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Rsum

Cette thse dveloppe un cadre rigoureux qui permet de dmontrer des reprsentations exactes associes divers ob-
servables de la chane XXZ de Heisenberg de spin-1/2 temprature finie. On commence avec une description de
la chane XXZ dans le Chapitre 2 de la thse. Nous introduisons I’nergie libre par site dans la limite du volume
infinie. L’existence de cette limite tait tablie par Ruelle. Nous la reproduisons pour une chane de spin de taille
L. Afin de pouvoir dcrire la matrice de transfert quantique et les maniements associs, il est utile de rappeler la
construction de la matrice de transfert de la chane XXZ de spin-1/2 dans le cadre de 1Ansatz de Bethe algbrique.
La description de la matrice de transfert quantique nous permet donc dexpliquer comment Inergie libre par site
peut-tre exprimer en terme sa plus grande valeur propre. La possibilit den faire autant repose sur des hypoth-
ses telles que: lexistence dune valeur propre relle, non-dgnre de module maximale et de Ichangeabilite de la
limite du volume infinie et du nombre de Trotter linfinie. Suite cela, nous introduisons le cadre ncssaire nous
permettant dtablir de manire rigoureuse ces hypothses. Cela nous permet de construire des oprateurs issues du
dveloppement de la matrice de transfert quantique haute temprature. Les proprits analytiques de ces oprateurs
sont rigoureusement tablies et constituent la base des analyses qui sen suivent. Cela nous permet de fournir des
estimations rigoureuses sur la valeur propre dominante ainsi que sur les valeurs propres sous-dominante de la
matrice de transfert quantique. Nous donnons finalement une preuve rigoureuse de lchangeabilite de la limite du
volume infinie et du nombre de Trotter linfinie.

Dans le Chapitre 3, nous nous focalisons sur le spectre de la matrice de transfert quantique dcrite via les qua-
tions intgrales non-linaires. Nous rappelons 1Ansatz de Bethe algbrique pour la matrice de transfert quantique.
Cela nous permet de representer les valeurs propres de la matrice de transfert quantiques en terms des racines de
Bethe et nous permet dintroduire le formalisme dcrivant la fonction auxiliaire. Nous rappelons ensuite la char-
acterisation de la fonction auxiliaire en terme des quations intgrales non-linaires. Ce formalisme nous permet de
prendre la limite de Trotter vers linfinie directement aux niveau de lequation intgrale non-linaire. Dans le reste
de ce chapitre, nous dveloppons la thorie de solvabilit de cette classe dquation intgrale non-linaire et nous dmon-
trons, que dans le rgime de haute temprature ces quations intgrales non-linaires admettent des solutions et que ces
dernires sont uniques. Nous tablissons aussi que la limite infinie du nombre de Trotter peut tre rigoureusement
prise au niveau des solutions de telles quations intgrales non-linaires.

Dans le Chapitre 4 nous nous basons sur les deux chapitres prcdent afin de construire des representations
intgrales pour les quantits physiques associes, telles que Inergie libre et les longueurs de corrlation. En particulier,
nous derivons de manire rigoureuse la reprsentation intgrale de la valeur propre dominante. Ceci nous permet
dcrire un reprsentation intgrale de Inergie libre par site. Dans ce mme cadre nous crivons la reprsentation intgrale
pour une certaine classe de valeurs propre sous-dominante. Cela nous permet donc donner une reprsentation
intgrale ces longueurs de correlation. Pour la classe spcifique dtats excits de la matrice de transfert quantiques
que nous considrons, nous dmontrons de faon rigoureuse que les racines trous convergent vers zero dans le regime
de haute temprature et que les racines particules satisfont les quations de Bethe pour la chane XXZ de spin-1.
Nous exprimons donc les longueurs de corrlation en terme de contributions dominante de ces racine particules et
trous haute temprature.






Chapter 1

Introduction

1.1 The early civilisations

The comprehension of the laws of nature is a journey spanning through the millennia and is the result of a com-
bination of intellectual leaps that has greatly impacted civilizations. This journey, albeit a rather treacherous
one in human history, is nonetheless very interesting. Ever since the earlier times the identification of regular
occurrences, such as the phases of the moon and the seasons, have led humans of that period to develop a cer-
tain sense for understanding and classifying such patterns, thus strongly improving their chances of survival.
However, even though the association between a particular series of events and a system of communications
in order to keep track of such events can be noted, such activities were still very far from any kind of abstract
reasoning. Hence before going any deeper within the literature related to the subject studied in this thesis we
provide an account on the development of the understanding and manipulation of abstract ideas throughout the
centuries. It was not only about 4000 years B.C that the Sumerian civilisation in Mesopotamia would introduce a
more orderly way of dealing with information. This was due to the growing administrative requirements coupled
with the distribution of plots of lands' as the civilisation settled. As from 2700 years B. C, trades among the
regions surrounding the Mediterranean Sea intensified with the rise of the Egyptian Empire. They had developed
a base 10 numerical system as well as a notation for fractions as a result of developing their framework for mul-
tiplications and divisions. However the concept of place values was absent making dealing with large numbers
difficult. The Egyptians also acquired a rather sophisticated understanding of dealing with geometrical problems
concretely. A more efficient way of calculation would emerge from the Babylonian civilization who flourished
from 2000 B.C to about 575 B.C. They would introduce description of large numbers and had a rather efficient
counting system relying on a base 60. This efficiency is reflected in the fact that till today the sexagesimal base is
implemented in our analogue clocks. Such developments arising from the settlements of the Mesopotamian and
Egyptian civilisations constituted an impetus for the progress of mathematics. This knowledge of mathematics
would soon be adopted by the Greeks who would begin to incorporate higher levels of abstract thinking to prob-
lems of geometry in particular. One of the first to do so was Thales who established the famous theorem, after
whom it is named and much more. The works of geometers, that would follow, such as Pythagoras, immensely
influenced the world of mathematics and, in part, contributed into forming the basis of Euclid’s Elements. Aside
to the advanced problems in geometry discussed by the Greeks, they also applied their mathematical studies to
more concrete problems. These include, Archimedes’ famous experiments on the measurement of the volume of
irregular objects as well as his contributions to calculating the area or volume of an object by repeated compu-
tations, an early example of iterations. However, aside to the many foundational contributions to science, it is
important to note that the Greeks were also the first to instil the notion of proofs. This reinforced the deductive
approach allowing one to prove or disprove a given claim by relying on axioms.

