, written for the lattice S(N) of the SU(N) x SU(N) principal
chiral model.

Statement 7. Let T, ; be a typical solution of the Hirota equation on S(N), and let g1y

dgays * > dgwys Py Pyays * 5 Doy and qy and py be such that (IL97) holds, i.e. such
that, in the notations ([I1.11Z111.115), we have T, ;= qHS] /\p[_s] - Let gy, Qpays -

(a) (N—a)
dgnys Ppiys Ppays <05 Py and Qg and py be another set of q-functions such that (I11.97)

holds, i.e. such that in these notations T, ; = QEZ)S} A f)E;\,‘ﬂa).

Then, there exists an i-periodic matriz H(u) € SL(N), and two 1-periodic functions

C(u) and F(u) such that

% N=27p753 ~ —1N-277j
by =FCT Hi'pyyy qgy =F'CY2H q (111.166)
Dy =F C"py, G =F"C"qy. (I11.167)

The converse is also true: one can easily check that this transformation does indeed
leave the T-functions invariant, and out of an arbitrary set of g-functions this transfor-
mation produces another set of g-functions giving rise to the same T-functions.

Here, the statement is written only for the lattice S(N) of the SU(N) x SU(N) principal
chiral model, but the same statemenﬂ can be written for an arbitrary T-hook. Actually,
even in the case of the T-hook T(2,2|2+2) of AdS/CFT, we will usually restrict to either
the right band or the upper band, where the Statement [7| written above for S(N) will be
sufficient.

I11.2.4 Gauge conditions and Wronskian expressions of the 7T'-
functions

As we have seen in the previous sections, the expression of the T-functions in terms of
g-functions is quite simple in the “Wronskian” gauges obeying the constraints .
We also said that an arbitrary solution of the Hirota equation can be transformed into a
solution which obeys these conditions, and this transformation will essentially fix three
out of fours degrees of gauge freedom.

This subsection will elaborate on the meaning of these statements at the level of
g-functions.

I7 In the case of an arbitrary T-hook, a remarkable difference is that if we write a statement which
generalizes the Statement [7} then H becomes a block-matrix, where several blocks of coefficients are
forced to be zero.
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Relaxing the gauge constraints Let us repeat below the constraints defining the
Wronskian gauges for the latticd™ T(K, K'|M + M’) :

Tos = Ty (I11.168a)

We can see that the Wronskian solution ([II.143HI1I1.145) of Hirota equation directly
implies the condition (III.168b]). Thus, this condition is necessary in order
to write the Wronskian solution of Hirota equation. On the other hand, Wronskian
expression ([11.143(I11.145)) of the T-functions does not directly imply that 7}, , = Té}ﬂ.
As a consequence, we see that although the condition is physically meaningful,
it is not necessary in order to write the Wronskian expressions of T-functions.

For instance, for the lattice w(N), we see that the condition is reflected
in the Statement [5| (page by the relation dQoy = @9 = 1. If we relax this gauge
constraint, we obtain that the general solution of the Hirota equation on w(K) such that

Ta,(] :TO,fa and TK,s —10,-K—s
is given by
— —a —s—K

T,,= (—1)E- DK )QEZ)S] A qEK_a)] 7 (I11.169)

K

i=1

[=n+1] [-n+3] [-n+5] [n—1]
_ 9y Ny N4y A Ay, :
and q(,,) = ATy —y o] ifn>1. (II1.171)
q@ q@ PR q@

At the level of these expressions, the only difference, compared to the case when the
gauge constraint is enforced, is the presence of a denominator in ([1I1.171]).
Similarly, for the case of the T-hook of Statement |§| (page , the same Wronskian
solution holds if we do not impose the gauge condition , but we only impose
. The only difference is that in this case, the condition does not hold

any more.

Gauge transformations and q[-functions Let us now investigate the form of the

gauge transformations T, , ~» gla+s]géafs]gi[;a”]gfafs] T, . preserving the gauge con-

straint ([I1.168bf). First, in order to preserve the gauge constraint ([1I1.168h]), we require

that the condition % = 1 still holds after the gauge transformation. This imposes
M+

g£+K—M+1] g:[))-i-M—K—l] B
M—-K+1 K-M-1]
gy M ghrre

1.

18The other lattices w(K) and L(K, M) for which the Wronskian gauge was defined in section [IT1.2.1
can be viewed as sublattices of T(K, K'|M + M’).
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Without loss of generaht we can deduce that gHK M= gz[:’M_K]. If we proceed the

K/+1,—M’

TK’,—M’—1

K'—M’ —K’'+M’
RN K

same way to require that the gauge condition = 1 is preserved by the gauge

transformation, then we see that g;
Hence we see that the general gauge transformation preserving the gauge condition

(II1.168h|) takes the form

T - g[+a+8]g[+a s]g[—a+s 2M+2K}g£—a—s+2K/_2M/] Ta,s- (IT1.172)

If we compare this with the expression ([I1.143HI11.145)) of the T-functions, we immedi-
ately see that this transformation corresponds exactly, at the level of g-functions, to

VI, Q, ~ fi g (I11.173)
where k; = Card{i € I|(—1)* = 1} and m; = Card{i € I|(—1)" = —1},
(IIL.174)

[~ K-—K'— [7K7K/7M+M/] .

where we should set f; = ¢; and fo = ¢y 2 in order to reproduce
([I1.172). One can show that this transformation ([IL.173)) preserves the determinant
expressions such as (([I1.148)-(II1.149))), because it also preserves the underlying qq-
relation.

We see that if we only impose the gauge constraint , then the remaining
gauge freedom takes the form , expressed in terms of two independent functions
f1 and f5. Of course, if we also add the constraint , then the functions f; and
fo are not independent anymore, and we have f, = 1/f;. We see that in this case, there

is only one degree of gauge freedom left.

M+M/]
2

II1.2.5 Writing FiNLIEs

These results about the typical solutions of the Y-system equation and of the Hirota
equation allow to build FiNLIEs for several different models. This means that for several
integrable models, where we know that the thermodynamic Bethe ansatz gives rise to
the Y-system equation , we will derive a finite set of non-linear integral equations
(FINLIE).

Let us sketch the major steps of this procedure, which we will detail in section
for the case of the SU(N) principal chiral model.

1. First, one has to find the Y-system equation or the TBA equations. Though the
form of the Y-system equation is quite universal, each integrable model is
characterized by a different (a, s)-lattice and by a different asymptotic behavior at
large u. This asymptotic behavior is an additional constraint, to be put “on top

9Tn principle, one can only conclude that o = g[JrK M _ E_M_K] is an i-periodic function. But

then we can redefine the functions g, and g5 as gy ~ go/V ozHM Kl and g ~ g3Val~M+Kl Due to the

i-periodicity of «, this transformation leaves the product g[aﬂ] [a—s] gg atsl, [ @=s " which means that

we describe the same gauge transformation, but in terms of ¢ rescaled” gauge functions g, and g5 which

now obey g[JrK M _ HM*K].
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of” the Y-system equation (we will see that it corresponds to a “zero-mode” of the
Y-system equation). It can either be read from the TBA equations, or “guessed”
from the asymptotic limit (the limit when the size of the space is large).

. Then one has to understand the “asymptotic limit”, which is the limit of an infinite
size model. In this limit, one should find a solution of Hirota equation which gives
rise to the correct asymptotic Bethe equations. This step is important, not only
because it allows to reproduce the initial asymptotic Bethe equations (which were
the starting point to write the thermodynamic Bethe ansatz), but rather because
it also allows to understand the behavior of the Y-functions in this limit.

. For an arbitrary finite size L, the thermodynamic Bethe ansatz gives rise to an
infinite set of Y-functions, which obey the Y-system equation. These Y-functions
can be written in terms of (an infinite set of) T-functions, which are themselves
written in terms of (a finite set of) g-functions. Finding the solution of the Y-
system equation therefore reduces to identifying these g-functions.

In order to write the T-functions, we would a priori have to know these g-functions
on the whole complex plane. By contrast the TBA-equations only involve Y-
functions on the real axis. Therefore we replace an infinite number of functions
on the real axis by a finite number of functions on the complex plane. To make
this interesting it will be necessary to find a convenient parameterization of these
g-functions, and this will be done in two steps:

e A first step is to identify some domains in the complex plane (called analyticity
strips), where the Y-functions (resp the T- and g-functions) are analytic.
These analyticity strips are fixed by the TBA-equations (more precisely their
zero-modes), or they can also be read from the large u asymptotic behavior,
and sometimes from some additional symmetries of the Y-system.

e The next step is to show, from the existence of these analyticity strips, that
a parameterization of the g-functions in terms of a finite number of functions
on the real axis can be found.

This step will express the general solution of Hirota equation with given an-
alyticity strips in terms of a finite number of functions on the real axis, but
these functions are still to be fixed in the next steps.

. Finally, one has to write non-trivial equations putting enough constraints on the
g-functions, so that only one solution of the Y-system is kept. To do this, one
should manage to write equations containing the zero-modes of the TBA-equations
(or equivalently the large u asymptotic). Non-trivial analyticity constraints or
symmetries of the model can also be necessary at this point.

These equations will usually take the form of closed equations on (the functions
parameterizing) the g-functions, which can for instance be solved numerically by a
fix-point approach. These equations will be called a FINLIE (finite set of non-linear
integral equations).
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5. Last, but not least, we can express the energy associated to a given solution of
the Y-system equation. This allows to answer the initial question of finding the
finite-size spectrum of a given integrable model.

II1.3 FiNLIE for the principal chiral model

Following the general procedure of the above section [[TII.2.5 we will now see how to pro-
ceed explicitly and to write a FINLIE in the case of the principal chiral model introduced
in the section The number of the subsections will reflect the steps listed in section
ML.2.5

II1.3.1 Y-system equation

As it was already discussed, the finite size effects of the principal chiral model are encoded
into an infinite set of Y-functions, which obey the Y-system equation (III1.54]). They obey
the following, large u asymptotic behavior (see (II1.53))):

ra )
log (Y, ,) + Liliig cosh (§u> 6s0 — Cas (I11.175)

where ¢, is an arbitrary u-independent number. This condition can be read from
(111.43), and we will see that it can be viewed as the insertion of a zero-mode of the
Y-system equation .

We see that in this limit the Y-functions Y, ; are non-zero constants, except for Y,

sin Z&
Lig\r}cosh(%’u)

which is roughly equal to e "% < 1. The only place where the quantity L
appears in the Y-system is via this asymptotic behavior, and it only changes the speed
at which Y, ; —— 0. Therefore, we expect that the asymptotic behavior (IIL.175)) is

u—o00

independent of L, (i.e. that the constants c, s are independent of L), and that the limit

L — oo (where we also have e~ *"~ () < 1) is essentially the same as the limit
u — 00.
Hence, we also have

sin &
log (Y, ,) + L——=>-cosh (—u> 050 — Cas - (II1.176)
’ L—oo

I11.3.2 Asymptotic limit

The asymptotic limit is the limit when L is very large. In that case, the equation (III.175|)
ensures that

Va €[1,N—1], Y, o ——0 (I1.177)

L—oo

If we really set Y, ; = 0, then we get a quite peculiar solution of the Y-system equation
(II1.54)) in the sense that when s = 0, the left-hand-side is zero and the denominator in
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the right-hand-side is infinite. But since this Y-system equation is degenerate at s = 0,
one can see that the two sets of functions {Y;’S‘S >0} and {Yw!s < 0} are completely
independent (each of them has to obey independent Y-system equations). That means
that if we really set Y, 5 = 0, we describe a quite degenerate, non-typical solution.
Therefore we will keep Y, ; small, but not exactly zero. We will show that then,
there is a (typical) solution of the Y-system equation ([11.54)) which allows to recover the
asymptotic Bethe ansatz of section [[IL.I.1, We will first study the degenerate leading
order (corresponding to Y, ; = 0 for all a € [1,N — 1]). We will then add exponentially
small terms which will make this solution consistent and make Bethe equations arise.

I11.3.2.1 Splitting S(IN) into two half strips w(IN)

In the approximation Y, ; = 0 for all a € [1, N — 1], the general solution of the Y-system
equation on the lattice S(N) (see figure [I11.2| (page [102))) is given by

Ya(,f)(u) if s>0
Y, (uy=4¢0 it s=0, (IT1.178)
YHP ) if s<0

where Ya(f) and Ya(? are two arbitrary (independent) solutions of the Y-system equation

on the lattice w(N) of figure [I11.3(b)| (page [L07]).

At the level of T-functions, we can define two sets {7, (;}?} and {Téi)} of T-functions
which obey the Hirota equation on the lattice w(N), such that

(R) (R) (L) (L)
Y(R) _ Ta,s—i—l Ta,s—l Y(L) _ Ta,s—i—l Ta,s—l 1117
a,$ (R) (R) 7 a,s (L) L) - (IL.179)
Ta—f—l,s Ta—l,s Ta—i—l,s Ta—l,s

To make this solution less degenerate, we will find gauge functions g,, ¢,, g5 and g,
and glue Tég) with Téé) as follows:

. ) ifs>0, (I11.180a)
a,s gga-&—s}gga—s]gz[)’—a-i—s]gl[l—a—s} T(;L_)s if s < O, (HIl80b)
This is consistent if the two expressions coincide at s = 0, i.e. if
(R)
a a —a —a Ta
g gs gy gy = TTB) (IT1.181)
a,0

This equation always has a solution because TC(:S) and Téf)) are of the form fltal fl-d
+

(this can be seen from the relation % =1+Y,,~1). The expression ([II.180a)

ensures that T, ; obeys the Hirota equation when s > 0, while (III.180b) ensures that
T, s obeys the Hirota equation when s < 0. To get an approximate solution of Hirota
equation at s = 0, which obeys Y, ; < 1, we will choose the gauge functions g, go, g3

and g, such that gﬁ“‘” gé“*” g:[;a_l} gz[l_aﬂ} < 1. This will ensure that
T, =gy Ugy gl g <1 (IIL.182)
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is exponentially small (typically like e=“°s(¥)) This will imply that at s = 0,

. R R)\— R R
TaJ,ro Ta,o = (Té 0))+(T(§ 0)) = (5—)1,0 Téﬁ,o (111-183)
= TCER% 0 T(gf)l ot Ta,—l Té,}f) = Ta—l,s Ta+1,s + T 1 I 1 (IT1.184)
which means that the Hirota equation is satisfied (to the leading order) at s = 0.

At the level of Y-functions, the prescription ([I1.180f) implies that ([11.178)) should be
replaced with

Ya(,g)(u) if s>0
7" a— a —a— —a .
Y,.(u) = Wd g tlgr I <1 it s=0,  (I11185)
Ya(f_)s(u) it s<0

which is a solution of the Y-system equation to the leading order.

I11.3.2.2 Explicit expression of the T-functions

In the asymptotic limit, we have already seen that the Bethe equation (from
the asymptotic Bethe ansatz) was the same as the Bethe equation for a spin chain with
inhomogeneities 0; (which are the rapidities of the massive particles).

At the level of T-functions, that means that the T-functions T(R) and Téf), (which
obey the Hirota equation on \W(N) ~ IL(N,0)), correspond to two SU( ) spin chains.
These T-functions can then be expressed for instance from the Wronskian expression
derived in the chapter E for spin chains.

After the change of variables @ these T-functions can be expressed in terms of

a set of g-functions, as in ([1I1.121)):

—1)(N—q) (R .S R s+ N
T =(—1)N-DN )qga)) (u + n§) A qENla) (u i ) (I11.186)

—1)(N—qa) (L .S L s+ N
T,E,I;) :(_1>(N (N )qga)) <u + né) A qu)_a) (u —1 5 ) (IT1.187)

N
where q = Z e, and q(R/ ) =1, (I11.188)
n+1 n+3 n—1

and q, R/L) = gt ] (R/ bt A AR a ], forn>1. (II1.189)

9 A g IR ¢

This form for the T-functions arises from a typical solution of the Hirota equation
(due to Statement [5| (page [121))), where the Hirota equation itself comes from the Y-
system equation. On the other hand, we know that if the g-functions are polynomial,
this solution corresponds to the transfer matrices of spin chains, defined in the chapter
11, up to the change of variable . Moreover, if these g-functions are polynomial,

their zeroes obey the Bethe equations ([I1.202HI1.204]), which are identical to (I11.17)) up
to the change of variables ([II.12HI1I.15]).
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This motivates the identification of g-functions, in the asymptotic limit, as

N N

This identifications says that in the asymptotic limit (L — o00), the Y-functions
(which are ratios of the densities of holes and particles in the mirror model) are simply
obtained as the ratios of the polynomial T-functions constructed in chapter [[I] as the
eigenvalues of the T-operators.

In other words, the zeroes of the g-functions are identified with the rapidities of
the “particles” (the excitations) described in section , and this identification is
motivated by noticing that the zeroes of the g-functions obey the right Bethe equations
(I11.17)). In the upcoming subsection , we will further motivate the identification
(LI1.190)), by showing that it also gives rise to the Bethe equation ([II.18)).

In terms of the Hasse diagram (see figure [[L.6| (page [54)), the identification ([IL.190)
tells us the asymptotic limit of the g-functions along a given nesting path. Using the
qq-relation , this allows to deduce the other g-functions.

111.3.2.3 Middle nodes equation

In this subsection, we will find some relations which describe in more details how the
two solutions 7' and Téfs) can be glued together, and which will allow to recover the
Bethe equation in the next subsection. To this end, we will write a “middle nodes
equation”, which holds not only in the asymptotic limit, but is also at any finite size.

One should be aware that the results which will be found in the present section do
not only hold in the asymptotic limit (L — o), but also for an arbitrary finite size L.

In the asymptotic limit, we wish how the T-functions Téﬁ) and Té? are glued to-
gether, by investigating the Y-system at s = 0. In view of the description ([II.180) of
this gluing procedure, we will usually denote T, ; = T, CE,}? (especially if s > 1), whereas
T(Ef;) denotes a different gauge (which is suitable when s < 0).

When the size L is finite, we will also use two different gauges Téﬁ) and T and we

a,s
will usually write T, , = Téﬁ). We will see in the next sections how these gauges arise
at finite size L. The reason why they are interesting is that since the Y-functions are
gauge-invariant, they can be expressed arbitrarily in terms of either Téﬁ) or Té’Ls).
Let us write the Y-system equation at s = 0, in the form (which takes into
account the boundary condition Y;, = oo = Yy ). If we express each Y-function as a

ratio of T-functions, we get

+ —

Ya,0Y:1,0 o 1 + Y;,l 1 + Ya,—l (III 191 )
Y 1_6(1,N71 Y 1_5a,1 - 1 Y 1_§a,N—1 1 Y 1_6a,1 ’ a

( a+1,0) ( a—1,0) ( + a+1,0) ( + a—1,0)

T T, T (w+i/2) T (u-1/2)
e L L
- Top11Ta1,1 Té+)1,1 T(g—)m 11L.191b
- + - 1_6(1 N-—1 + — 1_50, 1 ( ' )
(Ta+1,0 Ta+1,0> ’ (Ta—l,o Ta—1,0> ’
Ta+2,0 Ta,O Ta,O Ta—2,0
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where T, ; denotes here Téﬁ). We have replaced each factor 1 +Y, ; by a ratio of T-
functions in a given gauge (usually chosen as Téﬁ) except for 1+7Y, _; which is expressed
through Té?).

The equation has to be written for all a € [1, N—1]. Then the left-hand-side

. Yy, Y, Y. . . .
is 7= (resp y#°v>=, resp ---) when a = 1 (resp a = 2, resp - - -). Hence its logarithm is
2,0 3,011,0
Y Yy
log ~1011.0 ip _ig
° Y20 e2® +e2% —1 log (Yl,O)
Yyt Yy,
log2:0"2.0 log (Y;
gY3,0Y1,0 —1 g( 270)
. = * )
W, 0¥N—2,0 - —1
logy = 108 (Yx20)
10 N-s, A -
1o YN_1,0¥N—10 —1 e3% 4 3% log (YN—l 0)
g YN72,O 7

This left-hand-side of equation ([I1.191]) will then be denoted as Yal\é[ which is a short
notation for exp(M - log Y, o), where M is the matrix defined in equation (IIL.90)). Using

this notation the equation ([I1.191)) reads

M TalTéLl) Y Txo Txo R Too Too o
Y0 = W N\ =0 — =0 : (I11.192)
a—1,0 fa+1,0 AR ANST To1To;
where the last factors have to be added to get the correct expression at a = 1 and at
a=N-—1.

From this point, it would be natural to multiply by M~! and to deduce Y, o One
actually has to do something slightly less direct, because M~ is not completely well
defined. Indeed we saw in section [[I[.2.2] that to invert M, one has to solve an equation
of the form [N],z = f (see ([I1.94)), and the solution to this equation is not unique.

One possible way to invert M is by introducing a matrix M with coefficients m; j defined

by

mm:{ 5]];7 [Ul\\g_—ﬁz i zz; (I11.193)

where [i], = D'+ D* .-+ D' = 3" D*,  where D = e, (I1194)

i—1

s=—15

One can easily check (for instance with Mathematica), that this matrix M is the adjugate
matrix (or co-matrix) of M, and it obeys

M-M = [N],I (T11.195)

20Here, we call adjugate matrix of M the transpose of the matrix whose elements are the co-factors
(i.e. the minors) of M.
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where I denotes the identity matrix of size (N — 1) x (N — 1). This equation (II1I.195])
means that

((fa)'M)M = file, (II1.196)
where fNp = exp ([N],, log f.) = H fLr2H] (111.197)
k=—N=1

2

With these notations, the equation ([I11.192)) becomes

L [N]D _ Tha,Nfl _ ma,l
Y[N]D - Ta,l Tcg,l) Tl\—{O TN,O T(;,_O TO,O II1.198
a,0 - T T (L) (L) ( . a)
a—1,0 Fa+1,0 TN,l TN,l T071 TO,l
L NIp — lalp — [N—al]p
- Ta,l Tcg,l) Tl\—{ﬂ TN,O T(;,_O TO,O III
= (ot SN o . (111.198b)
a—1,0 Fa+1,0 TN,l TN,l T071 T071

In order to obtain Yﬂ]D, we have to invert the transformation f — fNo. By doing a

Fourier transform, we see that the kernel Ky with Fourier transform

—~ 1
Kn(w) = —— (I11.199)

= .
Z 2 N1 62117r]w

2

obeys the equation

(f*KN)[N]D _ f; where f*KN = exp (KN * log fa) X (IIIQOO)

After inverse Fourier transform from ([11.199)), we obtain the following explicit expression
of the kernel Ky:

KN(U) _ tan (%W (% — 2an)) + tan (%Tr (% + 21£I_u)) . (111.201)
2N
Let us note at this point that the property means that a particular solution
of the equation fNlo = g is given by f = ¢**~. This solution is not unique, and the
general solution of this equation is f = ¢*%~ 2, where z obeys zNp = 1. Such a function
z is called a “zero-mode”.

If we did not take the zero-modes into account, we could naively expect (from
(111.198))) that

L —\ —\ N—=d
v o - Ty, Té,l) Tl\JIF,o Ty 7 T@,Lo Too i
a0 = |\ 7 PR G PR A
To10Tat10 Tna TIEILI) Tha Téﬁ)
With this expression, we would actually obtain an incorrect behavior at large u, in the
sense that log (Yw) would have a finite limit at u — oco. In order to reproduce ([I1.175|),

* KN
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we should therefore add an extra factor (zero-mode) and write

(L) + -\ 9o o\ Nalp
v npra [ LonTa To o Too oo (I11.202)
a,0 — ’ '
Ty10Tat10 Tna T1£1L1) T T(E,Ll)
— 5

where F, = LSI_n X cosh (—Wu) : (I11.203)

sin & N
and f1 = f denotes (f)e = (fo)™e . (II1.204)

Here the symbol = is used to denote an equality which holds up to a zero-mode of [N],

(i.e. fi = f, means that fi = z f, where z obeys zNlo = 1). In ([I1.202), this zero-
mode has to converge to a constant when u — oo, and since it is iN-periodic (because

SN (eMNp)”
2[=N] T (Z[N]D)_
structure in the strip Ay. For instance it can contain y,,, factors (defined in (IL.7)).
We will see in the next section how to fix this zero-mode.

This equation will be called the “middle nodes equation”, and it will be very
useful because it encodes the large u asymptotic behavior ([I1.175) into an equation on
the T-functions.

= 1), the Liouville theorem states that it is characterized by its pole

I11.3.2.4 Bethe equations

Let us now see how this “middle nodes equation” can be used to understand better the
large L limit of the Y-system, and to obtain the Bethe equations and .
To this end, we will use the expressions (]III.186HHI.190[) of the functions Téﬁ) and T,
A first remark is that these expressions correspond to polynomial spin chains (as in
chapter |lI) and therefore they have to obey the equation ([I11.17)).
Next, let us express the T-functions on the right-hand-side of the “middle node equa-
tion” ([IL.202). First, we obtain (from ([IL.I8GHIIL.190)

N
T = ) (u B ].lsJ; ) —pleNE gl e (IT1.205)
TISIIZ) _ qg\?; <u + ng) _ s N/2 T1£1Ls) _ e/ (IT1.206)
—N
ng) = Eg; (u i - _ ) = plta=N/2 T(%) = lte-N/2 (I11.207)

which (unlike the equations of the previous section) are only valid in the L. — oo limit.
In these expressions, ¢ denotes the polynomial Q[O](u).

We will show in the next section that these expressions only hold inside specific
strips of the complex plane. These strips will be such that for instance, the function

THTro . .
1 +Y,, = 72> will actuallyf'| have a zero at every u = 6; + n%, where 6 denotes an
) 2,010,0

21 As we will see, this zero arises because the numerator has a zero due to ([I1.207), whereas the
denominator lies in a domain of the complex plane where ([I1.205)) does not hold, hence the denominator
does not have a zero at the same position.
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+ -
TioTio

arbitrary root of ¢ = Q[O](u). For the moment, let us just show that if 1+Y; g = Ty o Tos

has a zero at u = 0; + ﬁ%, then we recover the Bethe equation ([I1.17]).
To this end, let us see what comes out if the expressions ([11.205}{II1.207) are plugged

T+ T [N_a’]D K
into (TI1.202)). First the factor 0.0 00 becomes??
T0,1To(,1)

* K
T\ 7 <90[1—N/2} )*KN el 1) SN2l a2 \N
) ) A - J— N
TO,l T(E,Ll) gp[—l—N/Q] gp[‘*‘N/Q—?]

(I11.208)

d0)
where S(u) = H So(u—46,). (I11.209)
n=1

Here S is the product of [] Sop(u — 6,), which runs over all the roots 6, of ¢, and the
symbol = stresses that the equality holds only up to a zero-mode of [N],. This equality

(N] -
is obtained from the crossing relation (I11.10]), which gives <%) ? = %.
The expression ([[11.208)) can still be “simplified” a little, as:

T T IN=alp T Q0[3N/27a71] 4(0) [N—a]p,
0,0 40,0 ©
90Uy ~_rr 1)~ S[+N/2}) 111210
< Ty, Téﬁ)) PN/2+a1] (( ) ( )

40 \ b
o S0[3N/2—a—1] SO[—N/Q—a—i—l] (—1)T (111 211)
- S0[—N/2+a—1] S0[3N/2—a—1] S[—N/Z] ) )

L
Ty T

_ lalp KN
. . T T .
Performing the same computation for the factor ((M) ) , one obtains:

lalp

(I11.212)

(L) N/rwidl NJ2a
Y . =~ e—Ea Ta,l Ta,l 90[ N/2—a+1] S0[ N/2—a+1] 1
a,0 —

Ta—LO Ta+1,o

S0[—N/2—i—a—1} S0[—N/2—i—a—i—1} (S[N/2]>2

Pole structure of Y, ; The zero-mode in this expression can be found by investigating
: : TaoTao
the pole structure of Y, ;: due to the expression 1 +Y,, = ToioTers

1 +Y,, has no pole except maybe when T,,,,7, ;o cancels, i.e. at positions 6; +
1/2(—a+ 1+ N/2). Actually, both the numerator and the denominator have zeroes at
a position which tends to 6, +1/2(—a+ 1+ N/2) when L. — oco. But if they do not
coincide exactly, then they give rise to a pole of 1+, ; (and of Y, ; as well). Therefore
we see that at most, Y, ; has simple poles at positions 0; +1/2(—a &1+ N/2).

, we see that

22Let us remind here that where T, s is written (as opposed to Tg;)), it implicitly denotes Téf? which

is expressed from ([[I1.205{I11.205)).
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This allows to find the correct zero-mode in ([I1.212)). Explicitly, we obtain

(L) — —a _ —a la]p
oy o [ TaT ) e g SR
’ Tor0Tar10) ¢ ¥ (S2XCDD)

where Xopp () = [ [ Xeon (U — 6n) (I11.214)

where we see that in the denominator, the product T,_; T, ol /e tpl-N/2tat]
has double zeroes at positions 6;+1/2 (—a = 1 + N/2). Due to the presence of the factor

lalp
Xeopp, the product §%x ., has simple poles at positions ¢;%1, hence (W)
has simple zeroes at the positions §;+1/2 (—a = 1 4+ N/2). Thus we see that the presence
of the factor X pp, is necessary for the consistency of the pole structure of Y, ;.

It is unfortunately not straightforward to show that there cannot be any other zero-
mode in the expression ([[II.213) of the function Y, 4. In order to exclude the possibility of
other zero-modes, one actually has to require (in addition to the pole structure described
above) a minimality of the number of zeroes of Y, .

While the condition that Y, ; has simple poles at positions 0; +1/2 (—a £ 1+ N/2) is
a clear consequence of our analyticity conditions namely the behavior of the T-functions
at L — oo, the minimality of the number of zeroes of Y, , is (by contrast) rather a
naturality condition, which can be viewed as an additional analyticity condition on our
solution of the Y-system.

Bethe equation As indicated above, we will now show how to recover the Bethe equa-
tions under the assumption that 1+ 7Y 5 has zeroes at positions u = ; + ﬁ%. Therefore,
Tor Ty
To1,0Tat1,0
the right-hand-side of . To do this, we can use the relation ([1.193]) which gives

(after the changes of variables and (TIL.12}II.15))

N+1 : - m . - m+-1

N . Qpy (U 1+ 1) Qppyy (u — 5 4 125=)
Tl(ﬁz) (U + ]lz) = Tl’l(—nu) = SO(U) Z [ ] m 2 [ +1} N m+12
Q[m](U‘FH?) Q[m+1](u +HT)

m=0
(I11.215)

we would like to express the T—function of the ratio which remains on

Therefore we see that in T1(,If) (Hn + ]'1%), the factor ¢(6,) in front of the sum vanishes.
Therefore, only the term m = 0 survives, because the denominator also contains p(u) =
Q[O](u). Hence, we get

0, + 1 0, — 1
T (en +ﬂ> _ el >Q[+”<i 2) , (111.216)
4 Q[+1]<9n - 5)
0,+1)Q, (0, —1
T (en +1’1§) AR ”(ﬁ 2 (I11.217)
| 4 Qpy(fh —3)

2Let us remind here that where T, s is written (as opposed to Té’LS)), it implicitly denotes Téf?.
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Inserting this expression into ([II.213), the equation Y, o(6, + i) = —1 gives the
Bethe equation ([II.18)

. —1/2)Q) u—1/2
—1 = e ilm Ol = 8/2)Q;y(u —1/2) . ! , (111.218)
Qm( / )Q[—l](u + 11/2) (S XCDD) u=6,
sin Z¢ 27 . N
where Lp, =L nz N sinh (Wu> = —1F,(u+ HZ) . (I11.219)

This showed that the Bethe equation arises naturally from the Y-system, if the T-
functions take polynomial values corresponding to two different SU(N) chains. This
motivates the identification ([I1.190) which says that in the asymptotic limit, the Y-
functions (which are ratios of the densities of holes and particles in the mirror model)
are the ratios of the polynomial T-functions constructed in chapter for spin chains.

These expressions will be a starting point to understand the properties of T-functions
when the size L is finite. We will also see that the analysis of the next sections will explain
the fact that Y] o(0n + ]'1%) = —1, which was assumed in the above argument.

I11.3.3 Parameterization of the g-functions

As explained in section [[T[.2.5] an important step which we now have to perform in order
to obtain a FiNLIE is to parameterize the g-functions in a way which encodes their
analyticity properties. To do this, we will first investigate the analyticity properties
of the T- and Y-functions. Then, we will deduce the analyticity properties of the g-
functions, and we will encode these properties into a convenient parameterization of
these g-functions.

I11.3.3.1 Analyticity strips for the Y-functions

One can see from that the limit of the Y-functions when L — oo is not ana-
lytic in the whole complex, and hence the T-functions (and the g-functions) which are
the building blocks of the Y-functions cannot be analytic on the whole complex plane.
Indeed, we have

Z

if m(u)] < 7, Yig =0, (I11.220)
if [Im(u) ] [

L sin g cosh( )

sin

2% % (IT1.221)

Y

because Y, ~ e
Therefore we will call “analyticity strip” of Y, ; the domain Ay /2 defined by

p={ze (C’ IIm(2)| < g} . (I11.222)

The correct statement defining this strip is that Y, is meromorphic on Ay, and its
limit at L — oo is well defined and meromorphic on Ay Jo-
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We will denote this statement as Y, , € Ay 5, where A7 denotes the set of meromor-
phic functions which have a meromorphic limit on A, when L — oo.
For s # 0, let us show that

Y, €A . (I11.223)

That means that on this domain Y, , tends to the asymptotic solution of section [I1.3.2]
when L — oo.