'The concept of a number multiplied by itself can also be traced to Sumerian and Babylonians civilisations as a result of measuring
the plots of land needed for agriculture.



This axiomatic approach evolved throughout the centuries to become the guiding principle for rigorously
establishing results in modern mathematics. From the 9th to the 15th centuries, the Middle Eastern school would
gather and translate the earlier works of the Greeks, Indians and Chinese and build on those to develop pow-
erful geometric techniques of resolution of algebraic equations of degree two, hence revolutionising the world
of mathematics. This was the point where distinct fields of geometry and algebra, such as trigonometry and
number theory, for example were being established. The Persian mathematician (or philosopher at the time),
Al-Khwarizmi was the first to recognise the importance of implementing the Hindu numerical system, viz. use
of numbers ranging from 1 to 9 and the 0, what greatly enhanced the efficiency of the counting system. Towards
the end of the 15th century, the translations into Latin helped transferring the Greek-Islamic body of work in
mathematics (and other fields of science such as medicine and optics for example) back to Europe. By the end
of the 16th century, Franois Vite wrote the first manuscript [171] providing a consistent and coherent description
of an algebraic equation in the modern sense. At this time, mathematics has been very much implemented in
everyday life while the tools developed by the earlier civilisations have been largely revisited and refined.

Galileo’s experiments, which build on such mathematical constructions, concerned the motion of moving
bodies. His formulations and descriptions of the natural world via experiments would later become the basis
for classical physics. Galileo’s interests, just like his predecessors of the earlier centuries, were drawn to the
intricacies of the night sky. Guided by Copernicus’ heliocentric paradigm, he carried out a number of planetary
observations and produced interesting observations. It was not long before his influence reached Kepler who was
also studying the motion of planets. During the beginning of the 17th century, Tycho-Brah and his assistant Ke-
pler collected an important amount of information on the movement of planets. This allowed Kepler to formulate
his three famous laws of planetary motion [79, 80, 81]. However, there was still no apparent theoretical expla-
nation supporting Kepler’s claims. It was not until towards the mid-17th century that light was shed on Kepler’s
observations through the corpus of Newton [136], the Principia -a body of work spanning three volumes-. The
first two books of the Principia established the fundamental concepts of classical dynamics on the basis of first
principle considerations. Newton was able to describe the motion of celestial bodies within his formalism and
established the claims made by Kepler. Newton’s approach to solve an associated system of equations of motion
led to the development of the theory of infinitesimal changes which is referred today as differential calculus®> .
This was an extremely effective way of dealing with the prevailing equations of motion in the Principia. New-
ton’s achievements constituted an important foundation of the body of works emerging from Lagrange [116, 117]
and shortly after, Hamilton [63], which contributed to the understanding of many-body systems.

1.2 Motivations from many-body systems

Towards the end of the eighteenth century, the equations governing the motion of two bodies interacting through
a r~! potential, a problem initially treated by Newton, were very well understood to admit an exact solution.
Newton’s equations for that problem actually correspond to the first system that one can identify as explicitly
solvable by integration. However, it was soon realised [63, 116, 117] that it was not possible to obtain explicit
solutions to the dynamics describing the motion of three or more bodies subject to 7~ two-body interactions.
In his two important volumes of mcanique analytique”, Lagrange established the theory of static and dynamic
systems and in doing so first provided a way to deal efficiently with differential equations governing the motion
of many-body systems. In particular, his approach allowed one to find explicit solutions to certain instances of
such equations. Lagrange’s works* were complemented, independently, by the contributions of Hamilton [63],

2]t is important to point out that Leibniz [122] was also contributing, independently, around the same period, to the theory of infinites-
imal changes.

3It is also important to note that in her translation of the Principia in French, Emilie du Chtelet derived Newton’s results using
differential calculus [25]. In the Principia Newton’s approach is essentially geometrical.

4We point the interested reader to Note VI of mcanique analytique, tome 17 of the eleventh volume of Lagrange collected works for
a detailed exposition of the Hamilton-Jacobi equation and of the construction of the Poisson brackets. [116]



Liouville® [131, 132] and Jacobi [73]. The works cited are important in the sense that they shaped an essen-
tial part of classical integrability by offering a way to solve complicated problems via the technique known as
separation of variables as we will see in the later parts of this section and in the remaining of chapter. Now,
for a brief moment we will focus our attention on the foundational work of Hamilton and Jacobi. For an ex-
tensive review we refer to a paper by Kozlov [104]. The problem of solving classical many-body systems by
building on Newton’s theory as established in the Principia had already been discussed by people like Bernouilli,
d’Alembert, Euler and Lagrange. However, at the time, the understanding of solvability was not relying on the
so-called canonical variables approach. This concept was introduced by Hamilton in 1834 [63] and indepen-
dently by Jacobi three years later [73]. Their idea is to canonically reexpress the equations of classical mechanics
for a given n—dimensional system, viz. the Euler-Lagrange equations issuing from a variational principle, into
a system relative to a new set of variables in such a way that the latter could be directly integrated. Hamilton
and Jacobi essentially found a way to effectively compute n-independent integrals of motions of a certain spe-
cific n-dimensional system. Shortly after Bour [19] and Liouville [132] managed to construct and show that the
Poisson bracket of these n-independent integrals of motions are zero. All of this resulted in the setting up of
a technique which -if applicable- allowed one to solve an n-dimensional problem by considering n-problems in
one dimension which is the essence of the separation of variables. As a result of this, classical systems admitting
independent integrals of motion which satisfy the conservation properties in the sense of Lagrange, Hamilton,
Liouville and Jacobi are classified as integrable systems. Studying and solving classical systems belonging to
this class would become a prime interest in the years that followed.

Following the approach developed by Hamilton and Jacobi, the separation of variables method was becoming
more apparent in the analysis of Hamiltonian mechanics especially Delauney’s action-angle variable method in
1860 [29]. This approach was found to be particularly suited for studying perturbations related to motion of
celestial bodies. It was found to be also useful in the early instances of the development of quantum mechanics
at the beginning of the twentieth century, namely for the Bohr-Sommerfeld quantisation. The separation of vari-
ables is a very effective approach to solve explicitly the dynamics of a system when the separate variables are
known®. In the wake of discussing the integrals of motion in physical systems and for the sake of completeness,
we extend the discussion to a continuous model of non-linear wave theory, namely the Korteweg and de Vries
equation [103]. The early observations related to the model can be found in [20] and [143]. What is interesting
with this model is that it admits solutions which signal the existence of an infinite number of conserved quantities.
This would be formally studied in Gardner, Green, Kruskal and Miura [52] and independently by Lax [121] and
later rigorously established in [54, 184, 185, 133]. The methods initially developed for solving partial differential
equations describing many-body systems turn out to be extremely versatile and apply to many different fields of
theoretical physics.

So far, we have only discussed classical systems. Yet, the early twentieth century, gave birth to a new
paradigm in physics: quantum mechanics. Naturally, integrability also appeared in that setting. However, before
discussing some of the aspects of integrability in quantum many-body systems, -in particular those at finite
temperature-, it is interesting to recall the initial motivations for constructing such systems. These emerge from
the early phenomenological approaches in classical statistical mechanics aiming at understanding magnetisation
and phase transitions.

SLiouville was the first to produce a rigorous exposition on the integrals of motion of a system through an explicit example.

°It must be pointed out that the construction of such separate variables simply through the information about the complete set of
independent conserved quantities in involution (with respect to the Poisson brackets) at the level of the Liouville-Arnold theorem [3] of
classical integrability is not enough. Indeed, this needs to incorporate additional structures of algebraic nature, particularly a Lax matrix,
its associated r-matrix and the Yang-Baxter algebra satisfied by the latter [5, 150].



1.2.1 Exact solvability in statistical mechanics

In the early 1900’s, magnetism was one of the phenomena that could not be explained, in particular due to the
lack of a clear mechanism that would lead to the emergence of the spontaneous magnetisation’ occurring at a
low enough temperatures. It took almost two decades before the first realistic model of magnetism appeared,
an achievement due to Lenz [123]. He was trying to explain the effect of ferromagnetism by proposing a lattice
model consisting of atoms interacting via their discrete magnetic moments o; = {—1, 41}, where the interactions
extends only to nearest neighbours. The Hamiltonian describing such interactions is

H=J) oio; (1.2.1)
)

where (i, j) indicates a summation over all nearest neighbour configurations. J is the nearest neighbour strength
interaction. This model is the well-known Ising model [68]. Ising’s name is attached to it after he managed
to calculate the partition function associated to H in one dimension. His explicit solution of the model relied
on the use of the so-called transfer matrices. In his setting, this brought down the problem to a diagonalisation
of 2 x 2 matrices. Upon further studying his results, Ising understood that the one-dimensional model (1.2.1)
does not exhibit a phase transition and falsely conjectured that classical statistical models even in dimensions
two and higher, would also not exhibit phase transitions. Hence this motivated people to focus their attention
on developing quantum models of magnetism as the belief was that only the recently invented quantum theory
was able to grasp magnetism. In particular, Heisenberg derived his famous model of quantum magnetism, the
Heisenberg magnet [65]. However in 1941, through an argument of duality, Kramers and Wannier [108] argued
that the two-dimensional Ising model does exhibit a phase transition at a critical temperature 7, > 0. Three years
later, Onsager managed to solve the two-dimensional Ising model [139]: he was able to compute explicitly the
per-site free energy by evaluating the thermodynamical limit of the statistical sum defining the model’s partition
function. He was successful in characterising the magnetisation and the occurrence of an order-disorder transition
by showing that the per-site free energy admits a singularity of order two and computed the associated critical
exponents. However, while the transfer matrices of the one-dimensional model could be explicitly diagonalised
through elementary means this turned out to be a non-trivial challenge in dimension two. Onsager achieved
this by constructing a symmetric representation of an algebra of operators building up the transfer matrix and
using it to diagonalise the transfer matrix by means of symmetries. Onsager’s analysis was further extended and
simplified by Kauffman [77]. Shortly after the publications of Onsager’s and Kauffman’s results, Yang was able
to compute the spontaneous magnetisation of the model [177]. The works of Lenz, Ising, Onsager and Kauffman
definitely constituted another milestone towards the understanding of more complicated exactly solvable models.