First, we see that the Y-functions obtained from the TBA-equations are analytic
on the real axis, as it can be read from ([11.43) (or (III.45)) in terms of Y-functions).
Moreover, we have seen that the TBA-equations imply the Y-system equation, which
can be rewritten as

1+Y, 1+Y, ., "
AREEY Y e I b (1224
7 1+ 1/Ya+1,s 1+ 1/}/;1—1,5

sin ¢ 2T K

where E, = L——cosh | —u and f**N =exp (Kx xlog f,) . (111.225)
sin 5 N

In principle, this expression contains a zero-mode z (denoted by the symbol =) such
that 272~ = 1. This zero-mode is 2i-periodic (because % = ZZ[Z_—[;]Z] = 1) and bounded

at infinity. Therefore the Liouville theorem shows that it is completely characterized by
its singularities inside A, (which can be deduced from its zeroes and its singularities in
A, if we use the relation 272z~ = 1). In our construction we assume the poles structure
of all Y-functions smoothly converges to their asymptotic pole structure, and therefore
we can expect that this zero-mode is a meromorphic function with a smooth limit when
L — oo, hence this zero-mode will be assumed to preserve the analyticity strips.

We will show iteratively, by using the expression , that the analyticity strips
are given by . To this end, we will disregard the zero-mode which could be
hidden in the symbol =, as motivated above. A more rigorous version of the argument
can also be written using the TBA-equations, and it would give the same result, without
having to disregard any zero-mode.

To start with, we can use the definition of the convolution (I11.36)) to write

[+a]
. 1+, 1+, i
Y, 1/2) = ¢ %50 Falutai/2) a,5+1 @51 I11.226
a,s(U+Oéﬂ/ ) € 1+1/}/¢1+1,31+1/Ya71,s ) ( )

which holds when |a| < 1. As the right-hand side gives an analytic expression of Y,  (u)
ion A;, we can conclude that Y, , € AT". At |a| > 1, the pole of the kernel K, (defined in
(II1.201))) at position +1/2 prevents us from going through this argument, and we should
understand the consequences of this pole.

To this end let us comment on the analytic structure of Ky * f when the function
f is analytic on a strip A_, where n > N — 1. Due to the presence of a pole in Ky, the
function

n’

ha (1) = / a9 Wy (II1.227)
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has two cuts where it suddenly jumps, when Im(u) = :l:%, because Ky has a pole at
position +1%-%, with residue +5-. The Cauchy theorem then shows that (for u € R),

. N-—-1 . N—-1 .
llizé hy (uj:n 5 +11<—:> — (u +1 5 —11(—:> =Ff(u). (I11.228)
€>

On the other hand, we can deﬁnﬂ

ho(x + 1y) = / Kn(x—v) f(v+1y)dv, x,y €R (I11.230)
veR

This function hsy coincides with h; if y < i¥-2, as it can be seen by a simple contour

2
manipulation. But unlike hq, the function hy has no jump at ﬁ%.

In what follows, we will not explicitly choose between the definitions h; and hsy, which
are equivalent on the real axis. We will simply remark that as shown above, we can write

(if f is analytic on A, and u is real)

(K * f)l™ = K[ s f10) la| < N —=1,]b] < n, (I11.231)
o = (12)" or
where (Kx # f)/ = 3% (Kyx f) =) % (Ky* f) . (111.232)

n=0

Here, we have a non-ambiguous definition of the convolution when u is real , and we
formally define the shifted convolution (Ky * f)[a] as an analytic continuation. The
above discussion about h; and hs teaches us that the shift can be distributed between
the functions f and Ky (see ) as long as we do not meet poles.

The same analysis can actually also be performed if f contains poles, but then an
extra term should be added to the equation (Ky * f)[b] = Ky * fI* in order to take into
account the contribution of shifting the integration contour across the polﬁ. This can
be done case by case, and at the price of an integration by part, it also works if f has a
logarithmic pole (in order to define f*5v).

Keeping these statements in mind, we can proceed to prove ([11.223)). First, as we
said, the expression ([11.224)) (where the right-hand-side is analytic at least on the real
axis) gives immediately Y, ; € AT, which is true for arbitrary (a, s). This result teaches

that the ratio —astt. Moot o 410 right-hand-side of ([11.224]) is not only analytic

1+1/Ya+1,s 1+1/Ya71,s

1+Ya,s+1 1—"_Ym,sfl
1+1/Ya+1,s 1+1/Ya71,s

A,. If s # 0 orif N > 4, e7%0 Fa i5 also analytic on A,. By this statement we mean

* Ko
around the real axis, but even on A;. Therefore ( > is analytic on

24This function hy can equivalently be defined as

ha(u) = o Kn(v)f(u—v)dv (I11.229)

%5 For instance, if f has a pole at position 1/2 with residue Ry, then we see that Kypx* (fF1F9) — Ky«
(f[+1_€]) is equal (when ¢ — 0) to —2ir Ex(O Ry. Hence in order to define (KN * f)[b] as the analytic

u

continuation of (Ky * f)[b], we should define (K * f)[b] = Ky fltt — 21'17rﬁ(j’7ﬂ(/02)R0 when b > 1.
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e%0 Fa ¢ A™ as defined above, and this is true onl if s #0 orif N > 4. Hence we
deduce that Y, , € A3 (if s # 0 or if N > 4).

In order to prove (II1.223)), we can therefore use an iterative procedure, where at
1+Ya,s+1 1+Ya,s—1 E A
1+1/Ya+l,s 1+1/Ya—1,s n

and we deduce Y, ; € A, ;. After the stepm n = [N/2], the iterations do not teach
anything for s = 0, because e ¥ is only analytic on the strip Ay /2 Therefore we only
get Y, o € AY)y. Similarly, after the iteration n =1+ [N/2], we cannot gain analyticity

14Y, , 14Y, ,
1H1/Y,, 141/Y,
only get ¥, ., € AT\ /2- In the same way, for each value of |s|, the iteration stops when
the Y-functions on the right-hand-side stop gaining analyticity, and we get exactly

the step n, we show that for several values of (a,s), we have

for Y, ., because the ratio is only analytic on Ay /2 Therefore we

Y;;,s < A\TZ\-‘:-N/Q :

I11.3.3.2 Analyticity strips for the 7T-functions

The analyticity strips identified in the previous section for the Y-functions can now be
used to find analyticity strips for T-functions. The analyticity properties of T-functions
depend on the gauge, because they can easily be spoilt by a gauge transformation ([11.60)
having poor analyticity properties.

One can show that there exist gauges where the T-functions have the analyticity
strip

. (I11.233)
T, s €AY N2 otherwise

To show this one can simply use the proof of the Statement (page, which shows how
to find T-functions out of the set of Y-functions {Yw’l <a<N-land 0<s< 1}.
In this proof an expression of {Ta70|0 <a<Nand 0<s< 1} is obtained in a specific
gauge, through the inversion of the operator f — fINb. This inversion can for instanc
be done by means of the kernel Ky, and in that case, we obtain 7T-functions such that
the analyticity condition holds for 0 < s < 1. To conclude that this analyticity
condition holds for all a and s, one can for instance do a recurrence over s, and proceed

quite similarlylﬂ to the proof of ([11.223]).

Moreover, we can for instance choose a gauge where the limit of T, , is T(E’I?, which

does not have any pole. We will assume that there exists (at least) one such gauge with

26By contrast the statement “for fixed L, e %0 &

true.

2THere [---] denotes the ceiling function.

28The inverse of f — f(NIo is not unique, and choosing one specific inverse corresponds to a choice of
gauge. If we use the kernel K and we do not add any zero-mode, then we get meromorphic T-functions.

?9This recurrence can be sketched as follows: if we know the analyticity strip for T, , ; and T, ,, we
can use the Hirota equation to obtain T, ;y € AT\ pifa€ [L,N=1]and T, ., € AT_QN/Q
if @ € {0,N}. We can then deduce T, , slightly outside its analyticity strip by writing T, .1+ =
1+ Y, s11Tos1 541 Ta1.641/ T s11 which allows to deduce the wider strips written in .

@ is an analytic function of the variable u” is always
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Here A,, denotes the set of holomorphiﬂ functions which have an holomorphic limit on
A, when L — oo.

The analyticity constraint shows that the analyticity properties of the T'-
functions are simpler than the properties of Y-functions. In particular, we see that the
T-functions do not have any poles.

Moreover, it is not difficult to show that we can choose a gauge where we have (like
in the asymptotic limit)

Ty =Tho', Ty, =T%3. (I11.235)
In that case, we see that T, = (E;S] is analytic when Im(u) € [-N/4 —s,N/4], and this
statement holds for arbitrary s > 0. Therefore Tj, is analytic as long as Im(u) < .
Proceeding the same way for Ty , we obtain
. . N s
To.s is analytic when Im(u) <7 t3 (I11.236)
N
Ty, is analytic when Im(u) > — 1~ g . (I11.237)

It is noteworthy that the analyticity domain for the functions T , = p%_N] and Tj, =
qy are half-planes, and not just strips (like it is the case for the 7T- and Y-functions).
This property of g-functions is general in the sense that it holds for g-functions with
an arbitrary number of indices, and remarkably it also holds for other models than the
principal chiral model.

In the next sections, we will see how to find a solution of the Hirota equation under
these analyticity conditions, and we will see that the solution obtained this way passes
several nontrivial consistency checks.

Remark The analyticity strips defined above (in (II1.233))) give non-zero analyticity
strips when s > 0 (or at least when s > —N/4), whereas for s < —N/2, the analyticity
strip has size zero. This corresponds to one possible choice of gauge, but one can also
choose a gauge having similar properties for the “left band”, i.e. such that is
replaced with

(111.238)

I11.3.3.3 Analyticity strips for the g-functions

As we have seen, the g-functions are defined as a set of independent solutions of the
difference equation

21
(a89)
0= <Tu_k+3_ifl<N“ , 1<i<N (I11.239)

Lk+l—=3+s | 2<k<N+1
1<IKNA+1

300ne should be careful to distinguish the symbols A introduced to describe meromorphic functions,
and the symbol A, , introduced to describe holomorphic functions.
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If s = 0, this equation coincides with ([I1.102)), whereas if s 7 0 it follows from ([I1.97)
by the same argument as ([I11.102]).

In this equation, we can see that each coefﬁcients T IU kff?’?’ +] entering the determinant
is analytic in the domain Im(u) €] — § —1 — 3,5 4+ k + s — 5[ (where s can be chosen

arbitrarily large).
This allows to choose the g-functions such that

For each i € [1,N], qg;y 1s analytic when Im(u) > —1/2 — N/4, (I11.240)
For each i € [1,N], Pg;y is analytic when  Im(u) < 1/2+N/4, (II1.241)

where the last constraint ([11.242]) corresponds to the gauge constraint ([11.235)).
The g-functions with multiple indices can be computed through the Wronskian de-

terminant ([II.98HIII.99) to get

For each I C [1,N], q; is analytic when  Im(u) > —1 —N/4 +|I|/2, (II1.243)
For each I C [1,N], py is analytic when  Im(u) <1+ N/4 —|I]/2, (II1.244)

which implies in turn that

T,. =y APy € A5 (111.245)

where A[sa} denotes the set of holomorphlc functions which have an holomorphic limit
when L — oo, for u € Al = {u € (C}Im € =5, 5 } We see that when we com-
pute the T-functions from the Wronskian determinant expression T, = qEZ)S 'n pENS_]a), we
automatically obtain the analyticity strip ([11.245]), but this analyticity strip is smaller
than in . The wider analyticity strip means that in fact, there are situ-
ations where the coefficients of the determinant are not analytic, but some cancellations
inside the determinant allow the determinant to be analytic. Such situations will also be

described in the chapter [[V]

I11.3.3.4 Cauchy representations of analytic functions

In the above subsections we have found analyticity constraints on the set of g-functions.
Let us now show, in a quite general context, that the information we have about analytic
functions often allows to parameterize them in a very simple way.

To demonstrate this, we will give a theorem which solves a very simple “Riemann
Hilbert” problem. This type of problems (called Riemann Hilbert problems) are situa-
tions where we know some analyticity properties of a function on the complex plane and
its behavior at z — oo, and they allow to uniquely fix this function.

Statement 8. Let F'(z) be an holomorphic function of z in the domain Im(z) > 0, and
let G(z) be an holomorphic function of z in the domain Im(z) < 0.
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If F(2) and G(z) go to zero at infinity, at least as a power law (i.e. if there exists
€ > 0 such that F(z)z* I8 and G(z)z* fm(=)<0,

|z]—o0 |z|—o0

0), then we have the equality

1 F(v) — G(v) dv — {F(u) if Im(u) >0 (II1.246a)
271 Jyerp V—U G(u) if Im(u) <0 (II1.246b)
w _ ﬁ ][ . de, if ueR, (IT1.247)

where the symbol {~in (IL247) denotes a principal part integration.
Proof. Let us prove (for instance) the equality ([I11.246a). First, we notice that the

condition that F'(z) and G(z) go to zero at infinity, at least as a power law, ensures that

the integral is convergent and is equal to limg_, ., # f_RR %ﬁ;(v)dv.

T Edy + [, EYdy, where Cp is an half
circle of radius R which closes the contour in the direction Im(v) > 0, (in other words
Cr = {Re"|6 € [0,7]}). In the case Im(u) > 0, the integrand has one single singularity
at v = u. Hence as soon as R > |ul, the integral I is equal to Ig = 2imF'(u).

Then we compute the integral I, = _RR ?EVU) dv + fc’ \C,;E\L) dv, where Cj is the half
R

Next we can compute the integral I =

circle { Re™*|0 € [0, 7]} of radius R which closes the contour in the direction Im(v) < 0.
In the case Im(u) > 0, the integrand does not have any singularity, and I}, = 0.
Finally, one easily checks that limp_, fCR 1:8’3 dv = limp_o0 [ M4y = 0. Hence
R

e FM=CM gy is the limit of 5= (15 — I %) when R — oo, and we obtain the result

2ir JveER v—u 2;7r
‘III.246§]).
The proof of ([I1.246b)) is absolutely identical, and one just has to write the correct

sign in the residue theorem.

- . i€)+G(u—i —u)? e,
Finally, we can use ([I1.246) to write w = 5[ (V(_VU)LQ’)JFEQ F(Vz_u O qy
2
when u € R. Then, if we notice that the ratio % is an even function of u — v,

which tends to one if |u — v| > € and to zero if |u — v| < €. Therefore the limit of

= (v’ FM-GU)qy when e — 0 is exactly the principal value integral which

2ir

€R (v—u)2+e2 v—u
gives ([11.247). m

Cauchy kernel The expressions in the left-hand-side of ([I1.246]) can also be written
as K % (F' — G), where K denotes the Cauchy kernel
1 -1
Ku) = ——. I11.248
(W) =5~ ( )

Therefore, expressions like K * (F' — G) (which this theorem gives) are called “Cauchy
representations” of complex functions.

The next subsection will show that this theorem allows to find convenient parameter-
izations of the g-functions. We will also see in chapter [[V] that the same theorem allows
to find non-trivial equations giving rise to a FINLIE for the AdS/CFT Y-system.
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I11.3.3.5 Parameterization of the g-functions

Reality condition In the asymptotic limit (L — o0), the g-functions were related
to the real polynomials Q[m](u) by the change of variables ([11.190). Let us therefore

introduce the following shifted g-functions:
N/2 N/2
r=q vy =p; 7 (I11.249)
In the asymptotic limit, we have p; = q[fN], which ensures that ¢; = p;. The relation
(LI1.190) also ensures that in the asymptotic limit g, . N} (U) = @y (u), Where we
have dropped the labels (R/L) for simplicity.
Outside the asymptotic limit, i.e. when the size L is finite, we cannot a priori assume
that these functions will still be real. But in order to obtain a real energy from equation
(LIL52), we can expect that the equation Y, ; = Yy_,  (which holds in the asymptotic

limit), will hold even at finite size. In this relation m denotes the complex-conjugate
of the function Y, ., defined by

a,s’)

Fu) = F(). (I11.250)

From this hypothesis, we can deduce that one can choose a gauge (for the T-functions)
such that

T, = (-1 7 Ty, (). (I11.251)
Proof. Let us assume that Y, (u) = Yx_, ,(0), and let us denote by T, , a solution of the

Hirota equation such that Y, , = T“ Tl ;“ <=L et T, s(u) = Ty_, ,(u), which is another
a+1,s a— ls

solution of the Hirota equation. Then we notice that T:Tsi% =Yy ,s(l) =Y, =

%%, and we deduce (from Statement 3| (page [L15])) that there exist four gauge
a+1l,s “a—1,s

functions g,, g5, g5 and g, such that Ta,s = gga“] gga_s] g:[;aJrs] gz[;a_s] T, ;- This shows that
the transformation

T, i m\/ a+s]\/g[a s]\/g3 a+s\/ —a— S]T \/ﬁ) (111.252)

is a gauge transformation into a gauge where the condition ([I1.251)) is satisfied. One
should also note that the above construction does not spoil the analyticity strip of the
T-functions. O

Finally, (potentially at the price of a transformation of the form (TIL.166HIII.167))),

we can ensure that

dy(u) = py(T), and  VueC, Vie[lLN] qp(u)=pg@). (11.253)

In the article [I0KL], we have therefore denoted these functions as ¢ and g.
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The relation ([11.253]) is proven by the same argument as ([I1.251)): we start from
arbitrary g-functions producing the T-functions which obey ([I1.251). Then we notice

that the g-functions

reproduce the same T-functions. Indeed, the Wronskian determinant expression gives

- n(n—1) - n(n-1)
Ay = (=1 Dy s and P,y = (1) 2 @, (I11.255)
~[+s ~[—s N(N-1) s s
hence q[(;r)] A ]pENJG) =(—1)" 2 q%ja) A ]pEa)] : (I11.256)

Therefore, the Statement [7| (page [129)) shows that they are related by a transformation of
the form (III.166HII1.167)). Up to the factor F and C, this means that gy = Hﬂ]p{j},

and that Py = Hijq{j}. The consistency of these two relations imposes H - H = 1,

which allows to decompose H as H = A - A,and to redefine gy~ Aijq{j} and Py ~

Aij]p{j}, so as to ensure the relation ([I1.253)).
In addition, it is easy to see that we can simultaneously constrain the gauge to obtain

qp =1 (I11.257)

Parameterization of the g-functions Let us now write down how to parameterize
the g-functions. As stated above, we can choose a gauge where

ap=1. (I11.258)

Roughly speaking, the reality condition fixes two out of four degrees of gauge
freedom, whereas the above condition ¢, = 1 fixes one more degree of gauge freedom.
As discussed in section the limit u — oo should be essentially the same when
L is finite as in the limit L. — oo. This allows to deduce that there exist polynomials
P; (where i € [1,N]) such that qy;(u) — P;(u) L% 0 and Py (u) — Fi(u) %00,

These polynomials have the same degree as the polynomial q}>°°(u) which describes the
asymptotic limit. Then, we can use the Statement [§| (page [147]) to write

P+ 1 fi(v) by iy (u) if Im(u) >0 (II1.259a)
' 27 Jyerv—u | gy Q) if Im(u) < 0 (I11.259b)
where f; = qg; (u) — Py (u) . (II1.259c¢)

To obtain this equation, we used the Statement [§| for the functions F' = g i~ P, and
G=p iy~ P., and this argument relies on the analyticity properties 1III.24OHIH.241 ).

31'We can for instance get rid of these factors by restricting to the case where ay =Py = 1.
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The expression ([[11.259)) allows to parameterize all the Y- T- and g-functions in terms
of the functions f; and the polynomials P,. We can also notice that the “jump density’@
f; is exponentially small in the L — oo limit, which means that it describes the finite size
corrections. Moreover f;(u) = qy;(u) — py;(u) is also exponentially small in the limit
u — oo, which will be convenient for numerical computation (it allows to approximate
it to a good accuracy by a function with finite support).

A last comment about the function f;(u) = gy, (u) — Py, (u) is that it is holomorphic
when |[Im(u)| < 1/2 (see ([11.2431I11.244))). This means that if we know this function
slightly shifted from the real axis, we can write for instance (if |o| < 1)

Biu+

V—u

/ Jv+ad) q{i}(u+a%) if Im(u) > 0 (IIL.260)

Dy (u+ oz%) if Tm(u) <0 (II1.261)

This is obtained by analytic continuation from (III.259]), and it allows to express the
functions ;) on their whole analyticity domain.

Case of the U(1) sector Let us now study a specific class of states (i.e. a specific
class of solutions of the Y-system) called the “U(1) sector”. It is the set of states such
that in the asymptotic limit all the polynomials Q[m}(u) are constant polynomials (i.e.
they are equal to one up to a normalization), except the polynomial Q[o] (u). This means
that these states have no spin-wave excitations, and one can show that for instance, the
vacuum and the first excited state (defining the mass gap) belong to this sector. For
the states in this sector, the functions Téi) and Téf;) are equal. This property is clear
in the L — oo limit (because @, (u) = Q_,(u)), and we will construct solutions of
the Y-system which obey this property at finite size, and converge to the asymptotic
solution when L — oc.

One can then express explicitly the polynomials P, (which converge to q%g"o(u) when
L — 00) because in the asymptotic limit we have

—1-N+4m+2j
m=t ’(q!{i} - ]])1<i,j<N m' — A2 Nom) T Q[m}(u) =1 (I1.262)

At m = N — 1, this equation gives ql{f}o" =1, then at m = N — 2 it gives qa} — Oy =
1, which can for instance be solved by qI{“zz}oo(u) = —iu. Another solution would be
ql{f}oo(u) = —1u + ¢, for an arbitrary constant ¢, but we will disregard this term because

it can be absorbed by transformations of the form ([IL.166HII1.167). For the same reason,
we will disregard the factor —i in qI{“;}OO

32The denomination “jump density” will be used to emphasize the fact that in , we define a
function which is analytic on the whole complex plane except on the real axis, and which is obtained by
“gluing” the function qg;, (u) (for Im(u) > 0) with the function p; (u) (for Im(u) < 0). This “gluing”
gives rise to a function which “jumps” by the amount f; on the real axis.

One should not try to interpret physically the word density in “jump density”, because the function
fi=q @y — Py is imaginary, and even after division by 1 it does not necessarily have a constant sign.
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By proceeding iteratively, we obtain

uzfl

(i—1)!

whereas P;(u) is a polynomial of degree N — 1 + M, where M = d©) is the degree of
Y = Q[O](u). Out of the N + M coeflicients of this polynomial, only M coefficients are
relevant because N — 1 of them can be removed by transformations of the form
[11.167)), and one of them is an overall multiplicative factor (which can be absorbed into
a gauge transformation). Moreover, we have (still in the asymptotic limit) ¢ = o5 =
’(q[{i1N+2j])l<' | _ ‘(Pi[lNJij}) -
<i,J<N 1<i,5<N

(II11.263) of P, P,, -+, Py_;, we obtain

—1)(N— . s\ N-1
R (eiau—e*ﬁ“) Py, (I11.264)

, (I11.263)

1

Vi <N -1, P,(u) =

(if Im(u) > N/4). Using the expression

in the limit L. — oo.

The above arguments show the expression ([11.263)) in the asymptotic limit L — oo.
At finite size, this limit fixes only the large u behavior, i.e. the leading coefficient of P,.
But then we can argue, exactly like in the . — oo, that the other coefficients can be
dropped using a transformation of the form (III.166HI11.167)).

Moreover, we still have a free degree of gauge freedom which takes the form

q; ~ hMoq,, where n = |1, (II1.265)
Py~ EMD]pI, where h(u) = h(t), (II1.266)

where h(u) is an holomorphic function when Im(u) > —1/2, which goes to one when
L — oo or u — oco. This degree of freedom is sufficient to impose for instance

apy = 1 ie f,=0. (I11.267)

In what follows we will restrict to the study of these “U(1) sector” states, as we did in
[1OKT]. We see that for these states, the g-functions (and hence the T- and Y-functions)
are parameterized by a set of N—1 functions f,, f5, - - -, fx, and by M relevant coefficients
of the polynomial Py.

II1.3.4 Set of equations

Now that we have parameterized all the relevant functions, we will write equations
which allow to fix them uniquely. For simplicity, we will explain this procedure in the
U(1) sector, and we will construct the solution of the Y-system obeying the conditions
written in the previous sections (such as the reality condition Y, [(u) = Yy, (U), the
symmetry condition Y, =Y, , the analyticity strips), and converging (at L. — o0) to

the asymptotic solution written in section [[I.3.2] Hence we will identify these solutions
to the finite-size description of these U(1) sector states.
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To write these equations, we will use mainly the “middle nodes equation” of section
111.3.2.3 which describes the behavior of the Y-system at s = 0. In particular, we will
rewrite this equation in a form where no zero-mode needs to be added.

This “middle nodes equation” is necessarily a key ingredient to solve the Y-system,
because it is the place where the size L appears in an equation. We will rewrite this
equation into an equation on the densities f;, in such a way that this equation can be
solved iteratively.

IT1.3.4.1 Equation on the densities f;

Let us now insert the parameterization ([11.259) of the g-functions into the middle nodes
equation ([I1.202). First, we can notice that our parameterization ensures that

N =y T, T,, = pk 7, (I11.268)

-\ — \ [N—d N/2—1]\ @b/ [—Ny241]

hence <_T1\Tv0 TN70> ) < T(;aro TO,O ) 7 _ <q(2) ) (]p@ )
L L - N/2+1 —N/2—1
TN,1 T1£11) TO,l To(,1) Q% a ]P% /21

[N/2-a] __[N/2—a]

[N—a]p

% Pg
:q%N/2+a] ]p%—iiN/Q—i-a]
(IT1.269)
Therefore the middle nodes equation ([11.202]) simplifies to
T2 qLN/Qfa] pLN/2fa] *KN
Y, , = e Fa ol 0 L : (I11.270)
) Ta—l,o Ta+1,0 <qéN/2+a] ]p% 3N/2+d]
where f; = f5 denotes (f1)®No = (f,)WNb | (II1.271)

where we have also used the fact that (for the U(1) sector states), the functions Téﬁ)
T

and Téfs,) are equal. Using the definition of Y, , = = 21 7,1 , we deduce

a—1,0 Ta+1,0

[N/2—a] __[N/2—a] \ *KN
T meBp (2 P (I11.272)
a-17=¢€ a1 \ TIN/2+a] _[-3N/2+d] :
o Py
On the other hand, this T-function is also equal to the determinant
[—a+N/2) [—a+N/2] [—a+N/2] [—a+N/2]
[1} /2] ?2} /2] ?3 /2] ?N /2]
—at24N/2 —a+2+N/2 —a+2+N/2 —a+2+N/2
1y U2y sy T A9
[+a7‘2+N/2] q[+a72+N/2] [fa—2+N/2] q[+a7‘2+N/2]
Ta,—l = [$§+2_3N/2] [fg+2—3N/2} [fg+2—3N/2} o [E-IZLQ—SN/M . (111'273)
{1} P2y D3y PNy
[+a+4-3N/2] _[+a+4-3N/2] _ [+a+4-3N/2] [a+4—3N/2]
{1} P2y Dysy PNy
[—a:&-N/Q] [—a+N/2] [—a+N/2] [—a:‘rN/Q]
Py P2y Psy T Py
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In this determinant (which is just an explicit rewriting of the expression ([11.116|) after
the change of variables (I11.249))), we can notice that the first line and the last line are the
functions g o and p (i) with the same shift, and they differ only by the jump density f,.

Therefore we can subtract or add these two lines, so as to replace the coefficients of the
al /2yl

first line by q[{ a+N/2] ]pgf N/ , and the coefficients of the last line by 5 Pl
If we write this argument for Ti,_l /! instead of T, (in order to obtain gy — Py
instead of q[ atN/2] p[{;erN/g]), we get
TN = Zd wils (111.274)
[+2] [+2] [+2] [+2]
i I b Uy 77 Ay
(+4] . [+4] (+4] (+4]
Ay Ai-13 Ui+ Ay
[+éa—2] o [+2a—2] [+2a—2] [+2ﬁ—2]
h _ j [+£(11}—2N+2} &%:12%\@2] &g}tg\lﬁ] &ggizmm
where dq; = (=1 | pyyy Py {j+1) N} ’
[+2a—2N+4] [+2a—2N-+4] [+2a—2N-+4] [+2a—2N+4]
H’{l} Pi-1 {+1} H’{N}
-2 [~2] (-2] =
D1y Py-1 Pijv1y Py
Py T P P Py
(II1.275)
where we also used the fact that P, = w.

Therefore, if we denote by (¢;4) 2<i<n  the adjugate matri)ﬁ of (dg,j)1<a<n—1, We

1<a<N—-1 2<5<N
obtain

N-1

_N/2

CiaTi

f, = a=1 (I11.276)
(da,j)lgaSNfl
2<j<N

In these equations, the coefficients ¢; , can be written in terms of the jump densities f;
(and of the M coefficients of the polynomial Py ), because when u is real, all the functions
Uiy which enter the determinant d, ; have a positive shift, while the functions p (0 have

a negative shift (i.e. they appear under the form ]p[{Zf }

expressed via ([[11.259)).

33The “adjugate matrix” is the transpose of the matrix of the cofactors. In other words, it is defined by
(db,)oe[1,N-1]\{a} |

Cia = (_1)i+a
jel2,N\{i}
M is its adjugate matrix divided by its determinant det M.

where s > 0), hence they are

With this definition of the adjugate matrix, the inverse of a matrix
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This expression ([I1.276]) is interesting because at large L, the coefficients d; ; have a
well-defined limit, and the determinant in the denominator as well. On the other hand
T,y is very small, and one easily obtains for instance the leading order expression of
J; out of the leading order expression of T, ;. At finite size the equation is less simple
because the coefficients d; ; are functions of the f;, but we will see that this equation
(I11.276) is suitable for an iterative numerical resolution.

Middle nodes equation and x.,, factor In order to efficiently use this equation
(I11.276)) to write an equation on the jump densities f;, we should express (when u € R)
the quantity

+a—N/2
KlreN/2

: P oo /2] : . qLN/2—a} ]I)LN/Q—CL} *

a—N/2] = _pLmT a—N/2 0 0

T, 1" =e T, ( N/Zra] [_3N/2+a]> , (II1.277)
) 0

in terms of the densities f;. The factor T,Eaf N2 does not pose any problem, because

T, is taken inside the strip A, where it is easily expressed from the parameterization

(II1.259) of the g-functions. For the other factors, let us remind that since qﬁ(u) (resp
]p@(u)) is expressed as a Wronskian determinant of the functions Uiy and p iy the pa-

rameterization of g-functions only allows to compute q@(u) (resp ]p@(u)) on the domain

where Im(u) > %2 (resp Im(u) < —%1). Therefore, if a is smaller than § — 1, we can-

not express Q%N/ 2+ from this parameterization. But what we can do is to redistribut

the shifts between qLN/ 2+ and the kernel Kx.
. *KI[\IJFEHH
<]p([z)+a2N1} ) )
(IT1.278)

*KI[\]+EL7N/2] *Kl[\l+a7N+1]

0
o [N4a—1]
]

For instance we can write
( : : )
[N/2+d] _[-3N/2+d]
9 Py
For the numerator, one could try to proceed the same way, but it would fail because
we would have to shift the kernel Ky by more that £(N — 1). Instead of that, we can
use the relation

+\ Np [+N] [+1-N]

]p@ - ]p@ . «Kn [72N] * KN ]p6

<1p_> = % iLe. p; Y= (]p@ ) N (I11.279)
0 (] Py

34As we already said, redistributing the shifts in a convolution amounts to moving an integration
contour, and this is allowed if the functions are analytic enough (otherwise the contribution of some
poles may occur). Here, this shift of contour is allowed because we know from and
that qﬁ(u) is analytic as soon as Im(u) > 0.
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KN/

Using this relation, the numerator (q%N/ 2_'1}]]@)%\1/ 2_a]> can be rewritten as

LK Fa—N/2]
[N/2—a]_[N/2—a]\ **N
(q@ Py )

[+N=1] _[-N+1]

Y Py [~2N—a+1] ey [+2N+N—a-+1] R (I11.280)
= Nt eneg \Pg R '
g Pg

Now the right-hand-side only involves g-functions in the domain where they are easily
expressed from the densities f;.
If we insert these expressions into ([I1.277)), then we obtain

a—N/2
R
[+a—1] [~N+a+1]
[+N—1] _ [-N+1] [—2N—a+1]\ *En [+2N+N—a+1]\ *£N
BN pan/2 5 Py Py 949
a,1 [+N+1] _[-N-1] [+a—2N—1] [N+a—1] )
9% Py ] U5
(IT1.281)
for a € [1,N —1].
An important and interesting statement is then
[+a—N/2] e
[a—N/2] _  —plte N2 pla—N/2) g 0
Ta»—l =€ Ta71 [+N+1] __[-N—1]
0] )
]p[—2N—a+1] K q[+2N+N—a+1} s e
0 )
X (m) (W) s (111282)
Ps U

which says that there is no zero-mode in the equation . To be more exact there
can still be a phase eZ*™/N but the operation f ~ f* = exp (Ky *log f,) itself is
defined up to a phase e2¥™/N_corresponding to the choice of the branch of the logarithm.