1.3 Towards quantum integrable models

On top of discussing the developments related to aforementioned incentives, we will see how these models
and their quantum analogues are tightly related. And further, how this relation would set the grounds for the
establishing deep algebraic structures in the search of exact solutions to the so-called quantum integrable systems.
We will discuss the models and review the developments related to their solvability before entering the literature
around the specific problems we contributed in resolving. In this way, we provide a framework for discussing
the problematic in question but also try to instil a sense of appreciation for the difficulty of the problems around
quantum spin chains in general. Since the introduction of the Heisenberg magnet [65] models, the search for
characterising their spectrum and consequently associated physical quantities has only intensified with new and
more powerful methods for doing so. This was (and still is) a formidable problem. As the calculations throughout
the decades following the work of Ising, Onsager and Kauffmann evolved, the computation of physical quantities
of interest such as the free energy, the correlation lengths or correlation functions, seemed to be within the realm
of possibility. The algebraic approach, which appeared towards the end of the 1970’s, to quantum integrable

7This is the apparent ordering of the spins of the system in the absence of a magnetic field at temperatures below the Curie temperature.

10



models would provide a plethora of powerful computational techniques®. We will review those ground-breaking
developments in a later sub-section.

1.3.1 The coordinate Bethe Ansatz

In 1931, Hans Bethe [18] proposed an Ansatz allowing one to construct the Eigenfunctions of the Heisenberg
XXX spin-1/2 chain in one-dimension. The latter corresponds to the isotropic limit A = 1 of the XXZ spin-1/2
chain, whose Hamiltonian takes the form

L L
) h
Hxxz :JZ {o;0, 1+ 0,0, +A(cic,  +1)} - 5 Z O, (1.3.1)
a=1 a=1

with periodic boundary conditions 6/, ; = o{* for & = {x,y,z}. In the above, we noted 6;* as the operator acting
non-trivially as the Pauli matrix 6% on the a' site of the quantum space of the chain. J is the coupling constant
and s the magnetic field. Bethe provided a description of the coefficients of the Eigenvectors of the Heisenberg
XXX spin-1/2 chain. He made the Ansatz that these coefficients are expressed as linear combinations of plane-
waves and has argued that their rapidities A, need to satisfy a set of algebraic equations in many variables and of
degree going with L in order to obtain an Eigenvector. Orbach [140] generalised Bethe approach to the case of
general anisotropy. The Bethe equations for the XXZ chain with —1 < A < 1, viz. A= cos({) and § €]0; x| take

the form
sinh(A, —i&/2) 1% M ( sinh(A, — A, —i&) B
o] i) ! (132)

I=1
Ik

where M corresponds to the number of Bethe roots. The associated Eigenvalues of Hxxz are expressed as sums
of functions evaluated at those rapidities. It is important to note here that Bethe himself was very much aware
of the issue of completeness in his construction. In this setting, this essentially boils down to the question; does
the number of distinct solutions to the Bethe ansatz equations, satisfied by M Bethe roots, M = 0,,L and the
dimensionality of the Hilbert space of the model coincide? Bethe analysed all the structure of solutions for large
L and argued that these solutions organise themselves into regular patterns called strings. These strings are es-
sentially the complex solutions to the Bethe Ansatz equations. Bethe manage to count the number of all string
solutions and showed that the latter reproduces the correct number of Eigenstates. While leading to the correct
result [6, 24, 30, 40], one should stress that the whole approach to establishing completeness by counting string
solutions is wrong since there do exist many non-string like solutions to the Bethe Ansatz equations while some
of the claimed string solutions simply do not exist. However, we point out that there are works which discusses
the issue of completeness without having to rely on the string solutions [33, 119, 120, 135, 137, 168].

The strings correspond to a particular form taken by a subset of Bethe roots [24, 163]. When L — oo, in the
regime —1 < A < 1, it is argued that solutions {la}g”: ; should organise in groups of j-strings

(AL, = (u)) (133)
with C '
j j 1 . 1T ;
uéﬁ =ué’)+5(1+1—2k)+5po+dg}( (1.3.4)

8 Another reason, motivated by findings around the period, this time coming from conformal field theory [23, 17, 142], for studying
quantum integral models, pertains to the universality principle. The latter provides a basis for studying such correlation functions. Namely
if the critical exponent of a particular model is known then the critical exponents of models belonging to the same universality can be
readily accessed. The Luttinger liquid [64] and two dimensional conformal field theories [17, 142] are examples of massless theories
whose spectra and critical exponents can be explicitly characterised. The universality principle then allows one to argue the long distance
behaviour of the correlation functions in a massless model belonging to one of such universality classes. Verifying the universality
principle against an independent result obtained on the basis of first principle considerations has grown to become an important problem
in mathematical physics. In fact, it turns out that one may carry out completely such a program in certain instances of one-dimensional
quantum integrable models.
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with po € {0,1} and fixed for k = 1,, j and

dY) = o). (1.3.5)

a,
In (1.3.4), ,ut(xj ) is called the string center and d[(x’l the string deviation. The interest in the solutions (real and
complex) to Bethe equations was mostly due to the works related to the study of thermodynamics of quantum
integrable systems which arised in the early 1970’s. Since then there is now a large literature on the subject, see
[6, 24, 30, 40, 42, 43, 49, 50, 51, 67, 82, 83, 84,98, 99, 119, 120, 138, 149, 163, 168, 173, 176].

The work of Bethe opened the floodgates to the study of quantum many body integrable systems and this
solicited the efforts of a large number of people. The technique devised by Bethe for computing the spectrum of
the Heisenberg chain became known as the coordinate Bethe Ansatz. In 1938, Hulthen [66], albeit heuristically,
identified the Eigenvector corresponding to the model’s ground state in presence of a zero magnetic field. Further,
he conjectured that, in the thermodynamic limit L — oo, the set of Bethe roots characterising the model’s ground
state at 7 = 0 condense on R with a density pgy,, . He constructed the function pyy,, by solving a linear integral
equation which he derived for the latter. Shortly after, when studying his generalisation of Bethe’s approach to
the XXZ spin-1/2 chain (1.3.1), Orbach [140] adapted Hulthen’s approach to the case of a generic anisotropy.
He was able to derive an adequate linear integral equation describing the density of ground state Bethe roots for
the XXZ chain at vanishing magnetic field but he could not offer an exact solution for the latter. The latter would
appear in a paper by Walker [174] who considered a change of variable allowing him to transform the linear
integral equation obtained by Orbach for A > 1 into a 7-periodic Wiener Hopf operator acting on L?([0; z]). This
allowed him to build on Fourier series expansions to solve the linear integral equation in question at A > 1. These
calculations were generalised by Griffiths [62] for the XXZ chain with —1 < A < 1 and in a non-vanishing mag-
netic field, although the solution is not explicit anymore. These considerations allowed one to compute -in terms
of the density- the thermodynamic limit of the ground state energy. The thermodynamic limit of the energies
of the excited states for the Heisenberg XXX chain was considered by des Cloiseaux and Pearson [27]. In their
work [27], they managed to derive the associated dispersion relation characterising the low-lying excitations.
This analysis was then generalised to the XXZ case by des Cloiseaux and Gaudin [26]. However as pointed out
by Faddeev and Takhtajan in 1981 [49], even with the correct dispersion law des Cloiseaux and Pearson gave a
wrong interpretation for the spin content® of the low-lying excitations.

In 1966, Yang and Yang [179, 180, 181] would bring in numerous elements of rigour related to the Bethe
Ansatz approach to the spectrum of the XXZ spin chain. In particular they proved Hulthen’s conjecture and were
able to establish the existence of solutions to the Bethe equations describing the ground state. However they did
not give a rigorous proof of the condensation of the Bethe roots on R. The earlier methods discussed above, based
on the densities, were developed only at a formal level and the possibility to take the large-L limit of sums over
the Bethe roots by an integration versus the density of the Bethe roots was always assumed to be true. Recently,
some light was shed on the matter through the work of Dorlas and Samsonov [35]. In their paper, they studied this
problem for regimes of A > 1 and —1 < A < 0. In the sector A € [—1,0), they followed the approach by Yang and
Yang [179, 180, 181] and employed a convexity argument of a certain functional to establish the condensation
property. They also managed to treat the case when A is much greater than 1 by perturbative techniques. Finally,
in 2015, Kozlowski [105] gave a rigorous proof of the condensation property for all values of the anisotropy.

The complex solutions to the Bethe Ansatz equations were also investigated more thoroughly. In 1982 Destri
and Lowenstein [30] managed to forge a way allowing them to study more precisely the solutions to the Bethe
Ansatz equations of the chiral-invariant Gross-Neveu model in the large-L limit. In fact, these equation were
structurally similar to the Bethe Ansatz equations of the Heisenberg XXX chain. Shortly after, Woynarovich

9des Cloiseaux and Pearson describe the low-lying excitations as triply degenerate spin-1 excitations. This was actually a one-particle
excitation consisting of a doublet of spin-1/2 representations [49].
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[176] and Babelon, de Vega and Viallet [6] built on the work of Destri and Lowenstein to analyse the excitation
spectrum of the XXZ chain above the # = 0 ground state. These works have demonstrated that the string hypothe-
sis does not hold in full generality and that there exist other structures of complex solutions to the Bethe equations
in this magnetisation sector: close and wide pairs or quartets. These roots satisfy a set of coupled equations which
are referred to as the higher level Bethe Ansatz equations. An analysis of the higher level Bethe Ansatz equation
in the massive regime was then given by Virosztek and Woynarovich in 1984 [172] who corrected some of the
statements made by Babelon, Viallet and de Vega [6]. In 1985, de Vega and Woynarovich [170] revisited the
analysis of the massive regime of the XXZ chain and proposed a novel approach for dealing with the densities
of the Bethe roots. The latter turned out to be much more effective to computing the finite-size corrections to the
thermodynamics limit. A few years later, Klmper and Batchelor [93] developed an alternative approach based on
non-linear integral equations for computing the finite-size corrections. In this way, they manage to avoid dealing
explicitly with the root densities. This work was further extended in 1991 [94] and in 1993 [97]. One should
mentioned that Destri and de Vega [31, 32] also developed a non-linear integral based framework for analysing
finite-size corrections.

The XXZ chain is of course not the only instance of a quantum many-body exactly solvable model. One
can cite as other examples of quantum integrable models, the non-linear Schrdinger model, the lattice sine-
Gordon, or various other higher rank models, for example those defined by a d*> x d?> fundamental R-matrix
R(A, 1) € Z(C4®CY), see for e.g. [74, 113] for reviews. For the case of the non-linear Schrdinger model, it is
described by the Hamiltonian

s = [ d{a®! (92800 +e#! ()9 (R(2(0} ~h [ @ (@) (136)
NLS 0 X4 Oy X ) Oy X C X X X X 0 X X X). o

It describes bosonic particles created/annihilated by the fields ®(x)/®(x), and evolving on a circle of length
L. h is to the chemical potential and ¢ > O corresponds to the coupling constant. The Hamiltonian is subject
to periodic boundary conditions. The above model was solved, within Bethe’s approach, for all values of the
coupling constant c. In 1960, Girardeau [55] considered the model with ¢ = 40, which corresponds to the
impenetrable Bose gas and produced the Figenvalues and Eigenvectors of the model. Shortly after, in 1964,
the model (1.3.6) was considered in its entire generality by Brzin, Pohil and Finkelberg [21]. They determined
the spectrum of the latter via the coordinate Bethe Ansatz in the sector with three particles. The computation
of the spectrum of the model (1.3.6) for N particles was done by Lieb and Lineger [129] simultaneously and
independently to the work of Brzin, Pohil and Finkelberg. Towards the end of the 60’s, Lieb [130] produced
an extensive analysis of the excitation spectrum of the non-linear Schrdinger model characterising the low-lying
excited states in the large-L limit: these were shown to consist of particles and holes. The particles are those
excitations whose momenta lie away from the model’s Fermi zone while the holes have their momenta inside
this zone. The particle and holes form essentially the elementary excitations which Lieb differentiates from the
quasi-particles which are defined as the isolated singularities of the Green’s functions.