Exactly like for the zero-mode x,, in the asymptotic expression of Y, o,
there is no complete proof of this statement, which should rather be viewed as a condition
that we impose on the solution of the Y-system. It can be easily motivated by the fact
that it reproduces the correct pole structure and analyticity strip for the Y-functions. In
order to really prove that the zero-mode in ([I1.282) is exact, one should use a minimality
principle for the number of zeroes of the Y, 5 and it is not absolutely clear, whether or
not this minimality principle follows from the present construction (and in particular
from the regularity of the T-functions).

Relation to x.,, In the asymptotic limit (L — o0), we can use the expressions
1III.205HIH.207) of T, ,, to say that inside the analyticity strips, we have

ag = TN = o, Py = TN — o, (111.283)
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T, 1T

When we plug this into the equation ([IL282)), we can compute Y, , = =—7—— by

Ta+l,s Tafl,s

explicitly computing the convolutions which appear in . Interestingly, that gives
exactly , and we find that the factor x, is therefore reproduced by the equation
(I11.282). The factors S and x.,, Which appear in are well defined only in
the asymptotic limit, and we see that they now appear from the convolution of (the
logarithm of) polynomial T-functions by the kernel Ky. At finite size, the T-functions
are not polynomial anymore, but the convolution is still well defined for arbitrary size L.
In section we used the expression of Y, ; to find Bethe equations under the
hypothesis that Y, ,(6, +15) = —1, for any Bethe root 6,. In the next section, we
will see that at finite size, the generalization of the Bethe equations is obtained by a
quite different method, but let us nevertheless elaborate on the hypothesis that in the
asymptotic limit, Y; (60, + ﬁ%) = —1. In terms of T-functions, we know that

N> _ Tiplut 13 +3) Tio(u+15 —3) . (I11.284)

1+Y,,lu+1— - -
o ( 4 Tyo(u+1%) Toou+1%)

L—oo

The analyticity strips are such that in the numerator T} o(u+ 1§ — 1) == ¢(u) when
u € R. That is because the argument u + 1'1% = % is inside the analyticity strip A, /9
where the asymptotic expression ([11.207)) is valid. On the other hand in the denominator,
the argument of T (u + iT) stands at the very boundary of the analyticity strip (see
(I11.236))), and we cannot say that it converges to ¢(u). This is why it makes sense to
expect that, in the asymptotic limit, 1 + Y] 5(u + ﬁ%) has a zero at every root 6, of the

polynomial .

Equations on the densities The middle nodes equation, as rewritten in ([11.282)),
can be inserted into the equation ([I1.276)) for the densities. That gives

1 N-1 N e ]q[jN—l] [-N+1]
= _Ea o a—N/2 @ @
fi - Z Ci,a € Ta’l [+N+1] [—N—l}
'(da,j)1<a<N—1 a=1 - .
<N
pL ANarl] K PNt <K
0 7
x (m) (W> . (11L.285)
Py T

In this equation, all the functions in the right-hand-side are parameterized in terms
of the densities f; (and of the polynomial Py). This means that this equation is a closed
equationﬁ on the densities f;,. This equation (III.285]), which rewrites the middle nodes

equation ([[11.202) in terms of the densities f;, is convenient because the right-hand-side
is made of =B " (which is very small in the asymptotic limit), multiplied by several

functions having a smooth limit when L. — co. As we will see, this makes the equation
suitable for an iterative resolution.

35More precisely, ([IL.285) is a set of N — 1 coupled equations on the N — 1 densities f;. Indeed, we
should write the equation (III.285) for each i € [2,N].
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IT1.3.4.2 Equation on the polynomial Py

As explained in section [[T11.3.3.5] the g-functions are defined by the set of N —1 functions
fa, I3, -+, fx, and by the M relevant coefficients of the polynomial Fy.

We have just obtained the equation ([I1.285]), which is a closed equation on the
densities f;. Actually, the same equation also fixes the polynomial Py, if we require that
the g-functions (and hence the densities = q{i}(u) - P {i}(u)) remain analytic. Indeed,

this equation involves a division by the determinant |(¢;,) 2<i<x |- This determinant is
1<a<N-1

a function of u and we will see that for excited states, it has some zeroes"} If this is the
case, then the coefficients of the polynomial Py should be fitted in such a way that these
zeroes do not give rise to any pole in the functions f; in the left-hand-side of .

Let us simply illustrate this on the case N = 3. We will see that for arbitrary L it
gives an equation on the polynomial Py, and that when L tends to oo, this equation
reduces to the Bethe equation ([11.218§)).

Finite size Bethe equations in the N = 3 case Let us consider a state in the U(1)
sector of the SU(3) x SU(3) principal chiral model, which has real asymptotic Bethe
roots 4,.

For such a state, the linear system ({[I1.274)) can be written as

[-1/2]
(% g) ( jjz ) = ( ;1[51/2] ) , where A(a) = A(u). (T11.286)

2,—1

wher A= pgf] —Pyand B=P, — p[{gf].

. : . A B . .
By inverting the matrix ( 15 ), some singularity could occur at the zeroes of

its determinant AB — AB, i.e. when the determinant is zero. If we want every f; to
be regular, we need the numerator to vanish (in ([IL.285))) at the same positions as the
zeroes of the denominator, to cancel this pole. This gives the following finite size Bethe
equation:

For every zero 9] of AB — AB,

{ Ty 1 (6 = 1/4)A(6) (I11.287)

One can notice that at such 9~J the two conditions in the right-hand-side are equivalent
(i.e. we have only one constraint for each 6).

36More precisely, we prove this statement in a vicinity of L = oo, and we numerically checked it at
finite size for several states when the size L is smaller.

37The expressions A = ]pgfl — P; and B = ]pE? — P, are obtained directly form (II1.275)), if we
remember that Pgy = Ay = P, =1, and that the functions gy and Py, are the complex conjugate
of each other, in the sense of equation (I11.253]).
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The 0~J- are a finite size analogue of the Bethe roots ¢;. In particular we see that at large
L, the roots of AB — AB are precisely the Bethe roots. Indeed, at large L, B ~ i and
A~ pla_ Py, giving AB — AB ~ —i(PlY - P, + Pf[3][[+2]] — P;) ~ —¢. This means
that the roots 6; coincide (in the asymptotic limit) with the roots 6; of ¢. Moreover,
the complex-conjugacy relation , together with the limit B ~ 1, implies that
the second relation in the right-hand-side of reduces to the reality condition
T1,71(9:j_f1/4)
Ty,—1(6j—1/4)
of § and X, We get at large L

= —1. Using the leading-order large L expression ([II.213]) of Y, ¢ in terms

(—2]
. P20 osh(2E (u—i/a))
T, j(u—1/4) ~ ¢ —2308[_2] e 3 (II1.288)
where S(u) =[] 55(u—6)xcp,(u—6) (I11.289)
J

Using the fact that p(f;) = 0 at each 6; (in the asymptotic limit), and dividing by the
complex conjugate, the large L regularity requirement becomes

(@4})2 © o ans
etlsinh(570) - 4 (111.290)

[—2] 22 gl+2] o
PS8 (W) ST

Using the crossing relation, the left-hand-side becomes simply S(6;)et" Si“h(z?gi), so that
the finite size regularity condition stated above is equivalent at large L to the asymptotic
Bethe equations ([IL.218).

For N > 3, one can also write finite size Bethe equations corresponding to the ab-
sence of poles for the g-functions, and check that they reproduce the asymptotic Bethe
equations in the limit L — oo (see [LOKL]).

Iterative solution of the FiNLIE Let us now explain how to solve iteratively the
finite set of non-linear integral equations , to obtain the finite-size spectrum of
the principal chiral model. We should start by finding the asymptotic Bethe roots 6,
(hence the polynomial ¢), and deducing a polynomial Py which obeys . We also
start with f; = 0 (to match the asymptotic limit). Then, to solve the equation ([I1.285),
we proceed iteratively: at each step, we compute the right-hand-side of and the
coefficients d, ; of ([IL274), using the previous values of Py and of the densities f; (which
parameterize the T, ; and the g-functions). Then we find the position of the zeroes of
the numerator of , and update the polynomial Py such that the denominator

(Cia) 2<i<n | has zeroes at the same position (which ensures that the right-hand-side of

1<a<N-1
(I11.285)) has no pole). Finally we update the densities according to ([11.285)), and from
these new densities we can start a new iteration. In its spirit this algorithm is a fix point
algorithm, and if it converges, then the densities to which it converges are solutions of

the equations ([[11.285)).
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If L is large enough, then one can prove that this algorithm convergeﬂ, whereas
when L is finite, we can find numerical evidence of a convergence, and find a numerical
approximate solution.

I11.3.5 Computation of the energy

In the previous sections, we have written the analyticity constraints on the 7T-functions
which allow to completely constrain the g-functions and reduce the Y-system to a closed
set of a finite number of equations.

In particular, we can see that the vacuum is a solution where the Y-functions do
not have any zero or pole, whereas the excited states correspond to solutions which have
several zeroes and poles. This was shown in the asymptotic limit in section [[I.3.2] where
the poles of the Y-functions were given by the zeroes of the polynomial ¢ = Q[o] (u). For
the vacuum, ¢ = 1 has no zero, whereas it has zeroes for all the excited states. At finite
size, the zeroes of the T-functions are modified, but it is a common belief (supported by
our numerics) that for the vacuum, the Y-functions still have no pole when L is finite.

In the expression ([I1.52)) of the energy, the existence of poles or zeroes of the function
1+, o(u) requires to specify the integration contour for excited states.

In the section we will propose an expression for the energy of the excited
states in the U(1) sector. The guideline to write such an expression is that we will
require the energy to be given by the same expression as in the case of vacuum,
except that the integration contour may be changed. We will require that this gives a
real energy, which converges (when L — 00) to the asymptotic energy ([IL.23).

Then the section will discuss the numerical results and their consistency with
known analytic results.

I11.3.5.1 Expression of the energy of excited states

In order to generalize the expression ([I1.52]) of the energy to excited states, let us first de-
scribe (at least when L is large enough) the singularities of the integrand

cosh (37u) log (1 + Y, o(u)).
To this end, let us denote by 9J-(a) the zeroes of T CEI)HN/ 2 In the asymptotic limit,

T%HN/ 2 = ¢ and these zeroes coincide with the roots 6 of ¢. At finite size, by

)

of T%HN/ 2 are distinct in the sense that in general, the set

contrast, the zeroes Qj(a
TH T,

{Hj(a) 1<j< M} depends on a.
a,0 " a,0

This means that the function 1 + Y, ,(u) = 77— has zeroes at positions
’ a—1, a+1,

Hj(a) +1/2(—a+ N/2+1) and poles at position Gj(aﬂ) +1/2(—a+£1+N/2). When L
is large, the sets {9}‘”’1 << M} almost coincide with the roots of ¢, which means
TH T,

that in 1+Y, ,(u) = /—=°=>— each pole almost coincides with a zero. We also noticed
a,0 To_1,0Tat1,0

38The convergence of the algorithm when L is large is obtained from the presence (in the equation

(I11.285))of the factor e~ BN Which s very small. This factor means that we are looking for the
fixed points of a function which is a contraction mapping, hence the convergence of the algorithm.
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numerically (by iterating the algorithm given in section [[I1.3.4)) that even when L is

+ —
Ta,() Ta,()

small, the distance between the zeroes and the poles of 1+Y, o(u) = remains

Ta—l,() Ta+14,0
quite small (compared to 1/2).

These zeroes and poles of 1 + Y, ,(u) give rise to logarithmic singularities (branch
points) in the integrand cosh (%ru) log (1 —|—Ya’0(u)) of the expression ([I1.52)) of the
energy. In order to understand the impact of these singularities when the contour is
modified, we can for instance rewrite the integral through an integration by parts:

N-1 .

sin X4 s .Y, du
E = N inh ({ —u | ———. I11.291
Z . sin (Nu)1+327027r ( )

Then we see that if we denote by zy = Gj(ail) +1/2(—a £ 1+ N/2) the position of a pole
a”Ya 0 1
of Y, ., then :

a,s 1Y, T uz
with residue S1sinh (22z). Similarly, if we denote by zy = Gj(a) +1/2(—a+ 1+ N/2) the

. . 6LIY . . . . .
position of a zero of Y, _, then —=2% ~ —L_ in the vicinity of u = z;, hence the integrand

a,s? 1+Ya70 u—zp
has a pole with residue %sinh (%’rzo).
Having noticed this, we can try to find the correct integration contour, which we

write below in the case when N is odd.

in the vicinity of u = zy, hence the integrand has a pole

Case when N is odd If N is odd, then the function 1+ Yy_, 0 has zeroes at position
2 b
N—-1

N1 N-1
HJ-( z) +1/4 +1/2 and it also has poles at position Hj( z £ i/4 +1/2. In particular,

we will denote
)
0,=0.° . (I11.292)

These 6; are the zeroes of Tl[\f;ll/ f)] and in the asymptotic limit, they converge to the Bethe
2

5

roots. In finite size, we will call them the “finite size Bethe root”@ as they generalize the
asymptotic Bethe roots. We can also notice that due to the complex-conjugacy relation

(II1.251)), we have

(M) __
602 9. (I11.293)
Let us then imagine a contour which encircles the zeroes {6; —1/4|1 < j < M} of

1+Yy, , and the zeroes {ﬁj+ ]'1/4‘1 <j< M} of 1+ Yy, . This choice, which we will
2 7 2

390ne should note that in this construction, several different objects tend to the Bethe roots in the
limit L — oo. In the previous section, we defined the 6;, which obey finite size Bethe equations, and
tend to the 6; when L tends to oco. Here, we define another finite size version of the asymptotic Bethe
roots, which enters the expression of the energy.
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motivate below, gives the following expression of the energy

-3 Z Ssli (5 /GR cosh (%%) log (1 + Y, (1)) du
+n2% [1 h (%ﬂ (6, —1'1/4)) — sinh (2N (6; +n/4))} . (I11.294)

In this expression, we have added the contribution of these singularities to the integral on
the real axis. For instance the zero of 1+ YN at position 8;—1 1/4 stands below the real

axis, hence if the contour is deformed from the real axis to enclose this singularity, the
deformation of the contour should enclose it counter-clockwise (see figure [[IL.7]). Hence
this singularity contributes as nn(i—QNN) sinh (% (65 — 1/4)), as it can be seen from the
integration by part m Using the same argument for the zero of 1 + Y% 0 at
position yj +1/4, we obtai the expression ([11.294)) above.

Moreover, one can see that if 8; has a positive imaginary part, then the following
simple contour integration reproduces exactly the expression ([11.294)): (cf figure [I11.7])

1 si aﬁ / (27r >
(% cosh | —u | log (1 + Y, ¢(u)) du. 111.295
a=1 sin() ueR+i(2—X) N ( ,o( )) ( )

This case when 6; has a positive imaginary part corresponds for instance to the first
excited state, and more generally to the states having Bethe roots with even momentum
number. In this statement, we call “momentum number” the integer x such that in the
Bethe equation ([IL18), we have 2 k m = i L sinh (276,) + log (S(f,)). This can be
shown at least when L is large enough, by the arguments which we will use in section
to reproduce the “Liischer correction”, and we have no numerical evidence that
the situation is different at smaller L.

The contour manipulation showing the equivalence of the expressions ([11.295) and
(LI1.294) (when 6; has positive imaginary part) is illustrated in figure @, in the case
N =3.

For states where some 6; have negative imaginary part, the contour is not
satisfactory anymore, and should be slightly deformed in the vicinity of the roots ;.
With this deformation, we will still get the expression ([I11.294)).

Let us now motivate the particular choice of the expression for the energy:

e First of all, this expression is real. That is why the contour has to take into account
the singularities 6; and 6; on the same footing.

e Next, we see that in the asymptotic limit, 6; becomes real. Then the term
sinh (3 (6; —i/4)) — sinh (37 (6 +1/4)) becomes equal to cosh (276,), and the
sum (the second term in ([11.294))) becomes equal to Z cosh (2”9 , as expected

from m In this asymptotic limit, the integral term in ({II.294) is exponen-
tially small, and we recover the asymptotic expression of the energy.

40To obtain ([11.294) we also used the simplification sin (% 17\}) = COS5-
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+[E)log (1+Y,,) + [E(u)log(1+Y,)

J&(u)log (14Yy,) + J &(u)log (14Yy) = ueR . u€ER -
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Figure II1.7: Choice of contour for the energy of excited states when N = 3

[lustration of the analyticity of the integrand and of the choice of integration con-
tour, in the expression of the energy F(L f E(u)log ( + Ymo(u)) du (where
E(u) = —icosh (¥u)). This 1llustrat10n corresponds to the case when Im(6;) > 0,

and it shows that the expressions ([11.295)) and (I11.294)) coincide.

e The integration contour is natural enough in the sense that it remains inside the
analyticity strip, and that it is not self-intersecting. This non-intersection condition
was used in the discussion above to fix the natural sign of the contributions of the
singularity. This condition can also be used to exclude contours which wind several
times around the same singularity.

e At least for N = 3, the total number of non-intersecting contours is small: for
each singularity of a Y-function, if the singularity lies inside the analyticity strip,
then the contour goes either above or below this singularity. As the singularities
of 1+, (resp 1+ Y} ) are only at position 8 —1/4 and 6; — /4 (resp 6; +1/4
and 0, +1/4) if we restrict to the interior of the analyticity strip, then one quickly
sees that is the only choice which obeys the above conditions and which

reproduces the correct energy in the L — oo limit.

If N > 3, (II1.294)) can be viewed as a natural generalization of the N = 3 case.

Case when N is even If N is even, then a contour can also be proposed which obeys
the same naturality conditions. We proposed such a contour in [I0KL]. As we will discuss
in the next section, we actually did not yet manage to perform serious numerical and
analytic checks of this expression when N > 3, and it should be viewed as one possible
conjecture.
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IT1.3.5.2 Numerical results

In order to check the consistency of the above construction, and to show the efficiency
of the FiNLIE, we iterated numerically the algorithm given above to solve the Y-system.
As the functions f; decrease exponentially at large u, we could approximate them by
functions with a finite support (i.e. we introduced a cutoff for the variables f;). In
practice these functions were internally defined by a polynomial interpolation from their
values on a finite set of points (about 500 points) belonging to this finite support. The
convolutions which appear in these FiNLIE are linear operators, and could be expressed
through matrices. We could write the exact convolution of an interpolation function by
the kernel Ky or the Cauchy kernel (which allows to compute the g-functions out of the
densities f;) as the multiplication@ by a matrix whose coefficients are known analytically.
This allowed to iterate the FiNLIE algorithm at a reasonable speed.

When L is large enough, one can prove that the algorithm above does converge to a
solution, because we find the fix point of a complicated function by iteratively defining
Tpe1 = F(z,). When L is large enough, F' is a contraction mapping in some vicinity of
f; = 0, and the sequence z,, is therefore converging. Numerically, when L is large, we
could indeed immediately notice that the algorithm converges to a solution which is very
close to the asymptotic limit. Then, when the length L decreases, the algorithm looks
worse and worse converging, and the densities become more and more peaked around
the endpoints of the distribution. These endpoints are not artifacts from the cutoffs,
but come simply from the fact that when L is small, e~ is almost equal to one in
a wide range of u (as long as cosh(u) < 1/L) and then it quickly becomes very small
when cosh(u) > 1/L. It turned out that most of the non-trivial behavior of the Y-, T-
and g-functions occurs precisely in a small vicinity of u ~ argcosh(1/L). By choosing
a small enough interpolation stepf’?] it was nevertheless possible to make the algorithm
reasonably convergent for several excited states in a range of length 1072 < L < 100,
when N = 3. These results were written in [10KL], and they are presented in the figure
MI.8 They can be improved with respect to these results, and one can reach much
smaller length L. These results should be soon available in the version 2 of [I0KL.

Unfortunately, at N > 4 the calculations become heavier and (with the size of inter-
polation steps we can afford) our algorithm becomes unstable already for L of order ~ 1
(which means we cannot really check the conformal limit for instance). At the moment
we cannot say whether this has a physical meaning (like some symmetry breaking down,
or some new type of singularity appearing) or whether it is just a numerical artifact,
due to a poor numerical accuracy, or to the choice of the equations. For instance, the
function that we iterate may stop to be a contraction mapping but still have a fix point.

41 As f; is defined by its values at a finite number of positions, it is internally viewed as a vector.
If functions are viewed as vectors, then the convolution is a linear operator which maps one vector to
another one, hence it is described by a matrix-multiplication.

42 The algorithm searches for the fix point of a function F' by defining x,,41 = F(z,), and saying that
if z,, converges at n — oo, then its limit is a solution of x = F'(z). Then a trick which often improves
the convergence is to define z,11 = aF(x,) + (1 — @)z, where « €]0, 1]. If this sequence converges, it
also converges to a fix point of F.

In the numerical resolution of the FiNLIE, it was necessary to use this trick to get a satisfactory
convergence when L is small.
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Figure I11.8:  Energies of the vacuum and of a few low-energy excited states, as
functions of L, at N = 3.

This graph shows the energies of a few low-lying states in the SU(3) x SU(3) principal
chiral model. The state labeled 6y (resp 6; resp 6s) is the state with one particle,
which has momentum number 0 (resp 1, resp 2). When the size L is large, this
“momentum number” is the integer x such that in the Bethe equation , we
have 2 £ 7 =1 L sinh (226,) +log (5(6,)). On the other hand, the state labeled
is the state with two particles, having momentum number 0.

We see that in the asymptotic limit (L — 00), the energy is equal to the number of
particles, hence 5—71: is linear in L. and looks exponential in the logarithmic scale of
this figure. By contrast, in the L. — 0 limit, % goes to a constant, equal to —% plus

the sum of the momentum numbers.
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One could for instance expect that for N > 4, if we rewrite slightly this function it could
become a contraction again, and extracting its fix point would be possible by iterations.

I11.3.5.3 Comparison with known limits

Once we have iterated and numerically solved the FiNLIE, we can check that it matches
the known features of the principal chiral model.

Conformal limit The conformal limit is the limit where the length L is very small.
In this limit, the action can be linearized giving rise to a 2-dimensional conformal theory
with N? — 1 massless bosons.

As explained in [I0KTL], this linearization shows that when L < 1, the energy behaves
like

2r [ N*—1
B~ <— ot ; |nj\) (111.296)

where n; denotes the momentum number associated to the Bethe root ;. Our numerics
are compatible with this result, as they show that when all particles have zero momentum,
E% converges to —2/3, at a logarithmic speed. These numerics are also compatible
with the fact that the states 6; and 0, have energies which behave like 2% (—=1/3 + 1) and
2% (—1/3 + 2) respectively (see figure .

In [10KL], we also computed the first correction to ([I1.296]), and found a logarithmic
speed of convergence which matches quite well our numerical results.

Asymptotic limit We already discussed the fact that by construction, the FiNLIE
reproduces the known asymptotic limit (. — oo) of the principal chiral model. In fact
one can perform deeper consistency checks of the large L. behavior of the FiNLIE. More
precisely there exists a general procedure, initiated by Liischer [Lus86al [Lus86b| (see also
[KM91]). This procedure allows to find the first corrections to the asymptotic energy
(1I1.23)) when the size L is large, but finite. Following [KM91], it is is easy to show that
when N = 3, these Liischer corrections predict that the mass gap (the difference between
the energy of the state denoted 6, on figure and the energy of the vacuum) is given

by

9 —V/3L/2,3

Emess e o q _ (3@—167T) 7 (111.297)
I'(3)

where the term (%) is a so- called p-term.
3
Let us now show that this result can also be obtained analytically from our FiNLIE
and from the prescription ([I1.294)) for the energy. First we should note that when N =3

it suffices to compute Y] ; in order to obtain the energy, because Yz = Y] .
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As we saw in the previous sections, Y] ; is given by ([II.213), which reads

2
ey (T1,)? ol-3/2 1
Y. :echosh<Wu) ( 1,1 (IIIQQS)
1,0 To,o T2,0 90[+1/2] (SQXCDD> (—3/2]
21 3 5 4 2 1
:echosh(Wu) ( u-+t . ]l/ ) , = (111299)
u-+1/4 (52 CDD)

where the last line is obtained by replacing the T-functions with their explicit value as
it can be computed from section [[I1.3.2.2]
At large L, this expression allows to compute the leading order of the integral term

n (I11.294])). We see that this term is of the order O ( ), which is much smaller than

the p-term ?’%F\f# which we want to reproduce. This suggests that the second term

3

in gives the leading correction to the mass gap, as we will show now.

Finding the behavior of this term is a bit more tricky, as it involves the position of
the Bethe root. This position can be estimated by computing the densities to the leading
order, to deduce the first correction to T, in order to solve the equation T ,(6p+1i/4) =
0.

For the mass gap, this root should be at the origin, up to exponential corrections in
L. Moreover one can ShO that T, (0 +1/4) ~ £ £,(0) +1f3(0) = O(e "V3/2) while
9uTy (04 1/4) ~ 1, so that T} (0 +1/4) = 0 gives Oy ~ —¢ f,(0) — f5(0). Using the
asymptotic expression for f,’s (which can be extracted by keeping only the asymptotic

ie~V3L/2p(-1)°p(2)”
expressions of T, _; and of d, ; in the formula ([IL.276])), one gets 8y ~ 3

3
\/— F( )2 )
so that the second term in (II1.294), which is sinh (2 (8y — 1/4)) — sinh (2 (6 +1/4))
can be computed at leading order.

That gives
—v/3L/2.3
Eel- (M) , (I11.300)
r'(s)
which coincides exactly with the p-term of the Liischer corrections, and this a good
non-trivial test of the expression of the energy.

Moreover, it is in good agreement with our numerical results, which is a consistency
that the algorithm has no obvious mistake. The figure [T[.9] shows this consistency with
the numerics, and we see that for this lowest-lying excited state, the Liischer correction
(I11.297)) gives a good approximation of the energy up to lengths of order one, while
the expressions from the conformal limit give a good approximation when the length is
smaller than (and up to) of order one.

43These large L expressions are obtained by neglecting integral terms in the determinant expression
of T} .
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Figure I11.9: Energy of the first excited state.

The numerical energy of the first excited state 6y (blue dots) is compared to the

analytic expression ([IL.297)) of ET"%79*" (green dotted line and to the conformal

limit Ep, = Eyee + g%log(C/L)—i-%llog(log(c/L)) (see [10KL]) (red dashed line), where

¢ = 12.3 is chosen to fit the data.

I11.4 Conclusion

For many integrable two-dimensional field theories (or “sigma models”), the TBA ap-
proach of Al. Zamolodchikov gives rise to a very universal system of functional equa-
tions, the Y-system. This Y-system is equivalent to the same Hirota equation which
arises for spin chains in chapter [[I The Hirota equation is associated to variables a and
s belonging to a lattice which is fixed by the symmetry algebra of the model. In general,
the Y-system equation is not sufficient to characterize and to solve a model, and some
additional information, namely the analyticity properties with respect to the spectral
parameter u must be specified.

As we saw, the typical solution of the Y-system for a large variety of lattices is
parameterized by a finite set of g-functions (where the number of g-functions is essentially
equal to the rank of the symmetry group), and the resolution of the Y-system reduces
to finding the g-functions which reproduce the correct analyticity constraints on the
Y-functions.

We illustrated this procedure in the case of the SU(N) x SU(N) principal chiral model,
generalizing some results of [GKV09b| by using the g-functions, which provide, as we
showed, the typical solution to the Y-system. Moreover, we showed how the additional
analyticity constraints on the Y-functions are rewritten as natural constraints on the
T- and g-functions. That allowed for instance to generalize to any finite size L the
Bethe equations fixing the position of Bethe roots. We also saw that these analyticity
conditions on the T-functions allowed, when the size L is large, to recover the asymptotic
Bethe equations, including the factor y,,,, in the phase of the S-matrix.

The numerical and analytical checks that we performed confirm the consistency of
the finite set of equations that we obtain, and of its iterative resolution, and in particular
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for N = 3, the Liischer corrections provide a serious check that the contour proposed and
motivated in section to define the energy is very consistent.

At the present the numerics are still perfectible, and in particular it is left to under-
stand why we have some convergence issues at length of order one when N > 4. This
point would certainly be an important step in order to understand, at the level of the Y-
system, the large N behavior of the principal chiral model, which exhibits a well-studied
phase transition.

It would also be very enlighting to understand analytically how our FiNLIE behave
in the conformal limit, and how they give rise to the analytic expressions known from
conformal field theory.

In the next chapter we will see that in the example of the AdS/CFT duality the
same approach also allows to write a FiNLIE. This shows that this procedure based on
g-functions applies to several different models. We will see that a lot of work has to be
done on a case-by-case basis, even though several common features arise.
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Chapter 1V
FiNLIE for the AdS/CFT Duality
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In this chapter, we will see how the methods of the previous chapter can be applied
to the Y-system of AdS/CFT.

This Y-system was conjectured in [GKV(09a|] and then understood in terms of the
thermodynamic Bethe ansatz approach [BET09, [GKKV10, [AF09], and it is believed to
describe the exact scaling dimensions of the operators in the super Yang-Mills conformal
field theory. Its derivation is conceptually slightly different to the Y-system of (for
instance) the principal chiral model, because super Yang-Mills is not two-dimensional,
and its integrability, comes out of a mapping between some operators (the single trace
operators) and the states of an integrable spin chain.

This integrability was first noticed and understood in high-energy QCD [Lip94,
EFK95|, and then in super Yang-Mills [MZ03l, BS03| BKS03|. Inspired by the consid-
erable activity in the string side of the duality [GKP02, [F'T02, Rus02, Min03l, [FT03],
BMSZ03, [ART04, AFRT03, BFSTO03, [Kru05, KMMZ04|, where integrability was also
noticed [MSWO02, BPR04], it was shown that integrability allowed to write Bethe equa-
tions for super Yang-Mills [BDS04, [AFS04].

In order to write these Bethe equations, one key step is to find the S-matrix. Like
for the principal chiral model in chapter , it turns out that this S-matrix is fixed,
up to an overall phase, by the symmetries of the model and consistency requirements
[Sta05l, BS05, Bei0§|. This overall phase is fixed by a crossing equation which was
identified in [Jan06].

The Y-system, which was conjectured from these Bethe equations, was successfully
tested in both the weak coupling regime, (by comparison with perturbative expansion in
super Yang-Mills [JEO7, HJLO8, BJ09, [FSSZ08, Vel09, MOSS11) [AFS10, BH10]), and in
the strong coupling regime [Grol(]. On spectacular prediction of the Y-system, (latter
checked against perturbative expansion in super Yang-Mills) was the prediction of the
first subleading corrections to the dimension of the “Konishi operator” [GKV10, [Froll].

In this chapter, we will not see in great details how this Y-system was conjectured,
but we will use it as the starting point of an analysis in terms of @-functions. This
analysis [LIGKLV] is an original contribution of this PhD, and it allows to recast the
infinite set of equations arising from the thermodynamic Bethe ansatz into a finite set
of integral equations (FiNLIE).

The numbering of the sections follows the general road-map of section where
the steps needed in order to write a FiINLIE for a given model are listed.

IV.1 The Y-system for AAS/CFT

The Y-system describing the energy spectrum of the AdS strings (or equivalently the
scaling dimensions of super Yang-Mills operators) is reviewed for instance in [GK12]. It
holds in the “planar limit” of super Yang-Mills, which is the limit when N. — oo and
A = g2 ,,N,. is finite, where gy is the coupling constant of super Yang-Mills and N, is
the rank of the gauge group. The constant A was introduced by 't Hooft [Hoo74] who
noticed that in this limit, all non-planar Feynman diagrams are suppressed. Therefore,
A is called the 't Hooft coupling.

In this planar limit, the spectrum of AdS/CFT is given by the general Y-system
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equation on the lattice T(2,2|2 + 2), which reflects the PSU(2,2|4) symmetry
of the model. The dispersion relation is more subtle than for relativistic models: the
massive particles (corresponding to the nodes at s = 0 in the Y-system) carry an energy
and a momentum, given by

. 21g 21g ipe zlt+al
E,=a+ m — ﬂ, e = o (IVl)
i 1 [utza utza
where z1*9 = 7 (u + %a) =3 2 4 ﬁ\/4 — % : (IV.2)
g g

where g = 4—? is the coupling constant. In this expression, the function /2 denotes the
holomorphic function on C \ R~ which coincides with the usual square root on R (i.e.
the square root on the complex plane has a cut on R™). We see that the function z(u)

defined in (IV.2)) obeys

2(u) + (L _— (IV.3)

and that it has cuts on | — 0o, —2g] U [2g, oo[ on the real axiff] This function z(u)
can also be viewed as a double-valued function of u, and (IV.2) gives its expression
on a specific Riemann sheet. The function 1/x(u) corresponds to another sheet of the
same double-valued function (because it also obeys ([V.3)), and it still has a cut on
Zo =] — 00, —2g| U[2g,00[. This cut of square-root type, associated to branch points at
position £2 g, will be called Zhukovsky cuts. Another choice can for instance be

@(u)zl<ﬂ+\/ﬂ_2\/ﬂ+2)={ #(u) if Im{u) >0 (IV.4)
2 \g g g 1/x(u) if Im(u) <0

The choice has no cut on [2g, o[, but has a Zhukovsky cut [-2g,2¢]. It
does not have a cut on | — 0o, —2g] either, because the cuts from the two square roots
compensate each other. This definition will be called the “magic branch” of z(u),
and more generally the “magic” sheet of multi-valued-functions will be a Sheetﬂ where all
cuts are “short” i.e. of the form [-2g,2g] or [-2g + 1a,2g + 1a]. On the other hand
the definition (IV.2)) will be called the “mirror” branch. This branch [AF07] is the most

frequent in the study of the Y-system and will be simply denoted as x(u) (the same
symbol as the multi-valued function). These different branches of x(u) are presented on

figure [V.1]

!These cuts correspond to 4 — ;—z < 0.