1.3.2 The algebraic Bethe Ansatz approach

The ground-breaking work of Onsager and Kauffman in being able to effectively study and diagonalise the trans-
fer matrix of the two-dimensional Ising model would greatly influence research in the field in the years to come.
The powerful results describing particular physical properties of the model would motivate people to consider
more general models. Examples being the ice type [125] and antiferro/ferro-electric models [126, 128] studied by
Lieb. He managed, via the transfer matrix method, to compute the entropies for the ice-type and antiferro/ferro-
electric models and show the existence of phase transitions in those models. Lieb observed that the transfer matrix
of the six-vertex model has the same Eigenfunctions as the XXZ spin-1/2 Hamiltonian. McCoy and Wu in 1968
[134] pushed these observations further by showing that the six-vertex transfer matrix and the XXZ spin-1/2
Hamiltonian explicitly commute. This result was later generalised to the Heisenberg XYZ model by Sutherland
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in 1970 [159]. The actual direct connection between the eight-vertex model and the Heisenberg XYZ Hamilto-
nian is due to Baxter [11]-[15] what also revealed the deep algebraic structure underlying the models. Baxter
[12] constructed a one-parameter family of transfer matrices of the eight vertex model, tgy (A ), where A is the
spectral parameter. The transfer matrix constructed by Baxter is essentially the trace of a product of L-matrices.
Such a product is now known as the monodromy matrix and the L matrix is the Lax matrix, in this case, of the
eight vertex model. One of the many important results of Baxter is that he showed that these transfer matrices
satisfy commutation relations which close for different values of the spectral parameter. Another foundational
result by Baxter [11] is that he showed that the Heisenberg XYZ Hamiltonian is equal to d) Intgy (4)/3—o. This
relation indicates the direct link between two-dimensional statistical models and one-dimensional quantum inte-
grable models. It is important to note here that it is Baxter’s work which first hinted the deep algebraic structure
at the root of quantum integrable models. The Hamiltonian is explicitly embedded into of an abelian algebra of
charges generated by a family of commuting transfer matrices. Many of the results obtained by Baxter estab-
lished with the help of a set of equations satisfied by the weights of the eight vertex model. Baxter coined these
as the star-triangle relation. This star-triangle relation can be recast as a relation of products of 4 x 4 matrices
RioL1Ls = LoL1Ryo where the indices 1,2 are the auxiliary spaces associated with the Lax matrices while R is a
4 x 4 matrix acting in the tensor product of the spaces 1 and 2. Independently upon studying an N-body prob-
lem with repulsive §-interactions, Yang [178] obtained an equation of the same form. Nowadays the equation
RioL1Ly = LoL4Ryo is famously referred to as the Yang-Baxter equation.

In 1979, Faddeev, Sklyanin and Takhtajan [47] pushed further the use of the profound algebraic structure
underlying quantum integrable models. Their main observations was that one may use the relations issuing from
an RTT = TTR equation so as to provide a set of exchange relations between the entries of the monodromy matrix.
These may then further be used so as to construct the Eigenvectors of the model in a simple algebraic way, by
means of a repetitive action of some of the entries of the monodromy matrix on some reference state. Originally,
Fadeev, Sklyanin and Takhtajan developed the methods for the lattice discretisation of the sine-Gordon model
in (14 1)- dimension. However, soon the method was extended to many other models: the spin-s XXZ chain
[7]-[9], the XYZ model [48], higher rank spin chains [109]-[114] so as to name a few. This algebraic approach,
precisely due to its relative simplicity, opened the way towards the computation of the main object of interest:
the correlation functions. This was developed, in particular, in the works [72], [86]-[90].

1.4 Quantum integrable models at finite temperature

So far, the mentioned results allow one to discuss quantum integrable models at zero temperature. Incorporating
the elements related to the temperature in the studies pertaining to one-dimensional quantum integrable models
was a completely different issue. This presented new sets of challenges and new techniques had to be invented in
order to solve these new problems. It was not until 1969 that the first paper on the subject appeared. In their work
[182], Yang and Yang formally argued an integral representation of the per-site free energy of the non-linear
Schrdinger model in the infinite volume limit and at finite temperature as

= dk e(k)

fs= [ S-In [14+e 7. (1.4.1)

There €(k) is the unique solution of the below non-linear integral equation called the Yang-Yang equation:

c £(q)

T oo
ek)=—h kz——/ dg——— In[l4+e T 0<c<oo. 1.4.2
W= hek [ dg gl ¥ 0<es 142

Here & and c are as appearing in (1.3.6). In fact, this non-linear integral equation can be seen as the prototypical
form of the class non-linear integral equations that will be dealt with in this thesis. The approach of [182] is in-
spired from Landau and Lifschitz derivation of the non-equilibrium entropy density for a free quantum gas [118],
what allowed Yang and Yang to characterise the entropy density of the non-linear Schrdinger model. We point
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out that later on Yang and Yangs result was framed rigorously by Dorlas, Lewis and Pul [34] upon characterising
the thermodynamic limit of the free energy of that model within the context of large deviations and Varadhan’s
Lemma. The work of Dorlas, Lewis and Pul relied on the completeness of the Bethe Ansatz Eigenfunctions. The
latter was established by Dorlas in the following year [33].