20ne should notice that in general, the cut structure does not fix uniquely the Riemann sheet. Indeed,
Z and 1/& are two different determinations of 2, which have the same cut structure, but correspond to
distinct Riemann sheets.

In the literature, there exists another choice of sheet which has “short” cuts, like the magic branch
and which is called “physical sheet”. For the function z(u), it coincides with the “magic sheet”, and in
what follows this “physical sheet” will not play an important role.
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Figure IV.1: Different branches of the multivalued function x(u).

The top sheet on subfigure illustrates the function x(u) (mirror branch) as
defined in ([V.2). It has a cut on Zo =] — oo, —2g] U [2g, 00|, which connects it to
the function 1/x(u) (in the sense that 1/x(u) is obtained by analytic continuation
of x(u) across this cut). The function #(u) (“magic branch”, top sheet of subfigure
IV.1(b)) is obtained by “gluing together” the upper half plane of z(u) with the
lower half plane 1/x(u) (see ([V.4)) and it has only a “short” Zhukovsky cut on

The expression ([V.1HIV.2)) of the dispersion relation is an expression in the mirror
kinematics. One can also write this dispersion in another branch (called “physical”),

where it reads
A 2ig 21g s z
Ea=at o = sma peh
Then, the AdS/CFT spectrum is obtained by solving the Y-system equation on the
lattice T(2,2|2 4+ 2), under some analyticity conditions which include the asymptotic

behavior

(IV.5)

Yo0(u) = <x[_a]>L , (IV.6)

x[+a]

where L is the length of an operatorﬁ Then the anomalous dimension v of this operator
is given by

M 00
Y= E— M, where F = ZEl (U(J)) + Z/ gaEa(U)

%ir ou log (1 + Ymo(u)) , (IV.7)
uec

j=1 a=1

3 As mentioned in the introductory section (see for instance [Min12]) the super Yang-Mills operator
tr(X XY X) can be mapped to the state |11]1) of an SU(2) spin chain of size L = 4. Then L = 4 is called
the “length” of this operator. The conformal dimension of this operator is then given by one solution of
the Y-system, obeying the asymptotic behavior with L = 4.
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where E,(u) (resp E,(u)) are defined in (IV.1) (resp (IV-5)), and where {ud1<j< M}
is the set of the “momentum-carrying” Bethe roots (the analogue of the roots 6; of the
polynomial Q[O](u) in the principal chiral model).

An important remark is that the Y-system equation must hold on the “mirror sheet”
[AF07, [GKKVI0]. One cannot always continue analytically the Y-system equation to
other sheets than the mirror sheet, and one can even show [I1GKLV] that on the “magic”
sheet, the Y-system equation takes a quite different form at (a,s) = (1, 1) for instance.

To give a complete set of equations, the Y-system equation has to be supplemented
with the asymptotic behavior and with conditions at the corner (namely, the
function Y] ; has to be the analytic continuation of 1/Y, ,, as we will see in (IV.20)). For
instance, the TBA-equations [GKKV10] contain these conditions, though they are hard
to understand from the integral TBA equations. In this chapter we will see that in terms
of the T-functions, a closed system of equations is obtained by imposing a few natural
analyticity constraints [IIGKLV].

IV.2 The asymptotic limit

The asymptotic limit (L. — oo) is well presented in the Y-system literature (see for in-
stance [GKV09al or the review [GK12]). In this PhD, this limit was studied in [11GKLT]
where we first wrote the Wronskian solution of the Hirota equation on a “T-hook” (the
expressions ([II.143HI11.145)) and wrote the explicit expressions of all Q-functions in the
asymptotic limit.

In this section, we will not repeat the results of this article, but simply mention a
few observations which arose in this study of the asymptotic limit. First of all let us
briefly mention that the expressions of Q-functions were obtained in this paper from
the knowledge of the OQ-functions corresponding to a given nesting path. The QQ-
relations were used to express all Q-functions in terms of basis of nind!| Q-functions
(using (IL.254)), and these nine functions were expressed out of the Q-functions lying on
the nesting path, using the QQ-relations. They are given by the formulae (5.6-5.9) (or
(B.1-B.8) for the most general states) and proven in appendix B of [IIGKLT].

We will not copy these formulae here, because they will not be used directly in what
follows. Instead, let us summarize a few properties of the asymptotic solution, which
were found in [IIGKLT], and which correspond to symmetries of the Y-system.

Super-determinant A first nontrivial property of the asymptotic solution is that
g

o-
the ratio %Q—ﬂ is equal to one. This relation means that there exists a gauge where
(e}

Qy = Q@ =1, i.e. where T, = 1, in addition to the gauge constraints ([IL.81)). In the
absence of a non-trivial symmetry, there would a priori not always exist such a gauge
where Tj ;= 1. Indeed, it is in general possible to choose Q; =1 and that corresponds

4This set of nine Q-functions is denoted as By in [IIGKLT]. Using the gauge constraint T 0,5 = T()[LS]
they can be reduced to a set of eight functions called B;. As the definition of the Wronskian gauge fixes
only three (out of four) gauge freedom, only seven of these eight functions are really independent.
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to the gauge choice T, = T(E,‘OS} in ([I1.81)), but then, the remaining degree of gauge
freedo takes the form T, & ~~ (g[S]D)[a]D . There g is an arbitrary function of u, and

gblo = n=—23" (IV.8)

1 if s=0,

[ 1/gIp if s <0.
Since T, is invariant under this transformation we see that 7, ; = 1 cannot be enforced
by a gauge transformation. This means that the relation 3—;% = 1 is not just obtained

by a gauge transformation, but it is the manifestation of some symmetry. Interestingly
enough, this relation can also be written in a gauge-invariant way as Y, ;Y , =Y] ;Y] ,.
On this form, we see that this property is trivial for the states having the symmetry
Y, =Y, and what we noticed in the asymptotic limit is that this constraint holds

even for states which do not exhibit the symmetry Y, ; =Y,

a,—s*

In [11GKLT], we identified the physical meaning of the equality Q—% = 1, as the

requirement that the group symmetry PSU(2,2|4) only involves rna,trlces with super-
determinant equal to one.

More explicitly, there exists a limit called the classical limit (when g — o0), where
the T-functions are the characters of a monodromy matrix 2 € PSU(2,2|4), in some
rectangular representations labeled by indices (a,s) € [T(2,2[2 +2)], (see |[GKT10]).
As it belongs to PSU(2,2|4), this matrix has its super-determinant equal to one.

This interpretation holds only in the g — oo limit, but in the more general case of

finite g, the Q-functions can be viewed as a generalization of the eigenvalues of €2, and
+

o
the condition 3_9_ = 1 can be interpreted as the condition that the super-determinant
;o

of Q2 is equal to one

We see that although the symmetry groups PSU(2,2|4) and U(2,2|4) are associated
to the Hirota equation on the same (a,s)-lattice T(2,2|2 + 2), the PSU(2,2|4) case gives
rise to additional constraints on the T-functions. The same thing can be noticed in the
setup of the chapter [[It we have seen that a spin chain with symmetry GL(K) or with
symmetry SU(K) gives rise to two T-operators which obey the Hirota equation on the
same lattice. But the equation shows that the relation T**(u) = T%(u + s) is
true only for SU(K) spin chains (unless the twist takes a very specific value).

Structure of the right band Some other symmetries appear in the asymptotic limit,
which we will illustrate here with the “right band” (when s > a) in the SL(2) sector,
for the simplicity of notations. This so-called SL(2) sector [Min12], denotes the states
having only one type of Bethe roots: the momentum carrying roots u% which enter in

SLet us remind here that the gauge constraint ([I1.81)) fixes only three out of the four degree of gauge

freedom in (II1.60f).
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the expression (V.7 of the energy. This sector is analogous to the U(1) sector of the
principal chiral model studied in section [[I1.3]
In the asymptotic limit, we obtain (see formula (5.6) and (5.12) in [IIGKLT])

S ) -
Qe _ 4, 1o+l g, lEmHl_  lEo+l
Q{l} 2%—17 Qm 2%_1 QR(t)_l
(IV.9)
M M
+) — g (1 . +) — g A
where B®) = H pe (E - xf) ; R®) = H pea (z— SCJ:F) ) (IV.10)
=1 ] j=1 ]
and 37 = 2 (u(j) ¥ %) : (IV.11)

In view of the expression ([I1.143]), this means that up to a gauge transformation,
the right band of the T-hook of AdS/CFT is given by

[+s5]
[—s]

Qr
, where q = — and g q= 1t (IV.12)

1
Vs > 1, T, , =
b ‘ 1 Quy Q=

Q9

In this asymptotic solution, we can notice a couple of properties:

e We see that T, _ is real and that —¢ is the complex-conjugate of q (which is defined
on the mirror-sheet). This property will still hold at finite size, and it simply comes
from the reality of the Y-functions : by the same argument as in section [[T[.3.3.5]
the reality of the Y-functions allows to choose a gauge where the T-functions are
real, and in turn this allows to choose Q-functions which are complex-conjugated
to each other, up to a sign (see for instance (5.12) in [LIGKLT]). As the reality of
Y-functions is not specific to the asymptotic limit, this property will still hold for
arbitrary (finite) L, as we will discuss in section [[V.3.1.3]

e As a function of u, we see that T , is analytic on the whole complex plane, except
on Z, and Z_,, where we use the notation

~

Zn = {x—l—n—‘x €] —o0,—2g]U 2 g,oo[} : (IV.13)

We see this analyticity property from the fact that (due to the function z(u)), the
functions B®) and R™®) are analytic on the whole complex plane except on Z.

Moreover, when u is large, we see that

T, ——as (IV.14)

u—o0

where « is a constant, independent of u and s, which we can absorb into a gauge
transformation if we wish. This means that

Y, —— st -1 (IV.15)

u—o0
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. . . : . Q Qv
e Another fact which was noticed in [IIGKLT], is that the functions 5 and
{1} (e

are equal up to the replacement B < R®) (or equivalently z <+ 1/z). Let
us remind here that the Y-system equation holds in the mirror sheet, and that
therefore the above expressions define T} , in the mirror sheet.

Let us introduce

B(+)

~ . 1 BE +1 ~ 1 61["’5]

q= —1u + QB(T_l and Tl,s = 1 61[7‘9] s (IV16)
B(-

where B& H = (— — :cf) . (IV.17)
I

We can then notice that when [Im(u)| < s/2, we have q(u +13) = q(u +13) and
q(u—135) = q(u —15) as we can see from the relation ([V.4) between z and Z.

Hence we deduce that T s coincides with 7, ; when [Im(u)| < s/2.

This function T defines another sheet for the function T, which only differs
from the mirror sheet when |Im(u)| > s/2. We see that it is analytic on the whole
complex plane except on Z and Z_,, where we use the notation

~

Zn E{X—l-]l—‘XE 2g,2g]} (IV.18)

This new choice of sheet exhibits the symmetry

~

Tl,s =-T _,, (IV.19)

which we interpret as a generalization of the Z, symmetry of the classical string
theory on AdSs x S° (see section [[V.4.2)). We will see that this symmetry is one of
the fundamental analyticity properties which leads to our FiNLIE.

As a last side remark about the right band, let us note that only the expression of
T,  is relevant, and it allows to express the product T, /T, , = Tir I — T g Ty gy
On the other hand, the individual expression of T, versus T, is much less relevant
than their product, because there exis‘tﬁa gauge where 7|, - = 1 and another gauge where
T, , = 1. Therefore, when we discuss the right band of the T-hook, we will usually focus
on T ., and we may even omit to mention the existence of T}, , and T, ..

The structure of the upper band and the left band can also be analyzed in the same
way. The left band is simply equal to the right band (up to a gauge transformation),

6 Indeed, @ = 0 and a = 2, are boundaries of the (a,s)-lattice, which implies that we necessarily
have T , = f1[+s] fz[_s] and Ty, = f:£+s] fi_s] (for some functions f1, ---, f4). Hence there exist a gauge

a,s

_g\ o1l
where T, ; = 1 (obtained as ( lesl fg[ ]) "7, .) and another gauge where Ty 4 = 1 (obtained as

_ [1—a
( f3E+S] fi S]) K T, ), and these two gauges transformations leave T} ; invariant.
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while the upper band has quite a degenerate structure in the asymptotic limit. This
structure can be read from [I1GKLT], and for instance it shows that there exists a gauge

where T,, = Glta 4 é[’“}, where G has essentially the same properties as the ratio
2oy
Ly
imaginary polynomial when u — oo. The degree of this polynomial turns out to be equal
to M — 1 where M is the number of Bethe roots.

Moreover it is possible, as in the case of the principal chiral model, to derive the
Asymptotic Bethe equation [BDS04, [AFS04| (including the crossing equation [Jan06])
from this asymptotic solution of the Y-system. This was already done in the first paper
[GKV09a| conjecturing the Y-system of AdS/CFT. This derivation actually assumed
that the zero-mode (denoted as ¢ in [GKV09a]) is a phase in the “physical sheet”. This
condition can actually also be viewed as a consequence of the Z, symmetry which we
will use in our construction.

of the right band: it is analytic on the whole complex plane except Z,, and is an

IV.3 Parameterization of the 7- and g-functions

In this section, we will introduce the parameterization of the 7- and g-functions which
we will use to write the FINLIE at any finite size L. As in the chapter [[T[.3.3.5] this
parameterization will arise by understanding the analyticity strips of all the Y-, T- and
g-functions. Therefore we will start by quickly discussing this analyticity, in the section
V.31l

Then, we will deduce a parameterization of the g-functions, in the same spirit as
in section [[II.3.3] The parameterization of the g-functions will involve a polynomial
(corresponding to the u — oo behavior, which will be extracted from the asymptotic
limit), and a Cauchy integral (given by the Statement [§] (page[L47)). In order to partially
fix these polynomials, we will even restrict to states having two symmetric Bethe roots
(ie. M =2 and uM = —u®@).

IV.3.1 Analyticity strips
IV.3.1.1 Analyticity of the Y-functions

Like in the example of the principal chiral model in chapter [T} one can find the analyt-
icity strips of the various Y-functions out of the TBA-equations, or out of the Y-system
equation, but if we want to derive them from the Y-system equation then we need to
know additional constraints such as the asymptotic behavior . The analyticity
properties of the Y-functions were decrypted in the papers [CET11l, [BHI1a, BHI1Db|. In
particular it was shown that if it is supplemented with these analyticity properties, then
the Y-system equation becomes equivalent to the TBA-equations.

The most elementary analytic properties of the Y-functions, namely their analyticity
strips, can be obtained by the same method which we used in section for the
principal chiral model. In this section, there were a few nodes (the middle nodes) where
the analyticity was limited by the asymptotic behavior, and the other Y-functions had
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increasingly big analyticity strips when |s| increased, i.e. when they were located further
and further away from the middle nodes.
In the case of AdS/CFT, the asymptotic behavior (IV.G) prevents Y, , from being

—a L . o).
analytic on a strip wider that A,, because (%) has four branch points at positions

+2g+15 and +2g —15. Hence, on the mirror sheet, this factor has cuts on Zq,and Z_,,
(where the notation Z, was defined in (IV.13))).

. . . —L%cosh(%u)
One should note that in the principal chiral model, the factor e =~ "~ was

an analytic function for any finite L, and only its L. — oo limit was not analytic. By

—a\ L .
contrast the factor <§[[ M}) has branch points (and square root cuts) even when L is

finite. Therefore the meaning of “analyticity strip” is slightly different from the case
of the principal chiral model. These analyticity strips are now the biggest strip of the
form A,,, where the Y-functions are meromorphic. Inside these strips, one shows that the
Y-functions have a well-defined limit when L. — oo.

_a\ L
In addition to the statement that Y, ; behaves like (%) , another analyticity con-

straint must be used to fix these analyticity strips. This extra analyticity condition
substitutes to the Y-system equation at (a,s) = (2,42) (where this Y-system equation
is ill-defined, as discussed in section [[11.2.1.3]). It reads

Y (u+ ie) Lﬂ;& 1/ Yy, (u— ie) (IV.20a)
Yu e ZO, €
Y,y (u+1e) GLI& 1Y,y (u— ie) . (IV.20b)

This says that the Y-functions standing at position (a, s) such that a = |s| (i.e. (a,s) €
{(1,1),(2,2),(1,-1),(2,—2)}) have a Zhukovsky cut on the real axis , and that the
analytic continuation of Y} ; (resp Y] ;) through this Zhukovsky is 1/Y;, (resp 1/Y, _,).
This imposes that the analyticity strip of ¥} ., and Y; 4, reduces to [-2g,2g].

Then we can use the same arguments as in section to iteratively deduce the

analyticity strips under the conditions ([V.6], [[V.20)). This way we obtain
Yos € A b (IV.21)

a

Remark One should note that the analyticity of the convolution kernels which appear
in the TBA-equations [GKKV1(] is quite complicated, and involves several Zhukovsky
cuts. But the explicit expression of these kernels strongly suggest that the only possible
branch points for the function Y, , are {42g+ 1% —i—ﬁn‘n € Z}. We will therefore
assume that outside its analyticity strip, the function Y, ; is still analytic except on

U Z/a+s+2n .
nez
In particular, we see that with these choices of cuts which correspond to the mirror sheet,

Y, .(u) is analytic when |Re(u)| < 2g.

a,s
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Moreover (as suggested by the form of the convolution kernels appearing in the TBA-
equations), we expect that the branch points are always of square root type. This as-

a,s a,s’

sumption means that for any closed contour v, Y, ([[u] ﬂ{} ) =Y _, where the notation
v

F ([u] 7) denotes the analytic continuation of a function F' following the contour v from

the point u to the same point u.
These two assumptions are very standard in this subject, and are used in all the
Y-system literature. Therefore, we will also use them in the present manuscript.

IV.3.1.2 Analyticity of the T-functions

We can then deduce analyticity strips for the T-functions. In the case of the principal
chiral model, we saw that there exists a gauge where the T-functions of the “right band”
have a larger and larger analyticity strip when s increases (see ([11.234))). We also saw
that there exists another gauge where the T-functions of the “left band” are analytic
inside a wider and wider strip as —s increases (i.e. when we get further away from the
middle nodes located at s = 0).

For AdS/CFT, if we deduce analyticity strips for T-functions out of the analyticity
strips of the Y-functions, then the same general pattern appears: there exist gauges
where the T-functions of the “upper band” (the domain where a > |s|, see figure
(page [127))) have the analyticity strip

T, €A, - (IV.23)

There also exist other gauges where the T-functions of the “right band” (the domain
where s > a, see fig [[11.6)) have the analyticity strip

Tos € Ay i (IV.24)

Finally, there is a third type of gauges where the T-functions of the “left band” (the
domain where s < —a, see fig [[I11.6)) have the analyticity strip

za,s S A—s—g—i—l . (IV25)

In these properties (IIV.23— |IV.25 , the symbols EIW, IW,S and za,s denote T-functions

which differ only by the choice of the gauge.

IV.3.1.3 Analyticity strips for the g-functions

One can easily see that the analyticity strips for the T-functions would most naturally
arise from having g-functions analytic on half planes, as in chapter [[II, More precisely,
we will use two different gauges for the upper band and the right band, and only a subset
of the 2% Q-functions of the general Wronskian expression ([1I.143{[11.145)) is analytic in
each of these gauges. The @Q-functions of this subset will be denoted by the letter q.
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g-functions for the right band More explicitly we will use the following notations
for a gauge (to be specified in the next paragraph) where the right band is analytic:

N R e
Vs=1, Lho= 4py By — 4y Py o (IV.26)

where the arrow under the g-functions denotes the fact that we write expressions in
the gauge lw which obeys ([V.24]). As compared to the Q-functions of the general
Wronskian expression ([I1.143HI11.145)), we see that 4y (resp q{Q}) denotes Q;y (resp

Q) in this specific gauge, while Py (resp g{Z}) denotes Q{2} (resp Q{1}) in this gauge.
They are analytic in the following half-planes

Il-1

4y is analytic when Im(u) > | |2 (and I C {1,2}) (IV.27)
1—|I

Py is analytic when Im(u) < 2| | (and I C {1,2}). (IV.28)

These analyticity strips are designed to reproduce exactly the analyticity strips of the
functions T, (see ([V.24))). As in section , they can be deduced from the analyticity
strips of the T-functions using the Baxter equation ([I1.102)).

Moreover, the same arguments as in section [[II.3.3.5] allow to impose the reality of the
functions T , .. That even allows to impose, at the level of the g-functions, the following

—a,s
complex-conjugacy conditions:

_ - = Fen. IV.29
Py =~ Qs Py = Qg (IV.29)

In view of our definition ([I1.250]) of the complex-conjugate of a function, these relations
mean for instance that for arbitrary u € C, b, (13(u) is the complex-conjugate of 4 1y (0)

(see the definition (II1.250)). For T-functions, it gives

— ¢ gl [+8] [—8]

Moreover, as mentioned in section [[V.2, the expression of T, is not very relevant
and can be arbitrarily changed by a gauge transformation whl_fl leaves T 1 invariant.
Therefore, we can choose

Tos=1. (IV.31)

+ — .
In that case, I)ZS = I)LSI)LS — I)LSJAI)LS_I gives

[—s]

(IV.32)

[+5]
— + o= _ g— . at == =+ =t ==
Vs22,  Ly,= <2>{1}2>{2} i{l}%&}) (%{1}%{2} &1}%{2})

g-functions for the upper band For the upper band, we can find a gauge where the
T have analyticity strips given by ([V.23]), and we will see that we can even choose the
g-functions to be analytic on half-planes. In this gauge, we have

_ ot [—a]
a = |S|7 Ea,s - 3(2_5) N 8(2+S) ) (IVSS)
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where the brace symbol under the g-functions emphasizes the choice of the gauge Eﬂvs

which obeys ([V.23]). As compared to the Q-functions (or actually the forms built out of
the Q-functions) of the general Wronskian expression ([II.1581I11.160|), we see that ()
u

can be viewed as 9, , (n)’ whereas D (1) corresponds to Q(n) - ¢ But we can equivalently
< u 15

view them as the exterior forms which allow to rewrite the Statement {4| (page [116|) as
the equation ([II1.116)). They are then deﬁnedﬂ as

4 4
q(l) = Z ql£l7 p(l) = Z 8152, g(o) = 3@7 B(O) = 8@
i=1 i=1
(IV.34)
[+n—1] [+n—3] [+n—5] [—n+1]
40 Mo Ndo N Mo X IV 35
am = [—n+2] _[-n+4] 2] 7 n>1, (IV.35)
9p Jg “Qg
Ll [N} [N}
[+n—1] [+n—3] [+n—5] [—n+1]
_Bo ABm ABRo M AR
b = [-nt2] _[-n+d] = ) n>1, (IV.36)
p@ pq) . e p@
[ M ] [N ] [ M ]

and their coordinates obey the QQ-relations (see chapter , and [Woy83, BCFH92,
Tsu98, BHK02D, PS00, DDM™07, BDKMO07, BT08, KSZ08|, Zah08, [GS03, [GV08| 1IGKLT]

)

- =q.q..—q..q" V.37
Qoo G = 475 Qoo ™ Qg Gk ( )
_nt - -
B..Ayik B = B...,j B’k - B...’j B’k ) (IV38)
where “..” stands for an arbitrary set of indices.

Then, if we want the expression ([V.33)) to reproduce the analyticity strips ([V.23]),
it is natural to guess that

A () is analytic when Im(u) > —= + , (IV.39)
[N ]

(IV.40)

D (n) is analytic when Im(u) <
Ll

Indeed, we see that if (IV.39HIV.40) hold, then qz,rf]z) (resp pgf]s)) is analytic when
Ll (M ]

1+a—|s ta n
Lrelsl) and hence Las = gES_]Q) A gﬁz_]s) € Aujsr

Im(u) > —Hanl“’" (resp Im(u) <

7 Here we should notice that the sign of the shifts in the spectral parameter is changed compared to
(LII.113)I11.114)). This change is aimed at reminding that in the original Wronskian expression
I11.145|) for the whole “T-hook” T(2,2|2 4 2), these g-functions, associated to the upper band, are
associated to indices with grading (—1)P7 = —1. This means that the QQ-relation has a sign (see
(TII.154)), which differs from ([IL.120).

This overall sign, which has no deep meaning and can be absorbed into a gauge transformation,
reproduces the sign of [I1GKLV].
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The conditions ([V.39HIV.40)) are therefore a very natural guess and one can actually
prove that a choice of g-functions obeying does exist (see appendix D.6 in
[L1GKLV]).

Moreover, the same arguments as in section allow to impose the reality of the
functions EG:S' That even allows to impose, at the level of the g-functions, the following
complex-conjugacy conditions:

Pg = dp Poss = J2; D34 =~y Pi2a = Qu Dizs = s (1v-41)

u u u u u u - H

D3s = d12, P23 = —d23: P1a = —d1y Poas = dasy P13 = diss B2 = RES

u u u u u u u u u u u
(IV.42)

where the notation f denote the function u — f(u) (where f is an arbitrary holomorphic
function). Let us also remind that in these expressions the function q; ; ., (resp
u k) ) 1‘n

Di iz, i,) denotes the coefficient of §; A&, A-+- A&, In g, (resp p ).
’ ¥ u

These expressions (proven in appendix D.8 in [IIGKIV]), are designed to produce
real T-functions: with the relations (IV.41)), we obtain real expressions for E“’l and

Ea,Q:
Va > 2, T, ,=ql g™, V.43
a a2 3@ 3@ ( )
Va1 T.=gl g+ alal gl gl e gl v
[N} [N | [N |

On the other hand, the qg-relations allow to deriveﬂ (IV.42) from (IV.41]), and to get
0o — g5

[N |
q[23}q[171a] 3[24]3[13“]+q;[£“]q£4}. (IV .45)

Ya

WV

—a +a
Oa 5 [13 ]

(e
Co
Py
8,
Col
o
I
Qo

In the same way, we can write expressions for the p-functions with three or four indices,
by using the qg-relations. That also gives rise to the following real expressions for Eaﬁl
and Ea7_2

[+a] <[ [+a] <[

Va 2 1, Ela -1 = q[&i‘f]q[mf + 124 Q123] + 134 Q234] + q[ﬁfg[ﬁf} (IV.46)

These reality conditions say that D (1) is the complex conjugate of q (4-n)> Up to a
[N ]

transformation of the form (lm-lmljﬁb, where the matrix A only has a few nonzero
coeflicients, which are equal to £1 (see [LIGKLV]).

Moreover, if we restrict to symmetric states where Y, & =Y, _ (like in the SL(2)
sector), then we know (from [7)) that there exists a gauge transformation which trans-
forms T, into T, .. One can actually show (see appendix D.8. of [IIGKLV]) that a

Pias Piaa— Pras Pl ql q4 ql q4
L L L

8For instance, one gets p,, = H = = —qyy4 from the gg-relation (or
W 81432 qm [N

[N}
the determinant expression (IV.36])). The same argument allows to derive each expression in (IV.42).
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transformation of the form (III.166HI11.167]) on the g-functions allows to also impose

G123 = U* di Q124 = U* 42> (IV.47a)
N2
Q134 = U2 s, Qo34 = U2 qy s q@ == (U+U ) QQ), (IV47b)
u u u u u u
a0\ 2
I@_S::(<UHMU*]> D) T... (IV.47¢)
L™ L%

where U is a function of u, which is analytic when Im(u) > 0, and we see that it defines
the relation between dia—s and dias: In this statement, the non-trivial claim is that the
transformation of the form (ILL.166HIII.167)) used to ensure the relation does not
spoil the complex-conjugacy relations .

Gauge freedom The requirements above do not fix completely the gauge T, and one
. ) . (]

can easily see that we still have one degree of gauge freedom for the right band and two

degrees of gauge freedom for the upper band. These degrees of freedom take the form

[+5]—[—s]

4y~ 9 4y g2y~ 91 42 Tis~g g "L, (IVAS)
+n| |-n +s5—2| |[+2—5]—[+2—8]—]+5—

G~ 9595 Q. T, gb gl g g o (1v.d9)

where ¢, (u), g,(u) and g4(u) are analytic when Im(u) > 0.

Remark Like in the section where we studied the case of the SU(N) x SU(N)
principal chiral model, we see that the g-functions are analytic inside half planes. This
result is a manifestation of the fact that the analyticity strips for the Y-functions grow
with |s| (resp with a) in the “right band” and the “left band” (resp the “upper band”)
of the T-hook. There actually exist other Y-systems (for instance for the amplitudes of
AdS/CFT |[GMSV11]) which do not obey these properties, and it would be interesting
to see how much the properties above would differ for these Y-systems.

IV.3.2 Parameterization of the g-functions

Let us now specify more precisely the gauges E%S and Ea,s considered above. In addition

to the analyticity strips found above, we can impose the behavior at u — oo. Indeed,
one can notice that when u — oo,

zENY fg/u\" a
(:UHG]) ~ (u/_g) when |[Im(u)| < B and |u] — 0. (IV.50)

—a\ L
We see that the factor <%) , which defines the asymptotic behavior of Y, , is the

only place where L appears, and the limit I — oo makes this factor very small (because
;r[_a]

’M’ < 1). As this factor is already small in the limit |u| — oo, we see that the limit
u — oo should be essentially independent on L.
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Hence we expect that the features of the Y-functions should be the same in the
u — oo limit as in the L — oo case.

Exactly like in the case of the principal chiral model, we can use this argument to fix
the polynomial behavior of the g-functions, which dominates at u — oo, and to which
an integral term will be added, exactly like in ([II.259)). The polynomial terms can
be extracted from the asymptotic limit which was briefly discussed in section m (see
[11GKLT] for more details).

g-functions in the right band Like in section [[I1.3.3] the large u behavior allows the
following parameterizationﬂ

. . 1 p(v)
2){1}:1, g){z}_—HU+K*p:—HU+E/VVGRV_UdV, (IV51)

where p = g2y + ) is a real function on the real axis. More precisely the parameter-

ization of ¢ (2} should be understood as
%

—iu+ ﬁ fveR %dv -
—g{z}(u) if Im(u) < 0. (IV.53)

Polynomial behavior One should note that the asymptotic limit (L. — oo) only
specifies the leading order of g2 at u — oo. In principle, we could very well have

q(on = —1u+ a + K * p where the number « is a constant term. Then, we could impose
A2}

Re(a) = 0, using transformations of the form (III.166HII1.167). If we restrict to states
having symmetric Bethe roots, we actually also have the symmetry Y, ((u) =Y, (—u),
and each g-function is symmetric in the sense that q;(—u) = £q,(u) (where the sign +
depends on the set of indices ). This imposes a = 0, and it explains the parameterization

above.

T-functions in the right band As compared to the expression ([V.30)) of

parameterization gives

Vs>1, T, :_j{;;’] + gj‘s} = —iul ™+ K s p il — KT wp (IV.54)

=s+ (K — k=)« p (IV.55)
which holds if [Im(u)| < s/2 (due to the condition on Im(u) in (IV.52)). Hence, we

obtain

L, this

Vs > 2 |Im(u)|, Lie=s+Ksxp), (IV.56)
where | K, = K — 7| (IV.57)

9Let us note that, as in the case of the principal chiral model, fixing the large u behavior leaves some
gauge freedom. Indeed the asymptotic behavior restricts the asymptotic behavior of the function g, in

(IV.48)). It still leaves enough freedom to fix i{l} =1.
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Moreover, the equations (IV.31IV.32)) give (with this parameterization)

Yu, Vs, Lo =1, (IV.58)
¥s>1+2[Im(u), T, = ( g[{;iﬂl _ J{Zi_”) ( z[{;—” - i[{g?fm) (IV.59)
- (1 + K p) (1 + K« p) . (IV.60)

g-functions in the upper band For the upper band, we will have to choose a slightly
less explicit parameterization of g-functions, in order to exactly reproduce the analyticity

strips (IV.23)) (or (IV.39HIV.40|) at the level of g-functions).

The simplest possible parameterization of the g-functions would be to define the
functions q > 41> 925 A3 and q,, and then the other g-functions (i.e. the coordinates of
u u ut u

the forms q(n)) would be computed through the Wronskian determinant (I[V.35]). In order
u
to reproduce the analyticity domains given in ([V.39)), the parameterization of q o) would
u

be analytic when Im(u) > 1/2, whereas the parameterization of ¢, q,, q3 and q, would
Ll [N [N

be analytic when Im(u) > 0. But then the Wronskian expression ([V.35]) would only show
that q,) is analytic when Im(u) > 1/2, whereas we would expect it to be analytic as
u

soon as Im(u) > —1/2. This phenomenon is exactly like in section [[V.3.1] where the
Wronskian expression of T-functions sometimes had non-analytic coefficients inside the
determinant, but the determinant was nevertheless analytic due to some cancellations
of the various non-analyticities. In the present case of AdS/CFT, the analyticity strips
have a much more physical meaning than for the principal chiral model and it is really
crucial to produce the correct analyticity strips. Therefore we have to find a more subtle
parameterization of the g-functions than what was suggested above.

Therefore, we will choose to express all the g-functions in terms of the functions gl,

Q9 12s 193 and qq9,. We will show that if the parameterization of these five functions
[N ] [N ] Ll Ll
obeys the analyticity constraints ([V.39), then the other g-functions can be expressed

using the qqg-relations, and they will be automatically analytic in the correct domain.
We should first find the large u behavior of the functions q,, q,, from the asymptotic
u o

limit. In this L — oo limit, Y, ; is small and the Y-system splits into two lattices (2, 2)
(exactly like in section[[I1.3.2], where we saw that in the asymptotic limit, the lattice S(N)
of the principal chiral model splits into two sublattices w(N)). One can see [11GKLT]
that there is a choice of g-functions where this splitting simply corresponds to

qIL—>0 ifand onlyif 3e€lordel. (IV.61)
Ll —00
Then we see that ([V.44]) becomes simply Ela 1 = q“‘”q[;“] + q[;“]q[f‘”. Comparing
’ u u u u
with the asymptotic limit (which imposes the behavior at large u), we obtain the param-
eterization
u u
1 -
where W (u) = Py(u) + —/ 22 gy i Tm(u) > 0, (IV.63)
20w Jyeg V— U
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which parameterizes ¢, and g, in terms of a polynomial F, of degree M — 1 and a real
Ll Ll
function py on the real axis. We note that in order to fix q; = 1, we used one of the two
[N
gauge freedoms of equation (IV.49).
Next we can fix the function q,,. We will see in the next sections that in a very
[N

natural choice of gauge, T, , will have a double zero at each Bethe root u®. But the

above discussion ensures that in the asymptotic limit T a0 = q[ga]q[m“] Therefore, we

can use one degree of gauge freedom to choose

312 =Q (IV.64)

where @ is a polynomial of degree M, which converges, in the asymptotic limit, to the
polynomial Q) = Hjj\il(u —uW),
Finally, we should parameterize the functions q,,3 and q,,,. To this end, we simply
u u
use the relation ([V.47) to write

q123 = U?, Q120 = UW, (IV.65)
u u
11 (™ p,(v)
2 .
where U= = el hdv, if Im(u) >0 (IV.66)
and p, (u) = 2Re (U*-2~771) . (IV.67)
This function U defines a gauge transformation between E‘Ia’_s and Ela, (see (IV.47¢)

and its parameterization corresponds to the asymptotic behavior U ~ u(-L=7/2 of U
when u is large, which will be motivated in the next sections.
Finally, our parameterization of the functions q; reads
[N}

q, = 1, q, =W, e = Q, (IV.68)
[N [N [N
Q193 = U?, Qg = U? W. (IV.69)
L L

where the functions W, Q and U are parameterized by two densities ps and p,, (see
(IV.63) and (IV.66])) and two polynomials P, and Q).

Other g-functions in the upper band This defines a basis of five g-functions. Let
us show that all the other g-functions on the Hasse diagram can be expressed in terms
of these five functions by means of the qg-relations:

First, we know that

(IV.70)

Co
=
I
2

where we see that q@( u) is analytic when Im(u) > 1/2. This relation was obtain by
choosing - =0, 5 =1, and k = 2 in ([V.37). On the other hand, if we set -~ = 1 and
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7 =2, k=3, we get

q12391 = qu 13— d12 q;r:” (IV.71)
u u Uy Uy
+ —
91,3 91,3 q1,23 91 2
hence (“—) - (U_> e (IV.72)
d12 d12 12 Qi QR Q

This allows to write

. 0 [+2k—1]
Q=0 D ( — ~_> . (IV.73)

NN

4y 3 [+2k—1]
. . o0 l]2 . .
At first sight, the equation ([V.72) only tells that ? — > e (Q*Q‘) is an 1-
;5
periodic function. But we know its behavior at |u| — oo, where Ich tend to zero, and so
1,2
- 5\ [+2k-1] H
does > ;- (#) . That allow to write the equation (IV.73]). We can repeat
the arguments to find q; 4, q,5 and q,,. We obtain
Ut u” u”
N _ [+2k—1]
q14 q14 d124 91 O W U?
<“_> - <_> —dndt o (X} v
q d1,2 d12 91,2 u S \Q Q
U1’2 u’ Il T e k=1
N _ [+2k—1]
Jo3 Jo3 q1,2,3 92 > W U2
<”_> ] <_> Sdmlt s 2 (EE) avm
q d1,2 d12 91,2 u S \Q Q
U1’2 u’ u’iu” k=1
n _ [+2k—1]
(2.4 (o4 q1,24 92 PO W22
<_u ) _ <_u ) =-uH g, =Q ) | . (IV.76)
q q1,2 J12 91,2 u S \Q Q
U1’2 u’ U k=1

From these expression, we can notice that q,3 = q;,4, and that all these g-functions

[N ]
with two indices are analytic functions of u when Im(u) > —1/2.
Next we can find q4 and q, by the same methods. This gives
[N ] [N ]

+ —
qs q3 q1,.3 4y s [+2k—1]
o I e Y <q1’3 %) , (IV.77)
44 q; q; 9 u —_ 4 u
[N [N u
+ —
dq gy q1.4 9g > [+2k—1]
Ll [N ] [N ] Ll
ut) _(uf) o outet <q q ) . (IV.78)
(ql) (ql) di o’ ,; u'
[N [N u u

Finally, the qg-relations allow to express q5, as follows
u b

dsa " A3 B d13.4 93 < [ U? 832
L) 5 ) =R = =) | ] (V)

+ —
93 qi1,3 d1391 d1391
o U’ uldats k=1 \gl3 g3

0Tndeed, the Liouville theorems implies that any i-periodic function which decreases to zero at infinity
(and is analytic on the upper half-plane) is equal to zero on the whole complex plane.

188



These expressions express all the g-functions with zero, one or two indices, and
[N ]
they show that with this parameterization, q (resp q ), TSP q(2)) is analytic when
[N [N [N

Im(u) > 1/2 (resp Im(u) > 0, resp Im(u) > —1/2).

One can write in the same way the functions with three or four indices, but the
expressions that we obtain simply reproduce the equation ([V.47)). Hence q3) (resp

[N ]

qy) is analytic when Im(u) > 0 (resp Im(u) > 1/2).
u

This shows that with this parameterization, the analyticity strips ([V.39)) of all the
q—functions are directly imposed by our choice of parameterization. If we remind that

the pfunctlons are essentially the complex—conjugate of the q—functlons (see (IV.41))),
we see that the analyticity strips (TV.40) for the pfunctlons are also imposed by this

parameterization.

Therefore, this parameterization allows to express all the E‘I-functions, inside their
analyticity strips ([V.21), in terms of three densities and two polynomials. This parame-
terization, defined above, was obtain at the price of introducing two gauges denotes EIM
and I)as In what follows, these two gauges will be called “parameterization gauges”.
More precisely, lw is the parameterization gauge associated to the “right band”, whereas

Ew is the parameterization gauge associated to the “upper band band”.

IV.4 Set of equations

Now that we have parameterized the various T-functions in terms of three densities and
two polynomials, we will write down the equations which allow to fix these densities (and
these polynomials). For simplicity we focus on states in the SL(2) sector, and when we
will fix these polynomials, we will even restrict to states having two symmetric Bethe
roots (i.e. M =2 and u) = —u®).

First, we will impose some constraints motivated by the symmetries of the model.
These constraints are on the one hand the existence of the “Physical gauge”, and on
the other hand the “Z,” symmetry. These constraints can be motivated from physical
considerations, but they can also be derived if we assume that the TBA-equations hold.
On the other hand, the TBA-equations can be derived from our construction, which
means that our constraints are equivalent to the Y-system equation, for which they
provide an alternative formulation, motivated by the symmetries of the model.

Next we will see how to deduce equations on the densities, in order to write an
iterative algorithm.

IV.4.1 The “Physical Gauge”

In the previous chapter, we have defined a set of more physical gauges called “Wronskian
gauges’. We will now define one such gauge, which differs slightly from the parameter-
ization gauges constructed above. This gauge obeys specific properties (guessed in the
subsection which should make this gauge more physical if a physical construc-

tion (such as a lattice regularization) turns out to exist in the case of AdS/CFT. The
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subsection [V.4.1.2 will show that the existence of such a basis can be derived from the
TBA-equations, whereas the subsection will show how express this “Physical
gauge” in terms of the “Parameterization gauges” defined in the previous sections.

IV.4.1.1 Properties of the physical gauge

We will denote by a bold letter T the T-functions is this particular “physical” gauge
(whereas the slant letters T will denote T-functions in an unspecified gauge). The first
natural conditions that we impose is that the T-functions obey the Wronskian gauge

condition ([[I1.81)) and the reality condition

T, =T,,@. (IV.80)
The Wronskian gauge condition ensures that in this gauge, the T-functions are ex-
+ O”
pressed through O-functions, as in ([11.143f [II1.145). Then the condition %% =1
)
(where Qy =1 and Q; = T(g:f]) imposes that
TE{O = Too Ty, = Tg,ros] - ngos] : (IV.81)

This tells that T ; should be an 1-periodic function in the mirror sheet (indeed the mirror
sheet is the sheet where the Y-system equation holds). This means that the function

F=4/Tyo, (IV.82)

which is an i-periodic function on the mirror sheet, could a priori have a periodic structure
of infinitely many Z-cuts.
In principle one could do a periodic gauge-transformation which sets T, to one

(for instance T, , ~ T,/ TETOGJFS]). But such a gauge transformation would involve the
multiplication by T, which has a periodic structure of Zhukovsky cuts (separated by
1), so that this gauge transformation spoils the analyticity of the T-functions. If we do
not do any such transformation, then we see that T ; a priori has a poor analyticity
(due to periodic cuts, it is at most analytic on A, ).

Therefore we can exclude that in the physical gauge, the T-functions obey the ana-
lyticity constraint in the right band, or the analyticity constraint in the
left band. But as this gauge is supposed to have a physical origin, it should obey some
analyticity conditions, and therefore it must obey the analyticity constraint in
the upper band:

Tos € Ao st (IV.83)

In particular, we obtain that T, € A;. Then as we know that F is i-periodic in the
mirror sheet, we can deduce that F is analytic on the whole complex plane except on
UnEZ \Z/Qn'f‘l :

The periodic cuts structure of the function F is illustrated in figure [V.2]

Moreover, we will restrict to excited states belonging to the so-called SL(2) sector
[Min12], which denotes the states having only one type of Bethe roots: the momentum
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Figure IV.2: The cut structure of the function F.

The cuts of the function F on the mirror sheet are shown as solid lines. The period-
icity condition ([V.81]) ensures that this picture is periodic, whereas the analyticity
strip of T, fixes the position of the branch points, which are at position +2 g+iZntl

2
where n € Z.

carrying roots which enter in the expression (IV.7)) of the energy. This sector is analogous
to the U(1) sector of the principal chiral model studied in section [[IL.3} For these states
the Y-functions are symmetric Y, , =Y, . Then we expect that a physical construction
of the T-functions would preserve this symmetry, hence the relation

T,,=T,_ (IV.84)

s

IV.4.1.2 Existence of the physical gauge

Now that we have written the physical properties that we expect from this physical
gauge, it is actually possible to show that such a gauge does exist. Indeed, we know that
there exist several gauges where the analyticity constraint is satisfied. Therefore
we will start from one such gauge (for instance T, , = i ), and we will show how to

construct, out of this solution of Hirota equation, some T-functions which obey the same
analyticity properties and which are additionally real (7, ,(u) = T, ,(U)) and symmetric

a,s a,s

(T,,=T,_,) Finally, we will need to use the TBA equations in order to show that in
this gauge, the Wronskian gauge conditions ([I1.81f hold.
Let us then start with 7T-functions T, ., which are such that the analyticity condition

a,s?

(LV.23) holds. As the Y-functions obey Y, , =Y, we knowﬂ that there exists four

gauge functions g,, gy, g3 and g, such that T, , = g§“+8]g£“‘5]gg‘“”}gg‘“‘s] T, From

this we deduce that the gauge transformation

T, ~ Vo g gt e, = T T

allows to define a T-function which still has the same analyticity strips, but which obeys

the symmetry condition T, , =T, ..

"The argument here uses the Statement [3| (page . Indeed the ratio of the T, ; (resp of T, _,)
givesrise to Y, ; (respto Y, _, =Y, ;). Wededuce that T, ; and T, _ give rise to the same Y-functions,
hence they are equal up to a gauge transformation.
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The same argument can be used to ensure that the T-functions are also real. Since
Y, is real (ie. Y, (u) =Y, (U)), we know that there exist four gauge functions such

a,s a,s

tha T,,= glotsl gla=sl glrats] lma=s] T,,. Then we can use the gauge transformation

T, ~ Vo g g g, T, T,,

which preserves the analyticity strips and the condition 7, = T, _,, and makes the
T-functions real.

Continuity relation At this point we have shown how to obtain a gauge where the
T-functions are analytic in the upper band, and symmetric with respect to complex con-
jugacy and to the exchange s <+ —s. In order to obtain a Wronskian gauge conditions
(IIL.81)), we now need to use analyticity conditions, contained in the TBA-equations,
which should be enforced in addition to the Y-system equation. In [CETTI|, a set of
analyticity conditions is written, and it is shown that these analyticity conditions are
equivalent to the TBA-equations (in the sense that if both these analyticity conditions
and the Y-system equation hold, then we can derive the TBA-equations, and that con-
versely the TBA-equations imply that both the Y-system equation and these analyticity
conditions hold). One of these analyticity conditions (namely the equation (1.7) in
[CFT1I]) reads as follows (in the present notation):

Vn > 1, disc ((log Y ;Y5 5)™) Z disc (log (1+ YHQ" a])) (IV.85)
where disc F = F9 — pl= o = lim plrd _ pl=d, (TV.86)
e—

This equation is written at the level of Y-functions, and at the level of T-functions, it
reads

n T[+2n a+1] T[+2n a—1]
vn 2 17 disc ((log}/l l}/Z 2)[+2”]) — disc <log (H T[JFQ” al T[+2n al >>

a=1 a+1,0 a—1,0
(IV.87)
2n n—1
T TE

Since we know that disc <10g < rhin=iy Ti?o)) = 0, (due to the analyticity strips
(IV.40) of the T-functions), we obtam that the ratio

1 T
Yi1Ys,0 Too

(IV.89)

2Let us remind that here, T, . denotes the function u +— T, ,(G). Hence, when we say that T,s1s
real, it means T, =T,

a,s?

Wthh means that if u is real, then T s(u) is real.
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has no discontinuity over the cuts Z,,. Moreover, we know from the remark at the end
of the section that the only possible non-analyticity of this ratio are Zhukovsky
cuts located precisely on Zy, (where n € Z). Hence we obtain that

1 T

0o . .
—= is analytic when Im(u) > 0. (IV.90)
Yi1Ys0 Top

Gauge transformation constructing the physical gauge The analyticity condi-
tion (IV.90|) allows to define a function f such that

: : 7\’ 1 Ty
f(u) is analytic when Im(u) > —1/2, and — ) = —= . (IV.91)

I Yi1Yan Tog
Using this function, we can define the T-functions in the physical gauge as
T, = flats] fla=s] pl-ats] fl-a—s] T,,. (IV.92)

With this definition, T, ; is analytic in the upper band (in the sense of equation (IV.83))),
and it is symmetric with respect to complex conjugacy and to the exchange s <+ —s.
Moreover, the definition of the function f which appears in (IV.92)) is such that

T3,T, _ T55T0, (ﬁ) T5,Th,
Ty 5Thy T55Th I Ty5T

To conclude, one Can use the reality of the T- functlons and write the complex conjugate
of (IV.93) to obtain Tsalos _ Dividing it by (IV.93)) gives T 00 = Tgo. Together with

T,3To,
the relation T, = T07 s and with the Hirota equation at a = 0, this allows to deduce
that holds in the physical gauge which we have just constructed. Finally, if we
insert this equality into (IV.93), then we obtain T3, = Ty 3. This equality implies that
the gauge condition holds (with K = K' =M = M’ = 2 in the present case of
AdS/CFT). This shows that the T-functions of the physical gauge constructed above do
obey the “Wronskian” gauge condition.

Hence we have explicitly constructed the “physical gauge” obeying the required con-
ditions. Moreover, one can show (see appendix E.1 of [I1GKILV]) that this gauge is
unique if we impose the behavior of the T-functions when u — oo and the structure of
its zeroes.

22 0y 1y, = 1. (IV.93)

IV.4.1.3 Relation to the “parameterization gauges”

In the argument used above to construct the physical basis, We can choose to start
from the gauge T, , = Ea’s. This allows to deduce the following relation between the

T-functions and the El—functions:

= = —l(—a [781

Ta,s = f[a—f—s]f[a—S}f[—a—&-s}f[—a—S} (U[-i—a]U[ ]) D E‘Ims 7 (IV.94)
f~ ) 2 1 EI,O

where — ) =B= — . (IV.95)
<f+ VirYoz Too

193



Let us now find how to express the function f defined above. We know from the
TBA equations that the function B defined above is analytic on the upper-half plane.
That allows to write a Cauchy representation of this function as

1
logB = K * p, = A if Tm(u) > 0, (IV.96)

2ir verR V— U

where p, = log(B B) is equal to

( 2
Lio
log ——— if uel—2g,2g| (IV.97a)
Too Lo Vi,V
pb (V) = T 2
1 R if 2g[UJ2 IV.97b
og TO[_()1+0] T[g—Bl_O] 1 u E] -0, = g[ ] g, OO[ ( : )
(oY% Wil
The expression logB = K x p, is obtained from the Statement |8 (page [147]) with the
functions F' = log B and G’ = — log B, using the behavior of B at |u] — oo : B I|u|(—>)ooo L.
m(u)=>

Shifts and cuts structure in ([V.97) Let us elaborate on the shifts in equation
(IV.97)): first let us note that at position u € R, the quantity B B is defined by continuity

as lim_,o+ BHC] E[%], which we can also denote as BHO] E[fo] . We can also see that
although the definition (IV.96) is written for Im(u) > 0, it allows to write B on the real
axis as follows (see (I11.247)) where one can set F' = log B and G = —log B):

1 1 p,(V) 1 ,
logB =K xp, + 3P = 5 . V”_—udv + 5P if Im(u) =0. (IV.98)

Let us now elaborate on the expression (I[V.97al), which expresses B B when
u€]—2g,2g[. This expression arises from the reality of the functions Y] ;, Y5, Lo

and 3070 which appear in the definition ([V.95) of B. As we said, B B actually de-

notes the limit BB of BTIBY when ¢ — 0. Therefore, in the expression
T1o

log

T0 0 TO 0 1 1 2 2
functlon EO»O is analytic only in A; (see ([V.23)), this prescription could be important
to ensure that the argument of EO’O is inside the analyticity strip (which means that

, the factor Too T0 o arises from the limit of T [ oL E [t1=< . As the

we can compute it from the densities introduced in section [[V.3.2)). In the present case,
as u €] —2g,2g[, the function Loo (which is defined in the mirror sheet) is regular at

u &+ 1/2, which means that T[ 1+E] T [+1 4 ig regular at € = 0, and its limit is simply
30,0 E,o,o-
To finish with, let us elaborate on the expression (IV.97h]), which expresses the limit

BB when u €] — 00, —2g]U[2g, 00[. One should note that the functions Y] ; and
Y, 5 have cuts on the real axis (see ([V.20)) and as they are real functions, we have

where u € Zj. (IV.99)

194



This implies that — +0]1Y[ T 7= = 1, which explains that the expression ([V.97D)

Yl 1
does not contain the functlons Y} ; and Y, ,. Moreover, one should note that, unlike the

equation (IV.97a)), we have to use the notation T s HO} T [5%, which denotes the limit
of E‘Iéfolﬁ] E‘I&BI 9 when e is positive and tends to ZEro. It was important to specify this

prescription here, because the function 3070 has a discontinuity at u+1/2 (when u € Z).

Equation of the function f. As we can see from ([V.95)), the function f which
appears in the gauge transformation ([V.94)) between the gauge E‘I and the gauge T has
to obey the relation

2(log f~ —log f*) =logB=K=xp,. (IV.100)

This relation is easily solved if we impose that f decreases to zero at |u| — oo and is
analytic in the upper-half plane. It gives

2log f =Tt xp,

(IV.101)

where U denotes the convolution kernel

U(u) = _¢(—w =L Z ( - ;> (IV.102)

(n+1)

where v denotes FEuler’s constant and 1 denotes the derivative of logI". Roughly speak-
ing, this means that the equation (IV.100) is solved by

2log f = KPlxp,

n=0

up to a normalization (and this normalization should compensate the fact that the sum
diverges) .

In fact, the equation only fixes log f up to an additive constant. This
constant is irrelevant because it only fixes the normalization of the T-functions (in the
physical gauge). Therefore we can freely choose a normalization such that the equation

(IV.101)) holds.

g-functions for the physical gauge Having expressed the gauge transformation be-
tween the physical gauge and the parameterization gauge for the upper band, we can
deduce and expression of the T-functions in the upper band, in terms of g-functions. It
reads

Va =2, T,, =q, "q " (IV.103a)
Va > 1, T, =aa " + o5 ql? + o a gl g, (av.103b)
Va > 0, T, —q[éalq[ma] — ai b, — o, (IV.103¢)

— o, — ot e+ ash s (IV.103d)
Ya, s, T, ,=T,,. (IV.103e)
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The bold letter q denotes the g-functions in the physical gauge. These q-functions
are related to the ¢functions by the relation (in terms of (n)-forms)
[N

Ay = UPTp flrsmnl glmsn] (IV.104)

where UMb is defined by (IV.§)). The definition (IV.104)) is designed to reproduce the
relation (IV.94).

In other words, the q-functions are defined by means of the qq-relation, from the
basis

a=Uf"f", a=Uf*f"w, a,, = f2Q, (IV.105)
Q123 = di; di24 = Y- (IV.106)

Right band Up to here, we have written completely distinct gauges for the upper band
and the right band. In particular, the T-functions defined above are analytic only in the
upper band, and we would also be interested in relating it to the E—functions which we
defined for the right band. To this end, we will introduce an intermediate gauge T, ,
which is very similar to the physical gauge T, ,, but is analytic in the right band. Next,
we will show how this gauge is related to the parameterization gauge st.

Let us write the simplest gauge transformation which makes the T-functions analytic
in the right band:

T,, = (—1)*+T, (Fletd)ya=2], (IV.107)

a,s

The factor (Fet<1)a=2 is necessary to obtain T, € A,,; (it even gives T, , = 1), and
it also gives T,, € A, ,, because Ty, = Ty = T, , € A,_; (when s > 2). Actually,
we will see that this gauge even obeys the analyticity condition T, ; € A, which shows
that it has the analyticity strips . The sign (—1)“(s+1) has no consequence on the
analyticity strips, but it is actually necessary in order to have functions with a simple
asymptotic behavior when u — oc.

This claim that T, , (defined above) is analytic in the right band can either be viewed
as a fundamental hypothesis describing our solution of the Hirota equation, and out of
which we will write several non-trivial equations (and we will eventually see that these
equations imply the TBA-equations) or we can adopt another point of view and start
from the known features of the Y-system, namely the TBA-equations, and deduce this
analyticity property. Let us sketch the proof that if the TBA-equations hold, then we
obtain T, , € A|s\v and we will see that this proof is very similar to the proof of the
existence of the physical gauge. This proof relies on the discontinuity relation (F.5) in
[CETTI]. One can see (like in section [[V.4.1.2] see also appendix C.2 in [ITIGKLV]) that

this discontinuity relation means that the ratio

_ _ 2
o= Moo (e aSE (IV.108)
Yy, El,o 31,2 El,l

is analytic when Im(u) > 0.
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To understand better this statement, let us introduce the function A such that
T,, = AT, (IV.109)

This function exists because T, and T, . are real T-functions which differ only by a

a,s a,s

gauge. Moreover, due to the definition Ty, =1 = I, ,, we obtain

T,, = (h[+s},3{—s1)[% T, (IV.110)

In order to prove that T, ; is analytic in the right band, we will prove prove that h is
analytic on the upper-half plane (i.e. when Im(u) > 0).To this end, we will see that the
function C defined in ([V.108)) can be rewritten in terms of h. To show this, let us write

Y, . )
22X in terms of the T-functions:
2

Y2
Yy, _ Tl,o(T1,2)2 _ T, O(Tf,l)Q (T1,2)2 (IV.111)
Yss T(IO(TQ,l)z Too T2,1)2 (Ti1)2’
h TI’O(Tl_»l)Q _ u ft ? ELO (El_1>2 d T1,2 _ _h[+2} E}LQ
e e, \UrE R ) T (T, 2 T, h I
00421 2500 (421 1,1 R
(IV.112)
_ 2
Y, Too ((Ton T1 U frp+2\ 2
hence | ¢ — a0 (g2t ) (ﬂfH—z}) ‘ (IV.113)
Yoz Lo \ Lo Doy )~ \TT 700

Therefore, we see that the analyticity of C on the upper half plane proves that h*2 /h
is analytic on the upper-half plane, but it is not yet sufficient in order to prove that
h is analytic on the upper-half plane. Indeed, one can easily find a solution hg of the
2
[+2]
equation (%% = C such that hy is analytic on the upper-half plane, but then

we have h = hg X where X is an arbitrary i-periodic function. _
We can notice that the function 2 = hgV X X also obeys T, , = iLHs]iL[*S]I)LS, and

we will actually show that h is analytic on the upper-half plane, which will allow to
conclude by renaming the functions as h ~» h. To this end we simply have to notice that

Ty, €A,y whereas T, , =T, , =T, , € A,_;, so that their ratio is

Tos _ syt sttt ¢ 4 (IV.114)
TQ s—1>

,S

which gives X X € A, , for arbitrary s. Hence X X is analytic on the whole complex
plane, which allows to conclude that h is analytic on the upper-half-plane.

The above argument proves the analyticity of the gauge T, . in the right strip, and in
particular, it allows to conclude (from the analyticity property of the E—functions
and from their relation to the T-functions) that

T,, € A,. (IV.115)
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IV.4.2 The Z, symmetry

Let us now introduce another fundamental analyticity condition on the Y- T- and g-
functions, which we call the Z, symmetry. As we have already noticed in the asymptotic
limit, this symmetry is related to a symmetry between s and —s in a very specific
Riemann sheet, which we will introduce.

IV.4.2.1 The “magic” sheet and the Z, symmetry.

As we have seen already, the Y-system equation holds only on a very specific Riemann
sheet, called the mirror sheet, and where the Y- T- and g-functions have cuts at po-
sitions 7, = {x+1i%|x €] — 00, —2g] U [2g,00[}. On the other hand, we have seen in
the asymptotic limit (in section that there exists another sheet, which coincides
with the mirror sheet inside the analyticity strip, but has only “short” Zhukovsky cuts,
at position Z, = {x + ﬁg}x €[-2g,2g]}.

“magic” T-functions We will now explain this Z, symmetry in terms of 7T-functions.
This symmetry will be the finite-size generalization of the relation ([V.19)). With the

present notations for the various gauges, it reads

A A ~ ~

Lo =0)"Tosl, T ,.=(-1°T,,|, (IV.116)

where the T-functions with a “hat” symbol denote an analytic continuation in the variable
a (resp s) performed in a sheet with “short” cuts of the form Z,. For instance for the
right band, it means that

VseZ, T, =1, (IV.117a)
h o sl s8] sls] 2[-]
Vs € Z, ll,s = 441y Yg2y +g>{2} AT (IV.117b)

~ ~ ~

[+5] ~ . [—s]
(5t s— _ 5= 4t L W
VseZ, L,,= (i{ug}{g} g{uﬂ)@}) (g{l}i{z} i{l}g{2}> (IV.117¢)
where g (i} denotes the analytic continuation of iy to a sheet having only “short” cuts.

This definition of ¢ (7 Means that
%

if 1 >0 then ¢, = qy IV.118

if Im(u) ) en %{z}(u) g{z}(u)7 ( )

and i{i}(“) is analytic when u € C\ U Zon (IV.119)
n<0

whereas g{i}(u) is analytic when u € C\ U Zon - (IV.120)
n<0

We can define i{i} by the same prescription (namely that it coincides with Z{i} when
Im(u) < 0 and that it has only shorts Zhukovsky cuts), and we then notice that

~

L= G, IvV.121
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The above definition (TV.117) of T L, differs from the expressions (IV.31iIV.300[V.32) of

I>a,s

(without “hat”) by two features:

e The expressions (IV.31fIV.300[V.32) of T, . (without “hat”) were valid only when

—a,s
s = a. Indeed, the solution of Hirota equation on a T-hook is given by three

different Wronskian expressions in the upper band, the right band and the left
band (see Statement [6] (page [I2F])). If we use the same Wronskian expression
in the left band, it means that for s < a the T-functions with a “hat” do not
corresponds to the T-functions of the T-hook. In particular the Hirota equation
at a = 2 ensures that for all s, 2375 = 0, which shows that the upper band does

not exist for the functions T,

This definition of i)w having the same Wronskian expression when s < a as when
s > a means that we are doing an analytic continuation in the variable s.

The g-functions . are replaced by ¢,.,. This means that we are working in a
4 gy P Y 44y W WOTKIng

Riemann sheet having only “short” cuts. We see that if s > a, then Tms coincides
with Lo inside the analyticity strip A, ,_,, and they only differ outside this ana-

lyticity strip. That is why we say that iws is defined on the “magic sheet”, which
is the Riemann sheet which coincides with the mirror sheet inside the analyticity
strip but has only “short” cuts.

These new T-functions, obtained by an analytic continuation in the variable s per-
formed in a sheet with “short” cuts, will be called “magic” T-functions. They can also be
defined for the upper band, and then the analytic continuation will be performed with
respect to the variable a (instead of s) and we obtain:

Ya € Z, T 0.2 —q([;a]qé) “ : (IV.122a)
Va € Z, T, =a"a, " r e el v altlay T, (aviizen)
Va € Z, T, =a"dn" - aian" — abi7ay,” (IV.122¢)

— b - b+l as (IV.1224)
Va, s, T, ,=T,,. (IV.122e¢)

As compared to the expression ([V.103)), we see that an analytic continuation with
respect to the variable a is performed, and we define the functions q,(u) which coincide

with q;(u) when Im(u) > —1/2 + ‘m%‘ (where it is analytic), and which differs from
q,(u) by the fact that it has only “short” cuts.

Z, symmetric gauges With these definitions of the “magic” T-functions (denoted
with a “hat”), there are several gauges which obey the Z, symmetry. This allows to
write, for the gauges introduced above,

Va <

3, Vs, T, .=(-1)°T and T, .= (—=1)°T

Las Lo s , (1V.123)

a,s

Ya € Z, Vse[-2,2], T ., =(-1)°T,,. (IV.124)

—a,s
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IV.4.2.2 Motivation from the strong coupling limit

We already saw that in the asymptotic limit, this symmetry is (at least for the right
band) easily seen from the explicit expressions of the T -functions. There actually exists
another limit where this symmetry gets all its meaning as a symmetry of the string
theory on AdSs x S°.

This limit is the strong coupling limit, where the coupling g is very large. In the
literature, one method to study this limit is called the “finite gap” approach [Grol0),
GKTT0]. Applying this approach to the string theory on AdSs x S®, one can show that
the T-functions become characters, explicitly written in [IIGKLT] (see eqs. (4.12-21)
there), in the highest weight representation Ay, 4 of PSU(2,2/4):

T, , = tracey, ,Q(u/g) = x“9Q(u/g) . (IV.125)
Here Q(u) € PSU(2,2|4) is the classical monodromy matrix, which depends on the ratio
u/g. For these representations (like for the characters used in chapter , the characters
obey an u-independent Hirota equation, i.e.

(x@99)" = X 19(Q) x @1 (Q) + x @D (Q) X HD(Q). (IV.126)

By comparison, it is the product y(®*) <Q(%“/2)) (@) (Q(%W)) which would appear

in the left-hand-side of the Hirota equation . But as g — oo, the shift ﬁ/?Q is
negligible and the expression becomes a solution of the Hirota equation in the
strong coupling limit.

In other words, 2(u/g) varies only if u varies by amounts of order g. By comparison,
the shift +1/2 in the Hirota equation can be neglected. One should also note that in
[IIGKLT], this identification of T, , = x\** (Q(u/g)) was made in the mirror sheet and
the expression ([V.125)) should be considered in the mirror kinematics. As a function of
u, Q(u/g) has only one Zhukovsky cut on Z, with an essential singularity at the branch
points u = +2g. This can be understood as the fact that an infinite number of Z-cuts
located on Z,, collide (because the shift in/2 can be neglected when g — o) into a single
cut ZO-

In this limit, the matrix € has a physical definition (as a string’s monodromy matrix),
and the Z, symmetry of the corresponding coset sigma model [BPR04| imposes a con-
straint on 2 [BKSZ06|, which can be written in terms of its eigenvalues (1, 2, - - - , fis)-
This constraint reads

p(u) = 1/po([ul,),  pa(u) = 1/pa([u],),  ps(u) = 1/pe(lu],), pr(u) =1/ps([ul,),
(IV.127)

where we denote by F([u],) the result of the analytic continuation of a function F
following a contour which encircles the branch point u = 2 g, but which avoids the other
singularities arising in the finite gap solutionﬁ.

13 These singularities which we avoid are square root cuts of the functions p;(u), but these cuts are
absent in the monodromy matrix
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An explicit expression of the characters x(**) of a matrix, as functions of its eigen-

values, can be written explicitly (see [GKT10]), and it allows to see that the property
(IV.127)) implies the following symmetry

{Ta,s<u> = (-1’7, 5(u],). it [s| >, (IV.128a)

T, (u) = (=1)"T 5 ([u],), if a>ls|, (IV.128Db)

where the functions T, _5([u],) (resp T_; ,([u].)) denote the analytic continuations of the
functions T with respect to the argument s (resp a) from the values s > a (resp a > [s]).