Shortly after the work of Yang and Yang, Takahashi derived the thermodynamics of the Heisenberg XXX
spin-1/2 chain [160]. Gaudin, simultaneously and independently, managed to obtain the thermodynamics of
the XXZ spin chain [53] when A > 1. By implementing the setting of Yang and Yang, Gaudin and Takahashi
wrote down an integral representation for the per-site free energy of the model they studied. Gaudin also wrote
down the entropy of the chain. The following year Takahashi generalised his approach to the XXZ chain for
—1 < A < 1[161]. The results obtained in the mentioned works heavily built on the string hypothesis, namely
assumed that all” solutions to the Bethe equations organise themselves into concatenations of strings as shown in
(1.3.4). They argued an infinite set of coupled non-linear integral equations governing the densities of the string

. o _Hxxz. .
centers supposed to grasp the dominant” contribution to In try,, [e 7 } when L — oo, Such handlings based on
strings turned out -independently of the lack of validity of the string hypothesis- to be quite tricky and needed
to be improved due to wrong” counting of the string contributions, as pointed out in 1972 by Johnson, McCoy
and Lai [76]. This was due to the fact that for the XXZ chain, for —1 < A < 1, only strings of a certain length
are allowed. While, in the overall, the results stemming from that approach are believed '° to be correct, there
seems to be little chance of making the approach rigorous, in the spirit of Dorlas, Lewis and Pul’s approach.
Furthermore, the cumbersomeness and technical complications related to the use of infinitely many non-linear
integral equations were calling for a different approach which would allow for string hypothesis free reasonings.

This change of perspective was achieved by Koma [100, 101]. Koma built on the ideas of Suzuki [155]
and Suzuki and Inoue [156] which consisted in discretising the Boltzmann statistical operator in an appropriate
way. In his analysis, Koma introduced this Trotter-Suzuki approximant of the finite volume partition function of
the Heisenberg chain [100] and the Heisenberg-Ising chain [101] what allowed him to express the trace of the
Boltzmann weight as

%mm,m e~ 7H] = lim %lntrhq [TE2]. (1.4.3)

N—roo

Thus, the initial partition function in finite volume is isolated by taking the infinite Trotter limit N — oo of the
trace of the L"-power of an operator In,r acting on an auxiliary Hilbert space b,. The operator Jy r hence
constructed by Koma corresponds to the transfer matrix of a vertex model related to the product of two Ising
models. Representations of the type (1.4.3) become particularly efficient in the thermodynamic limit, at least if
one is able to prove the exchangeability of the thermodynamic limit of (1.4.3) with the Trotter limit appearing
in the right hand side of this formula. By implementing the setting of Suzuki [155] and Suzuki and Inoue
[156] Koma was able to prove the exchangeability of the L — oo and N — o for his transfer matrix 7y 7. He
also established that .7y r admits a non-degenerate, real and maximal in modulus Eigenvalue Apax(Zy 7). This
allowed him to express the per-site free energy as

f==T lim {In [Amax(In7)] }- (1.4.4)

Koma was thus able to produce a simple formula for the per-site free energy of the Heisenberg-Ising chain in
terms of the dominant Eigenvalue of the transfer matrix where it still remained to characterise the Trotter limit.
He managed to rigorously treat the calculation of the Trotter limit when A = 0 case which was already treated
in [156] in another approach. Away from the free fermion, Koma could only perform numerical analysis for the
case A=1[101].

101y fact it was demonstrated in [96] that the quantum transfer matrix and the Gaudin/Takahashi approach are equivalent.
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Komas approach represented a huge step forward in understanding rigorously one dimensional quantum spin
systems at finite temperature since it did not rely on string based approaches. Albeit, Koma’ s approach did not
produce a characterisation of the Trotter limit, it certainly formed the basis of the works that would follow. In
1991 Takahashi treated the infinite Trotter limit of the dominant Eigenvalue of Komas transfer matrix formally
at the level of the Bethe Ansatz equations [162]. In his setting, he expressed this limit via an infinite sequence
of Bethe roots. This way of calculating the infinite Trotter limit of the dominant Eigenvalue made Takahashis
approach difficult to implement in practice even on numerical grounds because Takahashi’s approach involved an
infinite number of variables satisfying an infinite number of constraints. In fact, from today’s point of view, one
may also see that Koma’s transfer matrix does not exhibit enough algebraic structure so as to allow one to study
more problems such as the evaluation of thermal correlations function. Later on, Suzuki, Akutsu and Wadati
[158] introduced another Transfer matrix t4(0), related to a staggered six-vertex model, which enjoyed the prop-
erty (1.4.3). The construction was generalised to the presence of a spectral parameter by Klmper [91, 92] and
Destri- de Vega [31, 32]. Later on, it turned out, starting from the work of Ghmann, Klmper and Seel [59, 60]
that this transfer matrix is very well suited for computing the thermal correlators. This was confirmed by the
large amount of works, on the subject, that followed [36, 39, 57, 59, 60]. More importantly, however, the case
of the quantum transfer matrix t4(4) allows one to take the Trotter limit quite effectively. The possibility to do
so goes back to the seminal works of Klmper [91, 92] and Destri-de Vega [31, 32]. Their idea consists, first, in
introducing a certain auxiliary function a which is shown to satisfy a non-linear integral equation in which the
dependence on the Trotter number only appears in the driving term. Then, one writes an integral representation
for the dominant Eigenvalue, in which a(A) appears in the integrand. Such handlings greatly reduce, at least on
formal grounds, the taking of the Trotter limit in that it is enough to take it on the level of the driving term in
the non-linear integral equation. In fact KImper was also able to characterise, within this setting, the correlation
lengths of the model [41, 59, 92, 95, 107, 106, 162].