One can expect that the symmetry , will hold even at finite g, but if we
want to generalize from the strong coupling to the “quantum case” (when g is finite),
one difficulty is that we have to identify the contour . Indeed, at strong coupling, we
saw that several branch point “collide” into the position +2g, whereas in the quantum
case, there are distinct branch points at the position +2g + %n, and the position of the
contour with respect to each branch point has to be specified. From the study of the
asymptotic limit and from our study of the analytic properties of the T" and g-functions,
we can propose one natural generalization of the equation to the quantum case.

Let us first consider the T-functions in the right band. They can be expressed as
follows in terms of g-functions:

_ sl [l [+s]_[—s]
Vs 2 1, T, =d1y Proy — 92y Py s (IV.129)
Vs € Z, Tys =a(; Piay — iy Py (IV.130)

If we restrict to the g-functions (as opposed to the p-functions), we can see that in
(IV.128a)), the transformation 7, [(u) ~ T, s(u) can be rewritten as

Tosu) > T 5(u) = qpy (u * %S> ~ 4y (u B %S> '

To obtain the transformation of equation ([V.128a]), we should also apply the transfor-
mation T, _5(u) ~ T, _5([u],) which reads

a,—3§ a,—S

T = Tall) = g (—g)wq{}ﬁ—ﬁ])

where [u - %3}7 denotes the analytic continuation from position u — %3, around the

branch point u = 2¢, and then back to position u — %s. If we perform this continuation
clockwise, as in figure [[V.3] then we notice that the transformation

T~ Tll) = ay (+§)~»q{}<{—§})

3
s avoiding a short Zhukovsky cut 20. The same

is the continuation u + %s ~ [u — sh, which is nothing but the continuation from

i

position u + 5s nto position u — 3
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Figure IV.3: Equivalent representations of the analytic continuation of the g-functions

in (TV.129).

observation holds for p-functions if the continuation [u] ., is made counterclockwisﬁ.

Therefore (IV.128]) can be reformulated as follows (for the right band):
T,,(u) = (=17, _,(u). (IV.131)

where Ta7_8 is defined by the analytic continuation s ~ —s performed in sheet which
only has “shorts” Zhukovsky cuts.

Generically, the g-functions have an infinite number of cuts in the quantum case
(when g is finite), and then the above argument does not explain what path should be
used (which branch points should, or should not be encircled by the path +). But we will
see that in the right band, in the gauges I> and T, the ¢-functions have only one single
Zhukovsky cut (on the real axis), and the above argument is non-ambiguous. Hence, we

obtain that in the right band, the relation (IV.131)) is the most natural generalization of
the classical Z, symmetry ([V.128al).

A similar analysis for the upper band is more tricky. However, one can show (see
appendix (C.4) in [I1IGKILV]), that the Z4 symmetry (IV.124]) for the upper band can
be derived from the Z, symmetry ([V.131]) in the right band.

IV.4.2.3 Relation to the thermodynamic Bethe ansatz

Exactly like the statements about the physical gauge in the previous section, the above
statement of the Z, symmetry can be derived from the TBA-equations. We presented
this proof in [11GKLV| and we will not repeat it here in details. This proof relies on
the TBA-equations [GKKVI0] for the functions Y; , (where s > 2), where we can write

. T Ty, . .
the Y-functions as Y, , = 1/ (ﬁ - 1) (see (II1.82)), which allows to notice the
cancellations between several T-functions (the idea is the same as in section [[V.4.1.2)
but it is more technical). At the end of the day we obtain Lo =0 As compared to

the expression ([V.117b|) of ELS (where we should note, from (IV.29) and (IV.51)), that

4 There is no apparent contradiction in this prescription which uses opposite directions for the contour
. . . . . [u]
~ in the continuation of the p- and g-functions. Indeed, we see in ([V.127]) that <[ug7]”> =Q ( ),

u
g

1

which means that the continuation through the contours v and v~ are identical.
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i{l} =1= —g{l} and that 2{2} = g{l}),it gives

T,,= = =0. IV.132
ENN Q{1} Q{z} + q{2}£>{1} g{z} g{Q} ( )

This shows that the functions z{g} and 2) (2} ar€ equal, which implies that

A ~

_ s—s ~ts
Tio= gy — din =~ L (IV.133)

We will see in the next section how to prove that the function A (in (IV.109)) gives rise
to a function h which has only one cut Zo on the magic sheet, but this property allows
to prove that the Z, symmetry holds in the gauge T, ; as well, which gives the equation

(IV.123). Finally, one can show that the condition 21,0 = 0 (which is obtained from the

TBA-equations) allows to prove that TO,I = 0, which gives the equation ([V.124]) (see
[11GKLV]| for more details).

IV.4.2.4 Relation to the analyticity of Y}, and Y,,

Instead of giving here a detailed proof of this Z, symmetry from the TBA-equations, let
us show on a simple example (for the right band) the relation between this symmetry
and the analyticity condltlons on the function Y; ; and Y5 ,.

The analyticity conditions are equivalent the condltlonﬂ

r(u+01)=1/r(u—01), (IV.134a)
Vu €] — 0o, —2¢] U [2g, o, , ,
U €]~ oo, ~2g]U[2¢, 00| {s(u—l—On)—l/s(u—On), (IV.134b)
I _ 1‘*‘1/3/2,2 . T2J,r2 T5,Th, 1 +Y, o T2J,r2 T5,T
e T VA T T ST 1v1y,, THT T,
1,1 11411423 1,1 11411432
(IV.135)

When these (gauge-invariant) ratios are written in terms of 7-functions, we see that
s only involves the functions T, , where a > [s| (i.e. the T-functions which lie in the
upper band). We also see that r only involves the functions T, , where s > a (i.e. the
T-functions which lie in the right band). This allows to write the gauge invariant ratio
r in terms of the T-functions in the gauge I), which we parameterized in section

when s > a:

T5T5nT, (9 - 9w) (-3 + 70))

L =22s2n01  \G T Aep) 7S T S (IV.136)
Ti T, T +2) Ao |
—1,1 31,1523 < q{2} + Q{2}> <£>{2} + Q{Q} >

15We use here the notation F (u+ 01) = F[*9 to denote the limit of F (u = 1i€) when € tends to zero
(but € > 0).

More generally, we will use the notation F (u + %n +0 1'1) = FHnE0 to denote the limit of
F (u+ in+1ie) when € tends to zero (but € > 0).
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In order to understand the relation between rl*% and r[=%, we can notice that due to
the analyticity domains given in ([V.52]IV.53|), we have
[+2+0] _  [+2-0] _[- 2+0} [ 2—0]
Yu € R, 4y = 4y and q{z} Ay (IV.137)

Hence we see that the condition ([V.134a)) reads

W2 o (S0, 2] 2 =0\ (-0, (-2
(2){2} i{z}) ( Gy F q{2}> _ (i{z} - ‘-’{2}) <2>{2} + ‘1{2}>

vu € Zo, +2 | gl+ ]> ( ol | gl- 2]) < +21 _ [ 0]) (_ gm0 4 gl 2]>
Gy T Qeoy ) ( Gy T Gy 2y — Y42 Aoy T Gy
(IV 138)
The simplest way to ensure this property is to have
> (-0 _ _ ~[+0]
Yu € Zg, Ay =~ Aoy (IV.139a)
> =[=0 _ __[+0]
Yu e Zy, Gy =~ 4oy - (IV.139b)

We will now show that the condition (IV.139b H is exactly the 7Z, property

Los=(=1)° IWS Then we will show how to obtain (IV.139a)) from (IV.139b). That
will show that the Z, symmetry implies the relation IV.134 ). The same program can
be followed for the ratio r (see [LLGKLV]), but we will not repeat it here.

Z, symmetry from ([V.139b)) As we see from the definition (IV.52|[IV.52)) (and from
the Statement E (page |147))), the jump density p which parameterizes the function 42y

is equal to p = q[{Q}} + q[{2}] Therefore, the condition ([V.139b]) implies that

Yu € Zg, p(u) =0. (IV.140)

This means that the function G = —iu + K * p has no jump on Zy, and is therefore
analytic on C\ [—2g,2g]. Hence wee see that G is a function which coincides with g2y

when Im(u) > 0 and which has only short Zhukovsky cuts. In our notations, this means
that G = g (2y- Moreover we also see that G coincides with 2{2} when Im(u) < 0, which

gives 2{2} =G = i@}' Hence we have

05 =1 =Ty (IV.141)
To=dgy + gy = 4y + gy = —Tos (IV.142)
1= (™ = an ) (2 - 2™ (IV.143)

= (a5 = am ) (e - a ™) = T = T vy

16The present argument is a motivation (not a proof) for the Z; symmetry, hence the equation is
simply guessed ([V.139b)). A more rigorous proof, sketch in the previous section, can be found in
ply 8
[IIGKIV].
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u +.ﬁ€
— &F
u—ie

Figure IV.4: path v around the branch point 2 g.

The path 7 (in red) is a path which starts from point u € Z;, encircles the branch
point at position 2 g, and comes back to the point u. We see that if a function F' has a
long cut on Zg, then F'(u+i0) denotes the limit of F'(u+ie), obtained by continuation
of the function F along the green arrow. This means that the argument u of F'(u+10)
sits exactly on the real axis, but that the value F'(u+10) is obtained by continuation
from the expression of F' above the cut. Then we see that after the continuation
along the contour ~ (in red), we still obtain the function F' at position u € R, but
now u is approached from below, exactly like a continuation from F(u — i€) along
the blue arrow which defines F(u-10). Hence, we have F'([u+10],) = F(u —10).

This shows that the Z, symmetry iaﬁs = (—1)“2[;&’S (see (IV.116) is implied by the
property ([V.139b). One easily shows that the converse is true, and that the equation

IW’*S = (—=1)*T,,, which states the Z, symmetry of the right band, is equivalent to

the condition IV.i39b.
Relation between ([V.139a)) and ([V.139b) It is usual in this study on integrability

to assume that the branch points are quadratic, in the sense that for a contour + which

w} ) = F'(u), where the notation
N

F([u],), introduced in section , denotes the analytic continuation of F'(u) along
the contour ~.

For u > 2 g (for instance), we can define a contour v which encircles 2 g in the counter-
clockwise direction (see figure and then for an arbitrary function F' having a cut
on Zo, we see that F'([u+10],) = F'(u—10). Hence we see that the condition (IV.139b)
can be rewritten as

encircles a branch point of a function F', we have F’ ( [[u]

ERe) (u+10) = ~ 442 ([U +1 0]7> : (IV.145)

Assuming that the cuts are of square root type, this allows to deduce that

KRG ([“ - ﬁ%) =4 (U+10), (IV.146)
which exactly gives 2)[{;? = —zg?], which is the identity ([V.139al). This shows that
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how ([V.139al) follows from ([V.139b)), under the assumption that the branch point is of

square root type.

conclusion As we said the Z, symmetry can be either motivated from physical sym-
metries of the string theory on AdSs x S°, or proven from the TBA-equations. For
simplicity, we did not repeat here the proof of this symmetry from the TBA-equations
(see [11GKLV]), but we illustrated it on a simple example, showing that the analytic-
ity condition was implied by the Z, symmetry of the right band. The same
program can be performed for the upper band, to relate the condition to the
Z4 symmetry of the upper band. As the condition (I[V.134)) is equivalent to the condi-
tion , we will not view the condition ([V.20) as a fundamental input, but as a
consequence of the Z, symmetry.

IV.4.2.5 Consequences on the parameterization of the g-functions.
In the previous subsection, we obtained the equation (IV.140)), which states that

Ty = .. Yue Z =0. IV.147
g{z} g2y t.e ue 2o, p(u) ( )

This means that the density p introduced in section actually only has the finite
support [—2g,2g].

For the upper band, similar equations can be obtained. Indeed, we have TO,l =0,
and EOJ = 0. As compared to the equation , this gives

Ty = 0=y + Qy + s, + 4Ty (IV.148)
Ll [N} uu o

We can write this expression on the real axis, but then we have to specify on which
side of the cut. For instance if we choose to have a positive imaginary part, then this
equation reads

T -0 - 57+ 400+ g+ Y. V)
- u u u’ u u u
If we remember that by definition the functions ¢, only have short Zhukovsky cuts, we
[N ]
get
Vue Z, g =gl%=gql (IV.150)
[N [N [N
hence Yue Zo,  ab O+ a5 %+ o5 %G 4 ol =0, (IV.151)
[N [N [N [N [N [N

On this form, this equation involves g-functions which can be written in terms of the
parameterization written in section [IV.3.2[ (because the functions ¢, have positive shift
u

and the functions @, have negative shift).
[N ]

Moreover, we know that both in the L — oo limit and in the u — oo limit, the two
last terms in (IV.151) tend to zero. In the u — oo limit, this allows to deduce that (in

view of the parameterization ([V.63)) of ﬁéﬁo} + q[;O]
[N ] [N

Py =—F,, (IV.152)



which means that the polynomial F, is imaginary. Moreover in the case of a state with
two symmetric Bethe roots (i.e. M =2 and u!) = —u(Q)), the polynomial P, has degree
one. Then (up to an irrelevant normalization which we set to one), P,(u) has to be equal
to —iu + «, where a € iR is a constant term (which is a pure imaginary). But for a
symmetric configuration of roots, we know that g,(—u) = £q,(u), which imposes a = 0.

Hence, the definition (IV.63]) of W becomes

W(u) = —iu + L/ ) g, Im(u) > 0. (IV.153)

21w Jueg V—u

The equation ([V.151]) can also be used to constrain the density p,. Indeed, the first

(0]

_[- o - .
terms are G5 ' + 5 ' = fa, hence we obtain
u u

Yu € Zy, pr=—q5"a, " — i %as (IV.154)
[N} Ll [N} Ll

Hence we can for instance define a function ps = po + q?o}(_ﬂfo] +q Ejmqg“’], which is a
[N ] [N [N [N

real function on R, such that

p2=0 when u € Z, (IV.155a)
W = —iu+ K % (,02 — q@f(”q[fo] - qLJrO]qg_O]) when Im(u) > 0. (IV.155b)
u’ O U u

Then the expressions ([V.147)) and ([V.155) are useful because they give rise to densi-
ties with finite support, and because they allow to encode the Z, symmetry into the

parameterization of the g-functions.

IV.4.3 Set of equations and iterative algorithm

Let us now derive a finite set of equations which allows to write an iterative algorithm
leading to a solution to the Y-system equation which obeys the analyticity constraints
mentioned above. That will allow to solve the Y-system and to solve the initial spectral
problem. As it was said in section [[V.3.2] we will restrict for simplicity to the states in
the SL(2) sector, and more specifically to states having two symmetric Bethe roots (i.e.
M =2 and uM = —u®).

IV.4.3.1 Equation on Y, and Y;,

Equation on the product Y;,Y,, We already noticed in section IY?I that the
existence of the physical gauge was related to the analyticity of the function B(u) (defined
by ([V.95)) when Im(u) > 0. We also noticed that this analyticity condition allows
to write a spectral representation (IV.96) of B in terms of a jump density p,, where
p, = log(B B) has the piecewise expression . In this piecewise expression, we
could see that reality conditions could make the functions Y; ; and Y, , partially disappear
in the expression of p, .
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Inspired by these observations, we can introduce a new function B which has a similar
expression, but is specifically chosen in such a way that Y; ; and Y, , disappear from the
expression of the corresponding density. Let us define this function as

log B(u) where B — 1 Lo

\/4g? — u? ’ Y1, E,(fo .

Then, if we use the Statement |8 (page [147)) with the functions F(u) = log B(u) and
G(u) = log B(u) = log B(T), we obtain

log B(u) = (TV.156)

log B(u) = K * 7, when Im(u) > 0 (IV.157)

log &= ifueZ,  (IV.158a)

ifueZ,  (IV.158b)

lo
Vu—2gy/u+2g
\
where Wm appears because it coincides on the real axis with the continuation

[+0]
1 1 ich i i _ _ i
( \/48;2—_u2) of T (which is analytic on the upper-half-plane) to the real axis.
The expression ([V.158a)) is obtained for u € [—2 g, 2 g] because

= is real, hence

4g2—u
N log(B(u)/B(u)) = .T,Jo .
n,(u) = Y/t where log (B(u)/B(u)) = log T (due to the reality of the Y-
| )

and T-functions), which gives (IV.158al). On the other hand, the expression (IV.158b)) is

[+0]
obtained for u €] — 00, —2g] U [2 g, oo[ because (\/ﬁ) = Wm is a phase,

B T
. . log(B(u)B(u) = 1,0 .
hence nb(u) = n\/U(—Tg—\/%7 where 10g (B(U)B(U)) =p, = log W This shows
| g [ g}

that the expression (IV.156) of B is indeed such that we have a density where Y); and
Y, 5 disappear completely.
These arguments allow to write the equation

) T
K57, = log B(u) = ~22BW = ( ! '—'1’“> (IV.159)

— = log P—
\4g? —u?2 /4g? — u? Yi1Y5, E,o,o

which gives

T
log (Y;,Ys,) = log (',;—1_0> —\/4g2 —u? K x 7, when Im(u) > 0. (IV.160)
0,0
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Remark One can also plug the expression of the density 7, into the equation,
to write an equivalent form of ([V.160)). We wrote this expression (see equation (5.24)
in [IIGKLV]), which we do not repeat here to keep the simplest possible notations.

Interestingly, the form obtained by this substitution is (after a shift of integration
contour, allowed by understanding the structure of the zeroes of the T-functions, written
in section directly related to the TBA-equations. It is one of the elements which
allows to prove that the TBA-equations are implied by our analyticity conditions and
by the resulting FiNLIE.

Equation on the ratio Y;,/Y,, The same procedure applies to writing an equation
on the ratio Y} ; /Y, ,. To this end, we should consider the function C defined in (IV.161]) :

_ 2
y., T Ty, TT
c= Lol o 511 (IV.161)
Yo EI,O 31,2 31,1
This ratio is analytic when Im(u) > 0, and it therefore admits a Cauchy representation
as
logC =K xn,, when Im(u) > 0, (IV.162)
2
T(g—ol—i—o] T =140 p [+1-0]
_ —~ Y _>171 |_|1,1
where 7, = log C — log C = log T 0\ o ) (IV.163)
50,0 L R

By inserting the relation (IV.162)) into the definition (IV.161)) of C, we can write

_ 2
Y. T T, T7
log =L — s, —log [ 222 [ L2l =Lt when Im(u) €]0,1[.  (IV.164)
Y. ‘ Tio\ T, T
2,2 al0 \ =12 411

Remark Like for the previous expression, it is possible to simplify slightly this expres-
sion if we know the structure of the zeroes of the T-functions. Indeed we can plug the
expression ([V.163)) of n_ into the equation (IV.164)). Then, we can redistribute the shifts
by moving the integration contours, and this steps requires a precise knowledge of the
zeroes of the T-functions (to know what singularities are involved when we move the
contours). That gives rise to the expressionm

2 2
Y, Lo (L1 oo (Lia

log —— = log = =22 — Ky *log =2 - | IV.165
Y2,2 QTQ~ (EZ,l ' Q? 31,1 ( )

which turns out to be directly related to the TBA-equations.

"Here @ denotes the polynomial [J(u — u®), where the product runs over the Bethe roots ud). At a
finite size L # oo, these Bethe roots will be defined in the subsection
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IV.4.3.2 Equation on F
The Wronskian gauge condition ([II1.81]), satisfied by the T-functions, implies that

T1,0T2,3 - Tl,o

Y Y5, = = : IV.166
1,1722 T0’1T3,2 (.F+)2 ( )
[+0]y+0] 2
If we note that T is regular on the real axis, and that % = <Y1[IO]Y2[:§O]> for
u € Zg (see (IV.20)), we can deduce that
2
- 0 o\ 2 Fl1-0]
Yu € Zo, (Yl[j yf ]) = (Frma ) (IV.167)

As we know, the function log F is i-periodic and has cuts on | J, o, Zons1. The equa-
tion (IV.167) tells us that on each of these cuts, log F jumps by the amount

log FHH2 4140  Jog FH20410 — _jog (VIMEY)  where ue Zp.  (IV.168)

In the right-hand-side, the expression of Yl[jo]}/é[go]obtained in (IV.160) can also be
plugged into this equation (IV.168)).

The above equation ([V.168]) can be solved to express F as a function of Yl[jO]YQ[gO].
To this end we should anticipate on the section [[V.4.3.6] where we will show that F has
simple zeroes at the positions u¥ of the Bethe roots. This allows to fix F as

F(u) = Fo(u)Ar H sinh (7 (u —u®)) | (IV.169)

where Fy is defined by the integral expression

1
Fo(u) = exp [/ " (tanh (u—v)+ sign(v)) log <Y1 (v+10)Y, (v + 1'10)) dv] )
VEZO 1 ’ ’
(IV.170)
and the constant Az is a normalization. This normalization depends on the normalization

of the gauge T, ., which was already fixed by the equation (IV.101)). It can be fixed by
the constraint

a,s?

(IV.171)

IV.4.3.3 Equation on h
Let us now obtain the equation on the gauge function i defined in (IV.109). In particular

we will show that in the mirror sheet, this function gives rise to a function & which has
a single, short, Zhukovsky cut on Zj.
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derivation of the equation To obtain this equation we first write the Hirota equation
(LIL.57)) for the E—functions ;

;525 D22 = Lo Lo+ Tor Los, (IV.172)
T L =T10T12+ Toq Do - (IV.173)
But we know that T,, =1 (see (I (TV.31))) and that E s = EE{S] El[ ) (see (TV.144)).
We also have Tj, = T;,/ (h[+4]h[+2]h[+0 REOR=2RI=) - (see  (IV.110)), where
Ty = —TyoF " = Ty 7" = —Ty3F" = — A2 FHRFARFR2IREA (see (IV107)),
hence 33,2 = — 3273 Ft/ (hHO]B[*O]). We also know from the Wronskian gauge condi-

tion on the T-functions that ¥ ,Y,, = Ty o/To, = =T o/F " = —hFIpl=0 Lo /T
Finally, we should not that for u € [-2g,2¢], Efrl =T = 21[?1170] (because the

L1
argument is inside the inside the analyticity strip), and similarly we have EIQiQ = 32{*@0}
With all these substitutions, the Hirota equations ([V.172IV.173)) can be rewritten as
Vue[-2g2¢g], THPITHY=—T, Fr/ (WA + 1, (IV.174)
vue[-2g,2¢g), T 0 T == T, Y, Yo, FH/ (REOREY) + Ty o (IV.1T5)

If we subtract these two equations, then we obtain

I?II[HJFO} T1[_11_0] N Tl[ﬁl—o] Tl[,_lHO]

Vu € [-2g,24], B = (1Y, Y,,) B/ ()
Lyl
(IV.176)
Using the parameterization ([V.56)), we also see that
IrEl[JrlJro] El[l 0 _ El[ +1-0] El[jll+01
= (1+ KM s p— Kxp—p/2) (14+ Kxp— p/2 = K2 p)
— (L+ K s p— Kxp+p/2) (14 K xp+p/2 — K2 s p) (IV.177)
=—p 2+ K s p— K% p) = —p Ty (IV.178)
Plugging this expression into the left-hand-side of ([V.176f), we finally obtain
_ 1-Y,,Y,,) F*
Yu e [-2g,2¢], AP0l — (1= Y1175) (IV.179)
p

'® In this argument, the condition u € [~2g, 2 g] is crucial since it allows to write T o = T N

Ef 1. To write this, we use the fact that I'Ea)s is defined on the mirror sheet, hence it has cuts only
when |Re(u)| > 2g.

In general the left-hand-side of the Hirota equation should be written either as
EMHO] EMHO] or as T{ 140] T{ 140] , and there is always one of the two factors which is outside the

analyticity strip, giving rise to dlfﬁcultles if |[Re(u)| > 2g.
We see here that it is important to remember that the Hirota equation holds specifically in the mirror
sheet.
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Analyticity and Z, symmetry In this expression, we will now show that the right-
hand-side has no branch point at +2 g. To this end, we will denote by ~ a contour which
encircles 2g (or —2g) but no other singularity, and we will use the notations of section

1V.4.2 (i.e. we denote by F'([u],) the result of the analytic continuation of a function F

following the contour «). If we note that p = qg? — 61[{2[})], we can write

Vue[-2g.2g],  p([u],) =dq ([” +ﬁ0]'y) — A ([u - ﬁ0]7>

(2} (u—10) — 2{2} (u+10) = —p(u). (IV.180)

Lo Lo

Here we used the fact that, for instance, if v a clockwise contour around 2g, then

q (5 ([u +1'10]7> = oy (u—10). We also used the assumption that the cuts are of

u u

quadratic type, so that this relation implies ¢, (u+10) = Gy ([[u +]'10]7] ) =
[N [N] v

q 9 ([u —1'10]7>. By analytic continuation from [—2g,2g], this also implies that
[N ]

p(lu],) = —p(u) for arbitrary u.
The same arguments allow to write

(1-Y11%,) ([uh) —1- m (IV.181)
and  F([u+i/2),) = F(u+1/2);,(0)Y5(0) . (IV.182)

. (1Y, Y, ) FE . -
Hence we deduce that the ratio (%1%0) 7" is regular on the real axis, i.e. that it is

invariant under analytic continuation along the path ~.
This regularity exactly allows to deduce that T,, = 0, which means that the Z,
symmetry of the E functions is also satisfied by the T- functlons This property also

allows to deduce that h = h where we define (resp h) as the function which coincides
with A (resp h) when Im(u) > 0 (resp Im(u) < 0) and which only has short Zhukovsky
cuts. Then the equation ([V.179) can be written as

01 [=00 (1 B Y1,1Y?,2) Fr

Yu e [-2g,2g], ;

(IV.183)

where the function & is real and is analytic on C\ Z, (see also the appendix C.3 in
IGKLV]).

Expression of b The solution of the equation ([V.183)) which is analytic on (C\Z\O and
has the correct behavior at u — oo (see [LLGKLV]) is solved by the following convolution

L
log f = — =

: (IV.184)

9 FH1-Y .Y
logi—i—Z%log( ( L1 2’2))

p
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where we introduce (for any function F'), the convolution Z % F' defined by

2e 1 42 —u? 1

ZxF(u) = —
#F(v) /_2g2]'17r,/4g2_v2u—v

IV.4.3.4 Equation on U

In section [[V.4.1] we have already defined a function C (defined by (IV.108])) which is
analytic on the upper half plane. This allows to introduce a Cauchy representation of
this function as

F(v)dv. (IV.185)

logC =K xp,, when Im(u) > 0, (IV.186)
(IV.187)

where p, = log C +log C. We see that this representation differs slightly from ([V.162)),
and it is chosen because p, decreases more quickly when |u| — oo (see [LLGKLV]).

N 2
As we know that C = (ULf +h[+§) (see (IV.113))), this representation allows to

[F2] "~ fl+3)

write

/\

1
logU = logA+logf++ —WUxp,

where W denotes the convolution kernel defined by (IV.102). In this equation, A denotes
a normalization constant which can for instance be fixed [I1GKLV] from the relation

v Loo Loo=UU Ty = UUTHY22 when u € [-2g,2g], (IV.189)

which is derived by the same arguments as ([V.183]).

(IV.188)

IV.4.3.5 Equation on the densities p and p,

In order to write an iterative algorithm in the same spirit as in chapter [[TI} we should
express the densities in terms of which all the Y-, T- and g-functions are parameterized.
We already showed how to express the density U in terms of the functions f, h, Yy,
Y;, and p. From the equations of the previous sections, we know how to express all
these functions in terms of the three densities p, p, and p, and the polynomial Q, which
parameterize all our g-functions. Hence we have already written the closed equation on
the function U.

Let us now see how to write equations for the functions p and p,, even though it is
less explicit. We have seen in the previous sections how to express to product Y7 ;Y; , and

the ratio § This allows to compute both Y] ; and Y, ,, and even the ratio r = 1;1{,}/2‘2.
1,1
But on [— 2 g,2g], we know that this ratio should be equal to
I+ K *p—8)(1+ Ky *p— 5 =
Gt Vi ol Tl VR N (IV.190)

(A KT p L) (14 Ky xp+ 8)
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Analytically, it is not clear how to invert this equation and write p and a function of r,
but numerically it allows to express quite easily p as a function of r. For instance, we
can analytically use to express p as a function of r and JC{ * p. This expression
is used to iteratively find p as a function of r (using a fixed-point algorithm).

Although it is numerically slightly more complicated, the same procedure can be used

. 14, L . :
to extract ps from the ratio s = ﬁ Due to our parameterization, this ratio takes
1,1

almost the same form as ([V.190]), except that p is replaced with py, and that several
other terms (involving ¢ 3) and q {4}) appear. Numericallyﬁ this equation allows to
Ll [N

write py as a function of s and and .
P2 d3y dqay

IV.4.3.6 Bethe equation

As in chapter , we would now like to fix the coefficients of the polynomial @ contained
in our parameterization. We expect that an analyticity condition like the absence of
poles of the T-functions could impose a Bethe equation on these coefficients, as it was
the case in section [[T1.3.4.2] for the principal chiral model.

In order to find equations on these polynomials, we should first investigate the prop-
erties of the zeroes and poles of the T-functions. As explained in section [V.3.1.2] the
T-functions have no pole inside their analyticity strip, but they can have zeroes which
give rise to poles of the Y-functions. We will analyze these zeroes assuming that the
gauges T and T do not have poles inside their analyticity strip.

Let us suppose that T, has some zeroes in its analyticity strip A;. Since F = /T,
defines the gauge transformation between the gauges T and T (see ), T o should
not have zeroes with an odd multiplicity, since it would give rise to branch points in
F = \/T_(L0 , which would spoil the analyticity of the T- or T-functions. Hence we obtain
that T, only has doublem zeroes so that F has only simple zeroes. We will denote
these zeros as u®) and assume that there are M such zeroes.

If we compare with the Bethe roots of the TBA-equations, we can see that these
zeroes uY) are exactly the Bethe roots, and they should satisfy

Y, <[u(j)]7> — 1, (IV.191)

where Y] g <[u] v) denotes the analytic continuation of the function Y], following the

contour v defined on figure [V.5] This contour encircles one single branch point of the
function Y ; (at position 2g + %), and then comes back to the point u®.

This condition can actually be rewritten as a regularity condition on the T-functions,
as we will now see. Since T,, = T,,/F", the absence of poles in T, , is only possible

9Quite interestingly, it is numerically much easier to invert the relation (TV.190) and find p as a
function of r than to invert the analogous expression for s and express ps as a function of s and ¢ 3}
U

and q {4} What we numerically found is that we can invert the equation and find ps efficiently if we
u

impose the condition that T2 (u® 41/2) = 0 for all the Bethe roots u®). We will derive this condition

in section

20The function T, may also have zeroes with even multiplicity 2n > 2. If this case arise, we say
that it has n double zeroes which coincide.
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Figure IV.5: Paths used for analytical continuation in the Bethe equation (IV.191)).

if T, has zeroes at positions u® +1/2. Assuming that T, ; does not have zeroes at
ud +1/2, Y,, = Ty, /T, should have poles at u¥ +1/2. On the other hand, we can
write the Y-system equation at a = 1, s = 1, and continue it along the contour v. Using
(IV.20), we get

(14720 (1)) Yaato) = (n,ﬁg: %”) (W) avas)

The equation ([V.191)) is then the condition that, in the left-hand-side, the poles of Y;,

at the Bethe roots are canceled with the zeroes of <1 +Yio <[u] 7)) Therefore we see

that the condition ([V.191)), which fixes the position of the Bethe roots from the TBA-
equations, can as well be viewed as the condition that the right-hand-side is regular at
= uW
u=u".
More details about this Bethe equations can be found in [IIGKLV]. In particular it
is shown in appendix E.2 that the condition ([V.191]) can be rewritten as

o\ 2 (2]
i), Yk B L — 0 (IV.193)
h- Y.~ l_ T [+2] o )

2,2 1,2 1,1 ()

This expression is numerically more convenient than the expression , because it
only involves functions with argument inside the analyticity strip (where we do not have
to do any analytic continuation around a branch point). It means that this equation
allows to update the position u% of the Bethe roots, provided we know the densities
p, p2 and p, (and the polynomial @), which parameterize the g-functions as defined in

section [V.3.2

Expression of Q The above discussion only fixes the position of the Bethe roots, which
are the zeroes of (for instance) T ;. The position of these Bethe roots is important be-

cause in enters several equations (see for instance (IV.169) and (IV.165))), but it can also

be used to write a constraint on the polynomial ). Indeed if we find the Bethe roots from
the equation (IV.193)), then we can write the constraint T070(u(j)) =T, (u¥ +1i/2) =0

to fix the coefficients of the polynomial Q.
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IV.4.3.7 Expression of the energy

The expression of the energy (or the anomalous dimension ~y of operators), is given by
in terms of the Y-functions. Once we know the pole structure of the Y-functions,
as identified in the previous subsection, it is possible to show that F is exactly given by
the large u behavior of the product Y} ;Y5 ,. More precisely we have

log (Yl[jolyz[;o]> ~iE/u|,  whenu— +o00, u€R. (IV.194)

This is proven in [IIGKLV] using the TBA-equations, but interestingly enough, it can
be rewritten (using (IV.167))) as

1
E = lim ud,log Ty ueR. (IV.195)
u—00 ’

One can expect that if a physical construction of the T-operators for AAS/CFT can
be found, for instance from a lattice regularization, or from string theory, then this
expression will come naturally because the T-functions define a gauge which is expected
to have a physical origin. This expression is quite similar to the expression of the energy
in chapter [[I, which involves the derivative of the logarithm of a T-operator.

Remark and large u behavior In the definition of the parameterization of the g-
functions it was used that the behavior of the g-functions when u — oo can be extracted
from the asymptotic limit (L. — oo). This assumption allowed for instance to fix the

degree of the polynomial in the definition of W (see (IV.153))) and of 42y (see (IV.51))).

These polynomial asymptotic were in direct relation to the limit of Y, ; (resp Y] ;) when

lu| = oo and |Im(u)] < %%, (resp |Im(u)| < =*), which can be extracted from the

L — oo limit, as one can check from the TBA-equations. Roughly speaking, this was

_a\ L
motivated by equation ([V.50)), which shows that inside the analyticity strip, (%) is

small both in the . — oo limit and in the u — oo limit.

The same argument cannot easily be used for the functions Y} ; and Y; ,, because their
analyticity strip has size zero. Therefore the asymptotic behavior of these Y-functions
is not exactly the same as in the L. — oo limit. One can actually show (see the end
of appendix B in [I1GKILV]) that several functions behave at u — oo as a power of u,
where the exact power does not coincide with the L — oo limit.

For instance we obtain f ~ u"/2, U ~ u=T+/2 ete.

IV.4.3.8 Iterative algorithm

From all these equation, one can write an iterative algorithm, exactly like in section
for the principal chiral model. In this algorithm, we can start from the asymptotic limit
(L — 00) of the densities p and ps, of the Bethe roots and of the polynomial Q. We can
also start from U = 0, because U is exponentially small when L. — oo. Then for each
iteration, we should use these densities to compute the g-functions and the functions
Las (when a > |s|) and Tas (when s > a) inside their analyticity strips (see section
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(a) Middle nodes Y-functions (Y, o) (b) The Y-functions Y; ; and 1/Y; ,
Figure IV.6: Numerical Y-functions for Konishi state at g = 1.6

The Y-functions obtained from FiNLIE iterations (dots) are compared to the out-
come of TBA-iterations |[GKV10| (solid lines) and to the asymptotic expression
(dashed lines). The figure [[V.6(a)| shows Y}, (black), Y, (blue), Yy, (green), Y,
(red) and Yj, (violet), while the figure [[V.6(b)| shows Y] ; (green) and its continua-
tion 1/Y, 5 (blue).

[V.3.2). Hence, we can compute the functions Y, ; and Y, , (see (IV.160) and (IV.165)),
as well as the functions f (see (IV.101))) and % (see (IV.184)). The expressions of Y, ;

and Y,, can then be used to find a new expression of the densities p and p,, whereas
the expression of h and f can be plugged into the equation for U. Finally, we
should update the value of the Bethe roots (to use a more accurate position of these
roots in the next iteration), and the polynomial Q (see section

And the end of an iteration, we get new expressions for the densities, the positions
of the Bethe roots, and the polynomial (). These expressions can be used as starting
point of a next iteration. If the algorithm converges, then it provides a solution to the
equations written above.

IV.5 Numerical results

We iterated this algorithm in the case of the operator called Konishi operator, which has
two symmetric Bethe roots (i.e. M = 2 and u¥ = —u®) and has length L = 2. Our
numerical results, obtained for a coupling g of order 1 (or smaller), confirmed that our
FiNLIE reproduces exactly the solution of the TBA-equations, with the main difference
that the number of functions (and of equations) is finite. Our numerical results, shown
on figure show a very good agreement with previous results obtained from the
TBA-equations, and confirms the equivalence of our equations with the TBA-equations.
This equivalence is also proven analytically in the appendices of [IIGKLV].
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IV.6 Conclusion

We have shown in this chapter that for the Y-system of AdS/CFT), a finite set of nonlinear
integral equation allows to express the exact anomalous dimension of a few simple oper-
ators of the super Yang-Mills conformal field theory. As we saw, this result was obtained
by first solving the Y-system equation in terms of a finite number of g-functions, and
then by imposing some analyticity properties which completely fix these g-functions. We
argued that these analyticity conditions look very physical, and are certainly the hints
that a physical construction of the T-functions is possible, and obeys natural regularity
conditions. In particular, we identified a quantum Z, symmetry which generalizes the
74 symmetry of the classical string theory to the quantum level.

At the moment we cannot derive these analyticity conditions from an explicit, physical
construction of the T-functions (or of the T-operators) corresponding to this Y-system
from a lattice regularization or directly from string theory, and we can simply prove
that these conditions are equivalent to the known TBA-equations. But it will be very
interesting to see if such a construction can be obtain. In particular that would allow to
derive more rigorously that the energy spectrum of the AdS/CFT duality is expressed
from the Y-functions of the Y-system. This would be particularly interesting since the
known derivations of these equations are still not completely well controlled (for instance
regarding the analytic continuation from the vacuum to the excited states).

In this work, we restricted for simplicity to excited states which belong to the
SL(2) sector and have a symmetric configuration of two Bethe roots (i.e. M = 2 and
u = —u®). The condition that there are only two symmetric Bethe roots was only
used to drop a few coefficients in the polynomial behavior of the g-functions in the limit
u — 00, and it would probably not be very difficult to relax this condition. For states
outside the SL(2) sector, by contrast, more work would certainly be needed. We already
know the expression of the Q-functions in the asymptotic limit [LIGKLT] for these states,
but in order to write a FiNLIE for these states, it will be necessary to know very well the
position of poles and zeroes of the Y- T- and g-functions, and to see whether they affect
the equations we have written. In principle the asymptotic limit should already contain
important informations about these poles, so that it is certainly feasible to generalize our
equations. We expect that if we perform this generalization, then we will have equations
on five densities instead of three, because in general Y, _ will not be equal to Y, .

The efficiency of this finite system of equations, both analytically and numerically,
remains to be studied. The numerical interest in computing energies from the Y-system
has already led to several important results, and it will be interesting to see whether
our FiNLIE allows a better accuracy or a generalization to more excited states. At
the analytic level, it may be better suited than the usual Y-system to derive analytic
expansions in the limit g — oo or g — 0. In the strong coupling limit, in particular,
our formula looks more directly related to the symmetries of the classical string theory,
and we can have reasonable hope that it will allow to perform an analytic expansion of
energy.
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Conclusion and outlook

This manuscript presented the research performed during this PhD, which was devoted
to the study of several integrable models. We saw that various models, which are quali-
tatively very different from each other, involve the same equation (the Hirota equation),
related to the existence of @)-functions.

We clarified the existence of these @)-functions, by constructing them explicitly for
spin chains (where they are the eigenvalues of the Q-operators), and by proving their
existence under a typicality condition in the case of integrable quantum field theories.
In both of these cases, we showed that they are the building blocks of the T-functions
(in the sense that the 7T-functions are written as a Wronskian determinant of these Q-
functions). Interestingly enough, we also showed (in the case of spin chains) the relation
between this construction and the general polynomial solution of the MKP hierarchy.

It would be very interesting to deeper understand the relation between these objects.
In particular, we may wonder whether explicit expressions like the ones we wrote in
chapter [l for polynomial spin chains can be written for more complicated models such
as non-polynomial spins chains or field theory. In chapter [[I, our construction is written
by means of an ad-hoc operator ]3, specifically designed to give rise to polynomial spin
chains, but we saw in section [[I.4] that the construction which we obtained can as well
be written in terms of 7-functions, making the origin of our construction clearer. This
remark will certainly be very inspiring in order to generalize our construction to other
integrable models.

We also saw that even without understanding explicitly their construction for in-
tegrable field theory, the existence of these @-functions allowed to simplify noticeably
the study of the finite size corrections. In particular, the usual formulation of the Y-
system can be replaced by a few analyticity conditions on these ()-functions. These
requirements can also be written as a finite set of nonlinear integral equations (FiNLIE)
which is expected to be more efficient, both for its numerical resolution and for analytical
expansions.

Interestingly, it was proven [Cael0] in the case of the SU(2) x SU(2) principal chiral
model that the equation obtained by this method in [GKV09b] is equivalent to the “DdV”
equations obtained from a lattice regularization. As opposed to a lattice regularization
(which is not always known to exist) our method seems to be quite generally applicable
to numerous models (since we know how to express the solution of the Hirota equation
in terms of a finite number of functions). However, we saw that an important part
of the analysis (namely the study of the analytical properties) had to performed on a
case-by-case basis, even though some common features emerge (such as the fact that the
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g-functions are analytic on half-planes). In the cases where DAV equations are known,
it would be very interesting to clarify the relation between this DAV equation and this
study of the analyticity properties. In particular this may lead to a better understanding
of the existence of the Y-system.
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Appendix A

Introduction to representations of
matrix groups
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The first section of this annex consists of a few definitions, mainly introducing
the tensor product. It is not necessary to linearly read this subsection, and the reader
can definitely postpone reading these definitions until they are referred to at some point.

The next sections [A.2] [A.3.1] and [A.4] will introduce some representations of the
matrix groups such as GL(K), SU(K) and GL(K|M). These representations will be labeled
by so-called “Young diagrams”.

To start with, let us recall that a representation of a group G is defined by a vector
space V' and a morphism 7 : G — GL(V), i.e. a map from G to GL(V) such that

Vg,9' € G, m(g-g') =m(g) -m(g’). (A1)

We will sometimes identify a representation (V) to the space V' alone, if the morphism
7 is unambiguously defined by the context.
The character of a representation (V) is the map

G = C
X‘{ g tr(nlg) - (A-2)

A.1 Notations and tensor product

Let us first briefly remind what is meant by a tensor product of Hilbert spaces, and
introduce the corresponding notations.
We will consider a set of Hilbert spaces #1, #s, - - - #1,, where each #; has (finite) dimen-
sion d; and is defined through an orthonormal basis denoted as |(1)),,[(2));,---,|(di));.
Then one can construct a bigger Hilbert space H = ®?:1 #; (denoted by a bigger H
letter), defined through an orthonormal basis which is the set of the vectors

|(n1,ng, -+ mu)) =)y @ |(n2)), @ - @|(nL))y, (A.3)

where each n; belongs to [1, d].
For an arbitrary linear operator O on this space, it is convenient to introduce the
coordinates

11,82, 0L,

o F1od2edn <(i17 (CIERE 7iL)| O |(j17j27 T 7jL>> . (A4)

For instance, if A and B are operators on # and #', their tensor product is an operator
on # ® #' with coordinates
(A® B)“’Z2 _A” BZ2 : (A.5)

J1,J2

There is a specific set of operators which will be of crucial importance in what follows,
and which exists if all the “local” spaces #; are isomorphic: the permutation operators

defined by

P(G) : |<n17n27 U 7nL>> = ‘(no(l)a e 7na(L))> (A6)

L
e (Po)55 = [T o0k (A7)
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for any permutation o € S¥ (where S denotes the set of all permutations of [1,L]). In
the particular case when o is the identity permutation, one gets the identity operator I.
On the other hand, if o = 7y is the transposition k <+ 1 defined in , then one gets
the permutation operator Py, such that

11,82, 41 Y in
(kal) ;172]'2,“'71.}L 6]1(6];( H 5;n : (A8)

ne1,L]\{k,1}

This operator satisfies for instance (for L = 2)
Pi2(A®B)=(B®A) Py, (A.9)

and it will turn out to have a crucial role in what follows.
To finish this section, let O be an operator on ®L1 #;. One can define its partial

trace tr;,O with respect to #y, (for instance): it is an operator on @i #; defined by

(trL0)' % _ZO“’”’””L o (A.10)

J1,J2, 5 JL—1 J1,d2y s JL—1,k

In particular it satisfies tro(A® B) = A tr(B).

A.2 Representations of SU(2)

The representations of SU(2) are the simplest example of representations, and are very
frequently encountered in quantum mechanics, where they describe the spin of different
objects.

The three following 2 x 2 matrices

JO =— 1=1,2,3, (A.11)

(where 0¥ denote the Pauli matrices defined by (I1.3))) form a linear basis of the space
of all traceless, hermitian matrices. This allows us to writd]

U(2) ={U | 3(d1, ¢2, ¢3) € R : U = et Zim 27y (A.12)

Therefore, we say that J® are the “generators” of SU(2).

The irreducible representations’] of SU(2) are labeled by a number j € N/2, and j is
usually called the spin of the representations. The representation with spin j is given by
the vector space V; and the morphism 7t; defined by

Vi =Vect {|3.3).13,3 = 1).13,3 = 2).-- .13, —3)} (
m o e eV Al ey (
(

(

where Jj(g) |3, m) =m|j,m)

(A" 2 IP) 13m) = VG Fm) GEm+ 1) [5,mE 1),

!One can note that for U € SU(2), there are in general several different vectors (¢1, g2, ¢3) € R3
such that U = i Xiz1 417" For instance, we have I = eAr I pam @ 4wy @)

2 The definition of an irreducible representation will be given in the section
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where |j,m) denotes an orthonormal basis of a 2j + 1-dimensional Hilbert space. In
(A.16)), we use the convention |j,j+ 1) =0=1j,—j — 1).

Proof that — 1s a morphism . First, one can  check  that  the
equation (A.14) does indeed define a function 7r;. What has to be checked is that if

SO OISy Y then dZlias) _ S’ Ope way to check it is by
noticin that the coefficients of the matrix ¢! >i=1 #uJ;) are a polynomial function of the
coefficients of the matrix e X190/,

Next, one should check that the relation (A.1]) holds. To do this, one can notice that

JJ@ obeys the same commutation relatio [le , Jj(m)] =1 elﬁm’”Jj(") as the operators J

defined in (A.11)). From this we can prove that 7t; is a morphism, i.e. that

if i Xima $IO | i3 $IO _ AF O (A.17)

then et Xini 0} | @S 6" — AT wg (A.18)

This result is obtained by the Baker-Campbell-Hausdorff formula, which allows to express
Y as a function of ¢ and ¢’. This Baker-Campbell-Hausdorff formula reads

1 1
eXe¥ =exp (X+Y+ §[X,Y] + 1—2[X - Y, [X,Y]] +) ; (A.19)

and it only involves the commutation relations between the J®. This Baker-Campbell-
Hausdorff formula provides the explicit expression of a ¢ € R3 such that (A.17) holds.

But since the Jj(l) obey the same commutation relation as J®, we immediately see that
the same expression ¥ obeys (A.18)) as well. O

Among these representations, the j = 0 case corresponds to Vy = C and Vg, my(g) =
I. This representation is usually called the trivial representation.
By contrast, the representation with spin j = 1/2 corresponds to Vi = C? and
Vg, m2(g) = g. It will be called the fundamental representation of SU(2).
For the unity of notations, let us also introduce the following notation:
i (JO) =, (A.20)

were the bold letter 7t denotes the transformation of the generators, whereas the letter
7t denotes the transformation of a group element.

. ®
3The matrix coefficients of el Z1=19%5" are not a very simple function of (¢1, @2, ¢3), and it is not
. . . . . ]'123 & J
very easy to notice that they are a polynomial function of the matrix coefficients of e* 2«i=1 ¢t/

We will actually see in the next section that there exists another construction of the function 7,

; 0)
making it easy to write the explicit (polynomial) expression of the coefficients of the matrix e’ iy A1

as a function of the coefficients of the matrix et Zi=1 17"

4Here, the symbol €™ denotes the antisymmetric function of I, m and n such that €23 = 1.
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A.3 Young diagrams and representations of GL(K)

We will now see that the representations defined above can be generalized not only to
SU(K), but evenP| to GL(K).

In this section, we will define some representations of GL(K), which are indexed by
Young diagrams. Their restriction to unitary matrices will give the irreducible repre-
sentations of SU(K). In this manuscript, the construction will be introduced with less
details than (for instance) in [FH91|, but it will be generalized to super-groups, following
for instance [BBBS8I].

A.3.1 Young diagrams

The Young diagrams are diagrams which can be identified to non-increasing sequences
A; = 0 of integers where there is an n such that A\; = 0 for all ¢ > n. The identification
between diagrams (made out of “boxes”) and these sequences goes as follows:

(5,3,2,2,0,0,0,---) <> L (A.21)
[ 1]

We see that \; becomes the number of boxes in the i row (counted from below) of the
diagram.

A Young tableau will denote a Young diagram where positive integers are written
inside each box. We will see that each Young diagram labels a representation of GL(K),
and that if we write integers in each box of the diagram (following a given ruldﬂ), then
we obtain Young tableaux which label a basis of this representation.

A.3.2 Decomposition of the tensor representation of GL(K)

A very natural representation of GL(K) is given by the space Vy = (CK)®N and the
morphism 7ty : M — M®N. Then 7ty (M) acts on the basis (A.3)) as follows

N
nin (M) [(n1,n2,- -+ ,ny)) = Z HM"n, (nf,nh, - nly)) . (A.22)

nf b, iy €[LK]Y =1

If N =1, this defines the “fundamental” representation of GL(K), i.e. the representation
such that 7t(M) = M. This representation will be denoted by the Young diagram [].
Then the tensor representation (A.22)) will be denoted by (1 ® 1 ® --- ® [].

N

5 In general it is obvious that every representation of GL(K) gives rise to a representation of the
subgroup SU(K) € GL(K). But it is a priori not trivial that these representations of SU(K) also define
representations of GL(K).

6This rule will be that the integers are increasing in each column and non-decreasing in each row.
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Reducibility of the tensor representation If N > 2, this representation is re-
ducible. This means that there exists at least one sub-space of Vi which is stable under
niy (M), for every M € GL(K). For instance we will see that the set of all symmetric
tensors is stable under all 7ty (M). This set will be denoted by V.17, which is labeled

——
N
by the Young tableau (N,0,0,---) = LI LI 1] (see (A.21)). It can be defined using
N
the projector Prr.:
N N

\ 1 , ;
where Py [(ny, ne,ng, - -+ ,nn)) = N (Z | (N1, o2y, - - 7no(N))>> ;

N oceSN
1
ie. PD:DDI = — Pg, (A24)
.

where the permutation operator P, is defined by (A.6]).
An orthonormal basis of V.. can be written as

B = { ‘ 1<ny<ny

N

where [n1]nz]ns] 1] =N | P | (n1,no,n3, - -+, ny)) (A.26)
N

where NV ([¢)) = (A.27)

¥)
VAUR)
We see that the elements of this basis are Young tableaux obtained by filling the corre-
sponding Young diagram with ordered numbers belonging to [1, K].

The very definition of the operators P, implies that

(O100,®---®0y) P, =P, - (Oa(l) ®Op2) @+ ® OU(N)) ) (A.28)

for any set of operators (O1,0s, - ,Oy) on #; (resp #Hs resp ---). In particular we
see that M®Y commutes with any P,, hence it also commutes with Pr... As a
consequence, V.. = Im(Prr.) is stable under all 7ty (M), for all M € GL(K).
This allows to introduce a representation of GL(K), labeled by the Young diagram
(N,0,0,---) =LL1TI~[1] defined by the space Vi{1}.c1; and the morphism 7t below:
N

nmum(M):{VD’j;;m : X%ﬁlﬂ% . (A.29)

Hence we have shown that when N > 2, the representation [ |® [ ®---®[] is
reducible, which means that it contains at least one stable subspace. This stable subspace
also defines another representation of GL(K), which has a smaller dimension.
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Decomposability of the tensor representation In addition to being reducible, the
representation Vy is actually decomposable, which means that it can be written as a
direct sum of representations corresponding to stable subspaces. For instance, when
N = 2, we will show that one can write

Ned=OeH, (A.30)

where the representation H is defined from the space of antisymmetric tensors. For
arbitrary N, we introduce the representation

VB}N = Im(PB}N) where PB}N E% ;\, (o) Po. (A.31)
- - -

Here, ¢(0) = [, U(iZ:?(j) is the signature of the permutation o.

An orthonormal basis of this space can be written as

B} = 1< <ny<- - <ny<K (A.32)
N

]
-

\ J

where = VNI PH |ni, no,nz, -+ ,ny) . (A.33)
2 F oy
ﬁ}

Since M®N commutes with all P, (see (A.28))), this space is invariant under the action
of iy (M) for every M € GL(K), and it therefore defines a representation of GL(K). The

Young diagram N { - = (1,1,1,---,1,0,0,0,---) will now denote this representation.
o

The equality (A.30) states that when N = 2, the spaces Vi and Vjj are not only
stable under 7ty (M) for all M (and therefore they define representations), but even that
they are linearly independent and span the whole space V5 = (CK)®2.

Proof of (A.30). The only thing which was not proven above, is that the spaces Vir; and

Vp are linearly independent and span the whole space V; = (CK)®2. First their linear
independence is easily shown from the equality Pry o Pg = 0 = Pgo Pry. Indeed, if

Pro|¢) + Pglv) = 0, then we get P (Pm |¢) + Pg |¢>> = Px|¢) = 0. Moreover, the

dimension of these spaces is K(K;l) and K(K;D, as we can see2from (A.25) and (A.31)).
It follows that their direct sum is the whole space V5 = (CK)® ) n
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If N > 2, the relation (A.30) can be generalized, and the right-hand-side will be a
sum over the Young diagrams with N boxes, which label different representations. For
instance, when N = 3, we will show that

D®D®D=Dﬂj@251@@. (A.34)

In the right-hand-side, the representations [T 1] and @ were already introduced in

A.23lJA.31]). On the other hand the representation Hj is obtained by combining sym-
metrizations (as in (A.24])) and antisymmetrizations (as in (A.31))). Let us define the
spaces

V. =Im (%) =Tm ((1 — Pr) (1 + P12)) (A.35)
and VB] =Im <EB]> =Im ((1 + 7)173) (1 - PLg)) . (A36)

These two spaces Vi and ‘753 give rise to two isomorphi representations of GL(K),

which will both be denoted by H] in (A.34). The two operators cp and ¢g generalize

the projection operators introduced in (|A.24]) and ({A.31)) for the symmetric and antisym-
metric representation. One important difference is that ¢, and ¢ are nor projectors.

Proof of (A.34). First let us show that the four subspaces corresponding to these repre-
sentations are linearly independent:

} hence ¥ = cq [Ws) + g [Wa) =0
and 0= (1 — Py 3)8 = 20 |U3) , (A.38)
which shows that they are independent indeed.

Finally, we will conclude by finding the dimension of Vi, To do this, we just have to
notice that the vectors in the set

73]
By, E{ nj 2] ‘ ny < ng and n; < n3} (A.39)
73]
where nj m = N <ch ]nl,nQ,n3)> (A.40)

TA funny way to see that they are isomorphic is as follows:

First notice that Im ((1 4+ Pi13) (1 —P1,2)) and Im ((1 + P12) (1 — P1,3)) are identical up to a rela-
belling of #Hy and #Hs3. Then the Yang-Baxter equation tells us that (1+P12) (1 —P13) and
(1 —P1,3) (1 +P12) are equal up to the multiplication, to the right and to the left, by invertible matri-
ces which commute with 7t3(M). This implies that these representations are isomorphic indeed.
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are linearly independen, so that the dimension of Hj is at least (K*I)I?f& If we

note that the dimensions of [ 1] and @ are respectively ( K ; 2 > and ( I?f ), we

conclude that [T T 1® 2 H] @b @ has dimension at least K. This dimension argument
implies that (A.34) holds and that (A.39) defines a basis of V.. O

For arbitrary NV, the representations associated to Young diagrams with N boxes are
constructed like above, by describing some invariant subspaces of [ | ® [ ® --- ® []. For
instance, when N = 4, we get

D@D@D@DZDI]@SHj@ZH}@S@j@E. (A.41)

For a general Young diagram, the associated representation is the image of a “Young
symmetrizer” generalizing the operator cg_ of (A.35). For instance for the representations
in equation (|A.41]), one possible expression of the Young symmetrizers is

e, =1 —"Pr4)- (1+Pio+Pas+Pis+Pass + Paar)) (A.42)
e = (1= Prg) - (1= Poa) - (1+Pra) - (14 Py, (A.43)
Cﬁj =(1—=P13—Psa—Pra+Pasa + Pusy) - (L+Pi2), (A.44)

where P4 31y (for instance) is the permutation operator (A.6)) associated to the permu-
tation o such that o(4) = 3, 0(3) = 1, o(1) = 4 and o(2) = 2. The expressions of
these symmetrizers is obtained by first writing a Young tableau with the numbers 1,

2, .-+, N. For instance, let us demonstrate how to get (A.43)), by writing the tableau

E{’ g . Then for each column, we should write the operator which antisymmetrizes with

respect to the corresponding indices: that gives (1 — Py 3) - (1 — Pay). We should also
write for each line the operator which symmetrizes with respect to these indices to get
(14 Py2) - (1 +Psy4). Finally we multiply them, and we see that (A.43)) arises from the

314
tableau 151

The construction above associates a representation to each Young diagram. It can
be provenﬂ that this representation is actually irreducible. In the literature [FH9I], the
approach suggested above is justified using the “Schur-Weyl” duality, which relies on
the fact that the representations of the symmetric group SV are also labeled by Young
diagrams.

8 The linear independence of these vectors can for instance be shown by projecting on the space
Vect {|x,y,2) | = <yandzx <z}

9The converse is not true, and there exist some irreducible representations which are not described
by Young diagrams. The correct statement is that all the irreducible, polynomial representations of
GL(K) are described by Young diagrams.
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A.3.3 Finite rank groups

In the previous section, we saw how to construct irreducible representations of GL(K),
and we wrote a basis for each of them (in terms of Young tableaux). One thing that can
be noted is then that the antisymmetric representation (|A.31]) has dimension ( N ) If
N = K, we get a 1-dimensional representation given by 7ty (M) = det(M). But if N > K,
the dimension would be zero, i.e. the antisymmetric representation is not defined. This
means that the projector PH} is zero as soon as N > K.

N

!

More generally, a Young diagram A gives rise to a representation of GL(K) only if
|A] <K, where |A| is the number of rows in the Young diagram A, as defined in (IL.64)).
Indeed, if |A| > K, then when we write the Young symmetrizer, the factor corresponding
to first column is PH} , which is zero.
RY

Furthermore, the representations that we have defined are representations of GL(K),
thus they also define representations of SL(K) and SU(K), which can actually be shown
to be irreducible.

Relation to the representations of SU(2) Finally, let us show that the repre-
sentations of SU(2) built in section are also described by Young diagrams. The
representation with spin 0 is the trivial representation associated to the empty Young
diagram?l Let us denote this representation by (0). Then the condition det(M) = 1

(which is automatic for M € SU(2)) shows that H = (0). Indeed we have seen that

this representation obeys 7ty (M) = det(M). One can also show that Hj =[], and this
result generalizes to bigger diagrams. As the only possible Young diagrams (i.e. the
diagrams obeying |A| < K = 2) have at most two rows (i.e. A = (A, A2,0,0,---)), we
obtain that each representation associated to one of these Young diagrams is isomorphic
to a symmetric representation (A.23)) (corresponding to X = (A\; — A2,0,0,---)). We
will show below that the representation with spin j can be identified with the symmetric
representation (A.23) associated to the Young diagram Aji o5 = (23,0,0,---). In this
setup, the equality @D corresponds to the well-known fact that the product of two
spins 1/2 is written as the sum of a spin 0 and a spin 1. In the same way, (A.34]) implies
that the product of three spins 1/2 is made of two spins 1/2 and one spin 3/2.

Let us now prove the identification between the representations of SU(2) defined in
section and the symmetric representations . To do this, let us define the
generators associated to representations of GL(K). In the fundamental representation
we can define the operators e; ;

€ij | (k) =0 [(0)) - (A.45)

10As explained in section this representation corresponds to the vector space R, and to the
morphism 7t: g — I
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It means that e; ; can be viewed as a matrix with all coefficients equal to zero except the
coeflicient at position (i, 7).
They are such that

GL(K) ={M | 3($14);; e € CVF: M = exp ( Z @,jem) 1. (A.46)

1<i,j<K

This relation can for instance be shown by means of a Jordan decomposition, and it means
that the operators e; ; are the generators of GL(K) in the fundamental representation.
They obey the commutation relation

[61',]', ek,l] :5j,l<:ez’,l — 5;7,~ek7j . (A47)

By writing the action 7ty (M) of a group element M = exp (¢ e; ;) in the representation
A, one can easily find the expression 7, (e; ;) of the corresponding generator, which is
such that

my(exp (€ €;;)) =exp (e (i) - (A.48)

For instance, in the case when K = 2, for the representation [ [ ], it is easy to write
explicitly 7t (M) in the basis (A.25). Then if we write ({A.48)) for a small e (keeping only

the terms linear in €), we deduce the following expression of the generators of GL(2) in
the representation [ ] ]

2 00 0 v2 0
o (ei)=10 10 moei2) = 0 0 2 (A.49)
000 00 0
0 0 0 000
molean)=| vV2 0 0 mo(ean)=( 0 1 0 | . (A.50)
0 V2 0 00 2
As expected 7 (e; ;) obeys the same commutation relation as e; ;:
(m(eiy) s mo(err) ) =05k (eir) — Oramep(er,) - (A.51)

One should nevertheless note that the relation e; jer; = d;xe;; does not generalize to the
generators 7 (e;;). The same result is easily obtained for an arbitrary Young diagram.

In order to identify them with the generators of , we should introduce the
generators J(I) = @2ten &) — jen—en and JO) = @z Iy g given representation,
their action becomes 7ty (J(V) = w, i\ (J?) = ]’1%7 and 7, (J®)) =
w, as it can be seen from . Then, the expressions allow to
check that 7t (J®) coincides exactly with Jl(l) defined in (A.15)). Thus we have shown

the identification between the representation [ [ ] and the representation with spin j =1
constructed in section [A.2
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This analysis of the generators can be generalized to an arbitrary Young diagram.
For instance for the representation A = (N, 0,0,---) = LLLI[11 it gives
N

N
nro-o(eiy) = Poo-mo - (Z Y @e ;@ ]I®(N_k)) P, (A.52)
k=1

expressed in terms of the projector (A.24]). Writing explicitly these generators, as in
(A.49r[A.50)), allows to prove the identification between this representation (if we restrict
it to SU(2)) and the representation of SU(2) with spin j = N/2.

A.3.4 Characters

We have seen that to each Young diagram \ is associated a representation, and for several
examples we defined an orthonormal basis, and wrote the morphism g — m,(g). It is
then possible to compute the characters y, of these representations, using the definition

(A2,

To do this, the first useful relation is that for any representation A,

Xy (h-g-h7Y) =try (my(h)ma(g)ma(h 7)) = try (T (g)ma(h)ma(R))
=X,(9) - (A.53)

This relation shows that the characters are “class functions”, and allows to find the
character of an arbitrary ¢ provided we know the characters of diagonal matrices. Let
us show explicitly how to express these characters for the symmetric representation
[ [T -[I1 by starting with the particular case of a diagonal matrix

N
g = diag (1, x9, - ,zx) € GL(K). In order to compute the trace of m..(g), let us

first note that

N
M. (9) [mlre]ne) -] = (Hmn> [ ]ra]ns)-- o] - (A.54)
B i=1

By summing over these basis vectors (defined in (|A.25])), one can deduce that the char-
acter of g is equal to

XYo@ = Y. =57 (A.55)

C1,Ca,-Cx20  j=1
C1+Cot-+Cr=N

The relation (A.53|) allows to deduce the character of an arbitrary diagonalizable matrix.
Moreover the set of the diagonalizable matrices is dense in GL(K), and for diagonalizable
matrices the character is a continuous function of the eigenvalues (it is even a polyno-
mial), hence we can deduce that for an arbitrary g € GL(K), if we denote the eigenvalues
of g as x1,x9, -+ , 2k, then the character of ¢ is given by .
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Schur polynomials and Weyl formulae For an arbitrary Young diagram A, the
same procedure allows to compute the character of any group element g € GL(K).
Because of the relation (A.53)), that gives a symmetric function of the eigenvalues of
g. Moreover, for any Young diagram, this character is a polynomial function of the
eigenvalues of g, because the matrix elements of the operator m,(g) are polynomial
functions of the matrix elements of g. These polynomials, which are symmetric functions
of K variables are called “Schur polynomials”.

Performing this analysis for an arbitrary Young diagram A (identified to a set of inte-
gers, as in (A.21))), yields the following expression of characters as ratios of determinants:

X (9) = ‘ AL (A.56)

where the z; still denote the eigenvalues of g, and this expression holds even if g is not
diagonalizable. This formula is sometimes called the “first Weyl formula”.

Another relation holds for these characters, which can be obtained from (A.56). It
reads

X (g) =1 X0 (g) ) (A57)

Aitd—i 1<, 5 <A

where |A| denotes the number of rows in the Young diagram A (i.e. the largest integer a
such that A\, > 0). The formula is sometimes called the “second Weyl formula”,
and if we insert the expression into it, it allows to recover the expression (A.50]).

Moreover, the expression can be very conveniently recast into the following
generating series:

w(z) = Z 2x®)(g) = H L det ! (A.58)
(A.59)

This expression will be convenient to write the character of symmetric representations,
in order to plug it into the “second Weyl Formula” (A.57)).

A.4  Generalization to the super-group GL(K|M)

Introduction to GL(K|M) The group GL(K|M) is obtained by introducing some
matrices such that (A®1I)- (I® B) = — (I® B) - (A®1). Two matrices A and B such
that (A®)-(I® B) = — (I ® B)- (A ®1I) are said to be anti-commuting, and associated
to the grading pa = pp = 1 € Z/27Z. On the other hand, if A is such that for all B,
(AD)-I® B)=(I® B) - (A®I), then A is said to be commuting, and associated to
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the grading pa = 0 € Z/2Z. We can see that with these definitions, if both A and B
have a well-defined grading, then

(A1) (I® B) = (~1)P4P2 (10 B) - (A® 1) . (A.60)

Similarly to the section[A.T] it is convenient to introduce coordinates for operators, as
well as for vectors. In coordinates, the relation means that A% lBi§2 = :I:Bij-2 A“j iy
which means that the coordinates of matrices can be commuting or anti-commuting vari-
ables. In what follows, we will introduce these coordinates in such a way that the matrix
multiplications and tensor products have the same expression in terms of coordinates as
for usual matrices in GL(K).

Let us then define a basis of vectors (1)) ,](2)), ..., [(K+ M)), and define a hermitian
product such that the basis is orthonormal, i.e. such that ((m)|(n)) = 0,,,. GL(K|M) is
defined by choosing an arbitrary grading i — p; (where ¢ € [1, K+ M] and p; € Z/27)
taking K times the value 0 and M times the value 1. For instance one can choose

p; =0 if i € [1,K] (A.61)
p; =1 if i € [K+1,M], (A.62)

Then we will say that ((n)| and |(n)) have the grading p,, and the rule (A.60) implies
that

(@@ () - (k) @ (1)) = (=1)PP*d; k0;, (A.63)

Let us denote by v = [(ny,ng,--+ ,ny)) the vector |(ny)) ® [(n2)) ® --- @ |(ny)).
We define its coordinates as vz L = HJ-I“:l anj 5:{1, where (6;)i=1..1, is a set of anti-
commuting variables, which obey the relation

(0:, 05 ), = 66 + 0;0; = 6. (A.64)

These coordinates are designed to manipulate products of matrices and vector with the
same notation as for usual matrices, and the price for that is that the coordinates of
some vectors are anti-commuting objects.

For an arbitrary vector |v), this definition of the coordinates means that

Uil,iz,m,iL = 6)5311 6512 . QE"LL <(i1, 7;27 Ce ,iL>|U> . (A65)

In this definition, ((i1,4s,- - ,iy)| is defined by

L
<<i1a Z.Qa ot 7Z.L>|(j1aj27 o 7.jL>> = H 5ik7jk . (A66)
spk=1
For instance if L = 2 it means that
((i1,d)] = (=1)PP2 ((4y)]| @ ((ig)| - (A.67)
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We can also define the coordinates of an operator O as

O = 070y 0 OO 07 (i, i) O (s oy - L))
(A.68)

which is defined in such a way that
(O ’U>)i17i2,-.. L — lz,f?k,;%ﬂljkllvkl,k% k1, ’ (A69)

which means that the manipulation of products (in terms of contracted indices) is exactly
the same as for usual groups.
Moreover one can show thatl]
(A® B)75 = AT, B%, . (A.70)
The group GL(K|M), is then the group of the invertible operators acting on

Vect {|(1)),](2)),...,[(K+M))}. By writing their coordinates as defined above, we
see that they are of the form

(A 6B
(8 )

where A, B, C and D are are complex matrices of respective size K x K, K x M, M x K
and M x M. The coefficients 6; are anti-commuting variables in the sense of . We
see that for a matrix of the form , the grading associated to the matrix element
M'; of is exactly p; + p;.

Representations of GL(K|M) We will call fundamental representation of GL(K|M)
the representation defined by the space Vect{|(1)),[(2)),...,[(K+M))} and by the
morphism (M) = M. We will denote it as [].

For any matrix of this group, we define its “super-trace” and its “super-determinant”
as

Str ( "04 1‘; ) =trA — trD Sdet(M) = Strlos M) (A.72)

With these definitions, one can generalize to these super-groups the construction
given in section [A.3.2] First we should generalize the permutation operators P which
appear in the definitions (A.24)), (A.31]), (A.35]), etc. For bosonic groups, an interesting
property of P was that the permutation operator commutes with M®~. This property
was crucial as it allowed to prove that several vector spaces were stable under the action
of ty (M), for all M € GL(K). For a super-group, the definition (A.6) of the permutation
operator has to be slightly modified. Indeed, one can check that if we keep the definition

' In (A.70)), the coordinates of A and B are given by Ai;l = 0‘;”+ph ((11)| A|(41)) and Bij2 =
Pig+Pjs //: /.
05 ((i2)| B|(j2))-
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(A.€) then P, - MY and M¥ . P, are equal only up to a sign. In order to make this sign
disappear, one can define the permutation operator as

k) —o(1)\ P
Py ¢ |(na,ng, -+ ,ng)) = H (%) |(No1ys+ ne@y)) - (AT3)
k<l

With this definition of the generalized permutation, one can associate representa-
tions of GL(K|M) to Young diagrams. This is done as in section by considering
tensor products of the form [ ® []® --- ® [] (where [ ] denotes the fundamental repre-

v~

N
sentation), and restricting it to the image of combinations of the permutation operators

generalized according to . This gives rise to a set of irreducible representations of
GL(K|M).

Unlike the GL(K) case, there also exist other polynomial irreducible representations of
GL(K|M), because the fundamental representation is not unique. Indeed, we have chosen
to define the fundamental representation [ ] as a set of vectors who have K coordinates
with grading (—1)P» = +1 and M coordinates with grading (—1)P» = —1. But one could
also consider a set [1] of vectors who have M coordinates with grading (—1)P» = +1
and K coordinates with grading (—1)P» = —1. Several representations can then be built
from tensor products involving both [] and ], which makes the representation theory of
GL(K|M) richer than for GL(K). In the present manuscript, tensor products involving []
will not be considered, and we will restrict to representations described by usual Young
diagrams.

For these representations, we can define characters (like in section , except that
the character should now be defined as a super-trace), and one can show [BBB81| that

s=0

) (A.74)

which allows to find the characters of arbitrary representations using the second Weyl
formula (A.57). On the contrary, the first Weyl formula (A.56)) does not hold in the case
of super-groups.

“fat-hook” condition For usual groups we saw that only the Young diagrams with less

than K rows gave rise to representations of GL(K). It is interesting to see how this condi-

tion generalizes to GL(K|M): for super-groups, the projector PH} = 4 > yesy €(0) Ps
N

ﬁ

H
(associated to the representation E N) does not vanish when N > K because P itself

contains a sign. This sign is such that the indices with grading (—1)P* = +1 are antisym-
metrized and the indices with grading (—1)P* = —1 are symmetrized. It can be shown
[IDMO92, [Tsu97| that the Young diagrams which give rise to representations of GL(K|M)
are the diagrams such that Agx,; < M.They are represented in figure page |39,
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Appendix B

Properties of co-derivatives
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B.1 Diagrammatic expressions for co-derivatives

This section will explain how to explicitly compute expressions involving co-derivatives,
mainly by using the Leibniz rule ([1.59). We will see that the repeated action of co-
derivatives, computed through this Leibniz rule, gives rise to diagrammatic expressions.

As indicated by expression , we will be specifically interested in co-derivatives
acting on characters. As it can be seen in (A.57), arbitrary characters are linear combina-
tions of products of characters of symmetric representations. Moreover the characters of
symmetric representations are simply encoded into the function w(z) defined in (A.58)).
We will therefore focus on co-derivative acting on w(z) or on products like w(z)w(y)w(z).

First properties of the co-derivatives Let us first remind a few simple properties
of the co-derivatives, defined in chapter [[I. This co-derivative is defined by

0

D@ f0)= 555 © 1 (£0)] g (B.1)

0
= €aq X [ 62%5 €y,50,6 >
% 7 (agbﬁ,a ( g)

, (B.2)

¢—0

where ¢ € M(K) is a K x K matrix and (¢, e) denotes ), 5 €q 3¢a,3, Where the e, g are
the generators of GL(K), introduced in the appendix (they are matrices with one
single non-zero coefficient at position «, 3).

From this definition, let us show how to compute f)w(z). As a first step, the simplest
explicit computation one can do is the co-derivative of g itself :

2
B@g:Zea,m@ 0 <1+<¢,e>+ (9:¢) +> g

a8 99s.0 2 $—0
=Y eap®(ega-9)=Pia-(I29). (B.3)
o,p

The next simplest thing that we can compute is D® g", and in order to write it, we
need to use the Leibniz rule ([I.59) below :

D& (filg)- fa(9) = [D® file)] - T fal9)) + 1 ilg) - [D & falg)] . (BA)

From the expression (B.3)), this Leibniz rule allows to deduce iteratively that

D® g" =Pia- (Z e gk> . (B.5)
k=1

As the trace is linear, we can also easily compute

~

D tr(g") =trs (13 ® g") =ng", (B.6)
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because try (P1s- (A® B)) = B - A. Then we get

D tr(log(l —g 2)) ZD tr-—— (g 2)" :—Z(gz)n:— gz (B.7)

1—
n>1 n=1 U

And finally, we can compute the derivative of w(z) = e~trllesl=9 2)) .

D w(z) =— [D tr (log(1 — g z))} om0 ) — g ; “uw(z).  (BY)

Now, let us see the effect of multiple successive co-derivatives, using the Leibniz rule
(LL.59):

DD w(z) (1_92 (z)) (B.9)

}w(z)%— []3 w(z) ®]1} . <]1® : 9= ) (B.10)

=D®
-[pes
( gz +7’1,2~( I o 92 ))w(z) (B.11)

l—gz 1—g=z

where we used

~ z ~ n m
D®1g =) D®(g 2 2731,2'29 ® g (B.12)
—9= n=>1 m}l[)
p=
1 gz
= . ) B.13
Pr2 <1—gz®1—gz> ( )

Expression of D®lw(z) from D-diagrams Let us now write the relations (B.8) and
(IB.11)) at the level of coordinates, and introduce diagrams summarizing these relations :

(0 ) = (12 ):w<z>z [ w(z) (B.14)

1—g =2

o o 11,02 A a z i2
<D®D w(z)) = (1g ) (19 )
J1,J2 - g z 1 - g z o
1 2 i1
+ ( ) ( 9= ) w(z) (B.15)
1-gz 7 1-g= J2

1112 1112

[[ + X |uw). (B.16)

Jije Jij2

In this notation, the dots are labeled by the indices 7 and ji, and solid lines connecting

them correspond to the operator 13 = while dashed line correspond to the operator
g z
1

1-g z°
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We will call ﬁ-diagrams these pictures which stand for operators : for instance the
ﬁ—diagram ;\ will stand for the operator P; 5 - (

- ® LZ ) which has coordinates
—g z l—g 2

i1ig . )
2 _ 1 2 g z "
]';1\]% - <l—g Z> Jt <l—g Z> jz.
As we will see, these D-diagrams actually allow to generalize the results (B.14) and
(B.16) to an arbitrary number of spins. For instance we will get, for 3 spins,

<]A)®3w(z)>ihi2’i3

J1,J2,33

1119213 119213 119213 119213 119213 111213
o0

]+ 1N + X] + XX + \\ +

J1J2J3 J1j2J3 J1j2J3 J172J3 J172J3 J1j2J3

w(z), (B.17)

¢ o

from where one easily finds the generalization to L spins : ]3®Lw(z) contains L! terms,
corresponding to the L! permutations ¢ € S", where S" denotes the set of all permu-
tations of [1,L]. For each given permutation, the corresponding ﬁ—diagram is obtained
by connecting ji to i, through a dashed line if o(k) > k and through a solid line
otherwise. The corresponding expression

. 11,09, i1, L (g Z)e(k—a(k)) Go (k)
<D® w(z)) W Z W w(z) (B.18)
i - J

eS8t k=1 jic
1 ifn=>0
where 6(n) = { 0 otherwise (B.19)

can be proven by recurrence over L.

Proof. To perform this recurrence, one assumes (B.18]) and length L and gets from L to
L + 1 using the Leibniz rule to describe the action of a co-derivative :

Diljl (]A)®Lw(z)>i2’i3"" AL+1
J2,J35 5 JL+1
L Q(k—o'(k)) 7“'17(1()+1
- D (9 2)
oy SI(SE) e -
est k=1 jk+1
z k—c (k) \ ‘ot+1
= <1 i z) Z H < 1—q 2 ) U)(Z)
g 71 geSt k=1 9 e
L il io- 9(170_(1)) ig(1)+1
1 H+1 (g Z)
+ZZ(1—92> (1—gz>, H(l_—gz w(z), (B.21)
€St k= Tt J 1#k Jit1
where we also use the notation ]3’1]1]5’2;2 - ]j’ELf(g) = (f)@Lf(g)> 1" 2 L' .
J1,J25 5L
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In (B.21)), the first line is the contribution of the co-derivative to the left acting on
w(z). It can be rewritten as

L+1 O(k—c (k) \ ‘o
Z H ( 4> ) w(z).
j

cesiH k-1 3
o(1)=1

The second line is the contribution of the co-derivative to the left acting on the k** factor

of " It is 'obtaine'd by noticing that ]51_19 - = Blfgzz, and by writing (B.13]) in
coordinates. This term is equal to

L+1 (k—o(k)) \ ‘o®
Z Z H( 4> > w(z).

k=1 gesltl k=1 .
o(k+1)=1

Grouping these terms together, we get (B.18)) for L — L + 1, which proves the relation
by a recurrence which starts from the most case L = 0. n

generalization to u; # 0 A first generalization of this result is to express the oper-
ator [®1L:1 (ui + ]3) w(z)} : this is not complicated and for instance at L = 2, it is

obtained as (u; + D) ® (us + D)w(z) = wyuolw(z) + I ® [f) w(z)} +uy []3 w(z)] QI+
[]5 ®D w(z)] .
For arbitrary L, we get the expression

L L )0 k=0 (k)) bo (k)
[@ (ui+D) w(z)] = I [ weoy ol + (%) w(z). (B.22)

i=1 oeSL k=1 k

In particular, in the case Vi, u; = 1, this simplifies to

. O(k—o(k)—1) \ ‘o
{(1 + ) } Z H ( 1—g 2 ) w(z), (B.23)

O'GSLk 1 'k

which means, in terms of D-diagrams (IB.14|, |B.16|, |B.17|), that the vertical lines become
dashed instead of solid.

Generalization to [@11“:1 (ui + ]3) w(zy)-- w(zn)} Let us now generalize the equa-

tion (B.22))to the operator W(u; 21, -+ , 2,,) = [®1L:1 <ui + f)) w(zy) - w(zn)] . First, if
L=1, we get

[(ul + ]5) w(z) - w(zn)] = <u1 + Y &> w(zy) - w(zy,), (B.24)
k

— 19z
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by using a Leibniz rule where the co-derivative can either act on w(z;) or on w(zs) or on
any other w(zx). This can be represented diagrammatically as

[(ul -+ ]5) w(zy) - w(zn)] = ﬂ + Zi: l w(zy) - w(zy), (B.25)

k

<= and a line ﬂ at position i denotes the operator
g Zk

where I denotes the operator

wl (here i = 1). For two spins the action of the next co-derivative gives

[é (ui + ]5) w(z) - -w(zn)]

3
3

=+ 1]+ lk] +3° X | w) - wiz),

k=1 k k 1<k,k'<n ’ k=1 kk
(B.26)
where the last term arises from |D ® Py l , using the relation D® [ = }\
k k kk

1
1—g z°

where d stands for the operator On the other hand, the first terms correspond to

k

ﬂ +> l ® ﬂ + > 1 w(z1) - - w(2,), which arises if all co-derivatives
k k

act directly on w(z;)---w(z,). In this notation, the D-diagram ﬂ (for instance)
k

denotes the operator £ ® (u.l).

This expression can be generalized for L spin, where it is expressed as a sum of
D-diagrams. We saw above that the expression ]5®Lw(z) can be written as a sum
of D diagrams obeying certain rules (there is one f)—diagram for each permutation,
and a rule says what line is dashed or solid). This sum can also be explicitly

expressed more mathematically by the expression (B.18). For the operator
W(u; 21, ,2n) = [@?:1 (ui + ]3) w(zy) - w(zn)} , it is more complicated to write an
explicit expression like (B.18)), but it is easy to describe what D-diagrams should be

summed (this description is convenient for instance in order to write these expressions
for arbitrary L on a computer). To compute W(u; 2y, - , 2,), one should sum all the
D-diagrams such that :

e All vertical lines are either double lines (associated to wI) or solid lines for a

given value of k.
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e The slant lines are solid if they go up to the left, or dashed if they go up to the
right. They are associated to a given value of k.

e The permutationﬂ o can be decomposed into “cycles”, which are the minimal sub-
sets of [1,L] stable under o. For instance, for two spins (L = 2), the identity
permutation 1 has two cycles (1) and (2), whereas the permutation 7j; o has one
single cycle (1,2).

From the point of view of the Leibniz rule, the cycle (1,2) arises in (B.26) if the
derivative ]5132 (associated to the second site of the spin chain) acts on a given

i2 A
w(zy) to give rise to <1fgz’;k> ~, and then the derivative D"} (associated to the
J2

iQ 'il
first site of the spin chain) acts on this to produce (1 ! ) < ol ) , which
927 G 1=g 2 J2
diagrammatically corresponds to two lines associated to the same value of k. As a
consequence, the D-diagram x can only arise for k = k.
kk’
The generalization of these constraints for an arbitrary number L of spins is that
for every cycle, all lines should be associated to the same k, because in the Leibniz
rule, they correspond to derivatives acting on the derivative of a single w(z) factor.

The rules above allow to compute explicitly the operator W(u; z1,- -« , 2,), as it can
be proven by the same recurrence as in the proof of . This expression is suitable
to analyze its analyticity properties (poles structure), or to do explicit computations on
a computer.

Moreover these rules can be generalized to [@11“:1 <ui + f)) w(zy)* - w(zn) .

The only difference with the discussion above is that each f)—diagram is then multiplied
by the factor [];_, (ax)™ where ny is the number of cycles containing lines associated to
the label k.

B.2 Identities involving co-derivatives

From the f)-diagrams introduced above, one can deduce identities such as the identity

(I1.86)), proven in section |[I.1.4.1]

In the next paragraphs, we will explain how to deduce u-dependent versions of equa-
tions like (II1.86), and for that we will also use the following nice consequence of the
Leibniz rule (and of the relatio D detg =1Idetg) :

[]3®LA(g)detg] =detg [(1 +f))®LA(g)} : (B.27)

which holds for an arbitrary function A(g).

!'We remind here that in the case of the expression ]5®Lw(z), one single diagram was associated to
each permutation (see for instance ) By contrast, in the present case, several different diagrams
may be associated to the same permutation.

2The relation D det g = Idet g can be proven by the same elementary methods as the equations
proven at the beginning of this section.

243



B.2.1 Yang-Baxter Equation

First, it can be instructing to rewrite the Yang-Baxter equation in terms of
co-derivatives : indeed, as we saw that the R-matrices can be expressed in terms of co-
derivatives, we can expect that the Yang-Baxter identity itself is nothing but an identity
on co-derivatives.

The Yang-Baxter equation ([1.46) can be rewritten as
Rij(wy — i) By x(wg) Ria(wi) = Ria(ui) Ry (uy) Rij(wy —ui), (B.28)
or, equivalentlylﬂ
Rij(uy — wi)PijRix () Bja(wi) = Ria(ui) Ry (uy) Rij(wy — wi) Py, - (B.29)

Using the relation ([I.61)) between co-derivatives and R-operators, this relation be-
comes (for j < k)

(1 + (we —uy)Pix) -

é) (ui + f)) X (g)]

® (uT[j,k](i) + D) X (g)

i=1

(14 (ux —uy)Pjx) . (B.30)

where the transposition 7y : j ++ k was defined in (L.3).

As the Yang-Baxter relation ([1.46)) was proven for an arbitrary representation A,
the relation (B.30) holds for the character x,(g) in an arbitrary representation X\. By
linearity,

(1+ (ux — uy)Pjpo) - [@ (Ui + 15) Alg)
- ® (uT[j,k](i) + b) A(g)| - (14 (ux —uy)Pji) (B.31)

holds as soon as A(g) is a linear combination of characters. In particular it holds when
A = w(z) and even when A is a product of w functiond| (like w(z)w(y)w(z)). Indeed, it
is shown in the main text (see the “second proof” of the main identity on co-derivatives
in section , that this product can be written as a linear combination of the
characters associated to different Young diagrams.

Moreover, the relation implies for instance

®(u+9) 40| (@ (u+0) B0

i=1
L L
[® <u7[j,k] (i) T D) A(g) ® (uT[j,k](i) + D) B(g)
i= i=1

1=

(1 + (ux — ) Pix) -

. (1 + (uk — Uj)Pj,k) y (B32)

3The equivalence of these equations relies on the relation PiiPix = PiaPij.
4One should remember that w(z) = > 2" x(®) is the generating series of the characters of symmetric
representation.
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which will be useful to prove the relations of the next section.

B.2.2 Bilinear identities

In order to show how strongly-constrained the internal structure of co-derivatives is, let
us prove a nice statement which we will apply to find the bilinear identity (I1.95)), used
to derive the CBR formula in section [LT.4l

Statement 9. Let us consider a set of 2k arbitrary functions (A;(g))i1<j<k and
(Bj(9))1<j<k such that

VLeNge GLE). [D@LA]@)} : [D®LBj(g)] —0, (B.33)

J

Then these functions also obey the stronger relation

Z [® <Ui +15) Aj(g)| - [(é (ui +]3> Bi(g)
L VL € N, (u, ug, . u) € CH g € GL(K). (B.34)

Proof. The quantity A =3 [®1L:1 (ui + f)) Aj(g)} : [®1L:1 <ui + f)) Bj(g)} is (by
hypothesis) equal to zero if uy = uy = -+ = up, = 0. A first step is to prove that it
is still equal to zero if uyy = uy = --- = u,_; = 0 with uy, # 0. In that case we can
expand A with respect to up, and we see that the coefficient of degree two in uy, is equal

to Z]‘ []A)@)L*l ® ]IAj(g)} . []A)®L*1 ® ]IBj(g)], which is equal to zero by hypothesis (see

(B.33])). To show that the term of degree one in uy, is also equal to zero, we can use the

Yang-Baxter equation (B.32) to write

=0

> tuPio)- D7 ® (@ D) Ag)] - [DT @ (u+ D) Bylg)

~ ~

- P eEtD)eb A [P e @ D) @D Bg)] - (1+uPii)

—=0. (B.35)
Then, the coefficient of the term of degree one u (in (B.35))) contains the following terms :

e The terms where u is kept in (1 +u Pr,_11,) (and set to zero in the other factors)
is equal to

Proi- Y [D¥4i(9)] - [D¥Bi(9)] = 3 [D4i(9)] - D Bi(g)] - P
J J
which is equal to zero by hypothesis (see (B.33)).

e The other terms in the first line are exactly the coefficient of A with degree one in
ur, (and degree zero in uy, uy, --- and up,_1).

(B.36)
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e The other terms in the second line are exactly the coefficient of A with degree one
in up,_; (and degree zero in the other variables w;).

Therefore, in order to prove that the coefficient of A with degree one in uy, (and degree
zero in the other variables v;) vanishes, it is sufficient to prove that the coefficient of A
with degree one in uj,_; vanishes. By iterating this argument, we simply have to prove
that the coefficient of A with degree one in u; (and degree zero in the other variables u;)
is equal to zero. But this coefficient is equal to

> [0 4s09)] - 10 D By(g)] + Y [10 D A(g)] - [DB, (o)

J j
=Do Y [D4)] - [0 By()] . (B3
J
where the right-hand-side is equal to zero (see ), and is equal to the left-hand-side
due to the Leibniz rule . This concludes the proof that A is equal to zero when
u; =up =---=up_; =0, even with up, # 0.

Next, one can easily see that this first result allows to show that A is equal to zero
when u; = uy = --- = up_» = 0. Indeed, if we expand it with respect to uy_;, then
the coefficient of degree two (in up,_1) corresponds to the identity for a chain of
length L — 1 where all the variables u; are equal to zero except the last one (hence this
coefficient is equal to zero as we have just shown). The term of degree one in up,_; is
also equal to zero, as it can be shown by repeating the arguments aboveﬂ

Repeating this argument allows to show that still holds if we only assume that
u; =Uuy = --- =up_3 = 0, and by iterations, it holds for arbitrary (u;,us,--- ,up) € Ch.

m

This property is very interesting because we have seen in section that the
formula ([1.86)) holds when L. > 1. This statement can be rewritten as :

VL > 0, []3®sz(7;) detg} : [B®Lw(y)]
— [B®Lw(z)] : []5®Lyw(y) det g]

. [15®L (2 — y)w(2)w(y) det g)] : [f)@L 1] —0, (B.39)

5 More precisely, one has to write the Yang-Baxter equation

> +uPrar)- DT 0 (4 D)@ (a +D) 4(9)] - [P 2@ (a+ D) (u.+ D) By(g)]

-2 [0 o @+ D) © D Ay(9)] - [P @ (D) D By(g)] - (14 Prgio)

=0. (B.38)

and to keep only the terms of degree one in u. Exactly like in (B.36), the terms containing the permu-
tation Pr_o1,—1 vanish, and by iterations the problem is reduced to showing that the coeflicient of A
with degree one in u; (and degree zero in the variables u; when 1 < i < L) vanishes. Then one sees that
this coefficient is zero by using the Leibniz rule, exactly like in .
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which is exactly of the form (B.33). The first two terms of this relation are exactly
the terms of equation (I1.86), up to the rewriting (B.27). It was also necessary to
add a third term, involving [15®L 1] which is zero if L > 1. If L. = 0, the factor

DL (2 — y)w(2)w(y) detg)] is fitted so that the identity (B.39)) is true even when

L = 0. This condition is important to initialize the recurrence proving the property

B30,
Then the property (B.34) allows to conclude that for arbitrary u;’s,

VL >0, 2 [(é (ui Y14 f)) w(z)] : lé <ui + E) w(y)]

i=1 i=

=y [(59 (ui + ]5) w(z)| - [® <ui +1+ ﬁ) w(y)]
ﬁui] : (B.40)

This equation is an important step to derive the CBR formula in section [T.1.4]

| —

+ (z —vy) [® <ui +1+ ]5) w(z)w(y)

B.3 Co-derivatives and eigenvalues

In this appendix, we will prove the equivalence between the definitions ([I.219)) and
([1.223). This equivalence means that one can freely move a factor 1 — z z; from the left

of ®1L:1 (ui + ]3) to its right. Of course, such a result would not be expected in general,

and it holds only because in these definitions, there is a prefactor (1 — g #)®Y. Indeed,
some eigenvalues of this prefactor are zero when ¢ — 1/, which makes a few terms
vanish.

To do this, the first question which arises is actually “what is the definition of f)xj 7,
In order to use the definition (I1.53)) of D, x; should be defined as a function of g, which
can be computed at the point e?¢g. The most natural definition is based on the fact
that z; is the 4 eigenvalue of ¢, or in other words the j™ root of its characteristic
polynomial. In this sense, x; is a function of the group element g: z; = z;(g). In
particular, z;(QgQ™") = z;(g) for any similarity transformation.

With this definition, we can now show that

]5 X4 :Pj.fl?j (B41)
where P; denotes the projector into the eigenspace of g associated to the eigenvalue z;.

Proof. If g is a diagonal matrix, the contribution of the non-diagonal-elements of the
matrix e?“g to the characteristic polynomial det (A — e\ g) is at least quadratic in

¢. This means that at the point e!®g, x; is equal to (e<¢*e>g); to the first order in
. As a consequence, we get Ditg: = Ditgd = §us? xj, so that Dz; =P r:, where the
g 7173 J1g_7 7 T J W hadi]

projector to the eigenspace for the j-th eigenvalue z; is P; = e;; in this case.
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More generally, if g = Q71§GQ where § is diagonal and Q is an arbitrary similarity
transformation, then we obtain

0
|¢=0 ad)

o i1 o o =1, .0\, .
E €i15: §2 j i = E :611]1(9 eJJQ)jfTJ‘

11,J1 1,J1

— T (e<¢’e>Q’1§Q) (Qe Pl g)g

J

$=0
(B.42)

This exactly means that for a non-diagonal matrix g, D x; = Pjx;, where the pro-
jector to the eigenspace for z; has the form P; = Q7 'e;;Q. O

Now that we have defined D xj, we can investigate the equivalence between the
definitions (I1.219) and ([1.223]). We can start with the L = 1 case, where we easily show
how to commute z; through the co-derivative :

g;a_gt) ((u+D), z;1) = (1_%) : [15 xj]
(1 . 5—3) 2;P; =0, (B.43)

where we see that a key point is the multiplication by lim, L1 (1 —gt) = (1 —g/x;),

which makes the D x; = x;P; vanish, due to the property (1 — g/xj) P; =0.
For larger values of L, we have to prove that

Cm =0, where  Cpp = (1— 9/%‘)@)@) By, (B.44)
m L
Bm,LE <®<u1+f)>>® (]um+1+f),xj]ll)_®<® <u1+f))> )
i=1 i=m-2

where 0 < m < L — 1. This statement (B.44)) is exactly the statement that z; can be
commuted through the co-derivatives, to give the equivalence of ([1.219) and ([I.223)).
We will prove it by recurrence over m, keeping L. — m constant:

Proof of (B.44). For m = 0, (B.44) follows from (B.43). Let us show how Ci,11 141
vanishes under the assumption that Cy, 1, = 0 for all ¢ € GL(K) and any {u;} € C~.

Then for any ug € C, one can calculate:

O = ((1 — g/$3> ® H®(L)) . <(U[) + f)) ® Cm,L)

=Clip + (L —g/z;) @T#) - [f) ®(1- g/xj)®<L>] (I® Bumy), (B.45)
where C7, 4y = (1 - g/%)@(LH) B L (B.46)
m . L .

Blhiri = (@ (ul n D>> ® (wns1 +D, ;I)_® < R <ui n D)) . (BAT)

i=0 i=m+2
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This expression ([B.45|) is obtained by computing (u0—|—15) ® Ch,1, using the Leibniz rule
D@ (1= g/2)™  Buy) = [D@ (1= g/a)™] - (1 Byp) + (10 (1 - g/2)*") -
[f) ® Bm,L:| )

Using the relation D ®g/r; =Pi2-(1®g/z;) —P;j®g/z;, the second term in (B.45)
can be expanded to get

0= r/n+1,L+1
m-+1 g
+ Z 9/173 k=1 “Po - (;) (1= g/xj>k+1,...,L (I ® Bm)
i/ x
m-—+1 g
=Yg (P 0l 08 Bar) (B9
k=1 i/
where <P J ) =1 ® (Pji> ® I® %, (B.49)
L5/ x Lj
b
9\ _qeko 9 ®L—k — g
I =k L etk (1-g/z), ., = <]1—<—>>. B.50
(Ij>k T 1= 0/53)us kHl 5/ (B:50)

By commuting Py to the left of the other terms, the first sum of (B.48]) can be written
mH 1 Pox- ( J ) I® ((1 —g/z;)®l - Bva), which is zero because it contains Cy, 1. The

Second term is also zero because it contains (1 — g/z;)P;.
This completes the proof of the fact that C’ mitinr1 = 0, from which Cpy1141 =0
follows. [l

As a consequence, we can indeed commute the factor 1 — z; z to the right of all

co-derivatives in ([1.219) to get (I1.223]).
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Index

* (convolution), 99

F=uwr F(u),[149

0= [1.K+M], 4[5 63
[[n17n2]] = [nl,TLQ]mZ 7
(A,B),=A-B £ B-A,26
A, 112

Am T3

Ay, 149

asymptotic limit (L — 00),

Bazhanov-Reshetikhin, see CBR
Bethe ansatz,

Bethe equations, [I5] [94]

Bethe equations , [6IH67]

Bethe roots,

CBR formula, [0, [75]

Hirota equation, 45| [53] [76]
V-1 ,[19pq

1=

T=11, K+M]]\I B4l [56]
7= [1LK+M]\ {5} [68

L(K, M),

M(K) : K x K matrices,

Magnon,

momentum number, [162] [165]

N:{O71727"'}7

Nesting

nesting level, 54, [56|

nesting path,

P(permutation operator), [11]

generalized permutation, 230]

Q-functions, [53] 58|
QQ-relations, [f0H6T], [TT9] [121] [126] [182]

Cherednik-Bazhanov-Reshetikhin, see CBR Q-operators, [53] [68] [72]

X = x&9),
D-diagrams,

€(o) (signature of a permutation),
e(1, 1),
o

exterior forms, (120
(n)-form, [120

FiNLIE,

gauge transformation,
Generators (of a matrix group), [223
of GL(K),
of SU(2),
GL(K|M),

QQ-relations, [76]

Representation, [222H230]
character, 222] 232
irreducible,
of GL(K),
of SU(2),

S (symmetric group),

Schur polynomials, 233
sector
SL(2) sector, [175]
U(1) sector, [15]]

sheet (Riemann sheet)

magic sheet,
strip
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physical strip,
Supergroups

GL(K|M),

T-functions, [53]
TQ-relation, [58
T-operators, 23433} [72]

TQ-relation,

T (transposition),

6; (inhomogeneities), |31},
Typical (solution),
u (rapidity),

u(™"  see Bethe roots
u (spectral parameter),

RO

u; ', see Bethe roots
zj(eigenvalue of the twist),

Y-functions, [101
Young diagrams, [225]
Young tableaux, 225

Zhulggvsky cuts
Lo, 1177
Zn, 1172, [176)|
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