Albeit, the above works produced powerful results and pioneered extremely interesting techniques for study-
ing quantum integrable systems at finite temperature, they were introduced and treated only on a formal level.
The various assumptions on which the construction of a non-linear integral equations based description of the
per-site free energy rested were not rigorously established. The goal of this thesis is to fill this gap and rigor-
ously prove these assumptions. Namely to prove the existence of a dominant non-degenerate, real Eigenvalue
of t4(0), to establish the exchangeability of the Trotter and the thermodynamic limits. While these were proven
for Koma’s transfer matrix Jy 1, they were not for tq(0). It turns out that the techniques to do so are drastically
different. Also, we lay the whole theory of the non-linear integral equations, for temperatures large enough, on
rigorous grounds and provide a rigorous identification of the dominant Eigenvalue of t4(0).
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1.5 Outline of the thesis

This thesis is organised as follows. The second chapter of the thesis opens with some description of the XXZ
spin-1/2 chain which is the model used in our analysis in this thesis. We then introduce our quantity of interest,
namely the per-site free energy. In order to describe the quantum transfer matrix tq and the handlings based
on the latter, we feel necessary to remind of the construction of the transfer matrix of the XXZ spin-1/2 chain
within the setting of the algebraic Bethe Ansatz. After describing the quantum transfer matrix, we explain how
it is used to express the per-site free energy in terms of its largest Eigenvalue. The possibility to do so is based
on assumptions, namely: the existence of a real, non-degenerate maximal in modulus Eigenvalue of t; and the
validity of the exchangeability of the L — o0 and N — oo limits. After this, we introduce the setting allowing us
to rigorously establish the aforementioned assumptions. This allows us to construct operators issued from the
high temperature expansion of tq. The analytical properties of these operators are then rigorously characterised
as they form the basis for the analysis which follows. We hence provide rigorous estimates on the dominant as
well as the sub-leading Eigenvalues of the quantum transfer matrix. We conclude this chapter with the rigorous
proof of the exchangeability of the infinite volume and the infinite Trotter limits.

Chapter 3 focuses on the non-linear integral equation based approach to the spectrum of the quantum transfer
matrix. We first recall the algebraic Bethe Ansatz framework for the quantum transfer matrix. This yields a
representation for the Eigenvalues of the quantum transfer matrix in terms of the Bethe roots and allows us to
introduce the auxiliary function formalism. Then, we recall the alternative characterisation of the auxiliary func-
tion in terms of the non-linear integral equations. Such a setting allows one to take formally the infinite Trotter
number limit on the level of the non-linear integral equation. In the remainder of the chapter we develop the
solvability theory of this class of non-linear integral equation and show that, in the high temperature limit these
do admit solutions and that these are unique. We also establish that the infinite Trotter number limit may be taken
rigorously on the level of the solution to such non-linear integral equation. This constitutes the final result of the
chapter.

In Chapter 4 we build on the last two chapters to construct integral representations for associated physical
quantities, namely the free energy and the correlation lengths. In particular, we rigorously derive the integral
representation of the dominant Eigenvalue. Consequently this allows us to write down an integral representation
of the per-site free energy. Within the same setting we write down the integral representation for a certain class
of the sub-leading Eigenvalues. This allows us to write down some of the correlation lengths in integral form.
For the specific class of excited” states of the quantum transfer matrix we consider, we rigorously show that the
hole roots converge to zero in the large temperature limit and that the particle roots satisfy the XXZ spin-1 Bethe
Ansatz equations. We conclude by writing down the high temperature behaviour of correlation lengths in terms
of these dominant particle and hole roots contributions.
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Chapter 2

Combinatorial based approach to the
spectrum of quantum transfer matrix

In this chapter we rigorously prove a number of conjectures pertaining to the analysis of quantum integrable
models at finite temperature. This is achieved by establishing various properties of the high temperature expan-
sion of the quantum transfer matrix. While we shall focus our attention on the XXZ chain case, the methodology
developed in this chapter is applicable to a large class of quantum integrable models whose finite temperature
behaviour can be grasped with the quantum transfer matrix approach.

In Section 2.1, we provide a concise introduction to the algebraic Bethe Ansatz for the transfer and quantum
transfer matrices associated with the XXZ chain. The quantum transfer matrix allows one to express pertinent
observables such as the free energy in a very simple form which only involves maximum Eigenvalue and the
associated Eigenvectors and/or a few sub-leading ones. However the validity of such formulae relies on a certain
number of assumptions related to the spectrum of the quantum transfer matrix. In Section 2.2 we present the first
original results of the thesis which consist in a rigorous proof of these assumptions. We obtain a new expansion
of the quantum transfer matrix which is well adapted for studying various properties of its spectrum in the high
temperature regime. These results allow us to demonstrate that the quantum transfer matrix does admit a non-
degenerate, maximal in modulus and real Eigenvalue. Building further on these techniques we produce a rigorous
proof of the exchangeability of the Trotter and infinite volume limits in Section 2.3.

2.1 The XXZ spin-1/2 chain at finite temperature

This section recalls several known facts about the XXZ spin-1/2 chain. In particular, we review the quantum
inverse scattering method based approach to the diagonalisation of the model and then describe the construction
of the quantum transfer matrix.

2.1.1 The model

As an archetypal example of a quantum integrable model, the XXZ chain represents an extraordinary laboratory
for studying quantum integrable models. The XXZ spin-1/2 chain refers to the Hamiltonian operator

L L
, . h
Hxxz =J Y {0j0} 1 +0)0,,  +A(c;c;, +id)} — 3 Y o (2.1.1)
a=1 a=1

Hxxz acts on the Hilbert hxxz = ®2:1 b, assembled from a tensor product of the local quantum spaces b, with
ha =~ C2. The operator 6* where & € {x,y,z} acts as the Pauli matrix 6% on the space b, and as the identity
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matrix on all the other spaces

o) =id® ®idec’Rid® ®id. (2.1.2)
%,1_/ T,_/
a— —dad

In the above, J > 0 is an overall coupling constant characterising the strength of the exchange interaction and
L € 2N corresponds to the number of sites !. The model is subject to periodic boundary conditions opy = o
A € R is the anisotropy and / is an overall magnetic field oriented along the same direction as the anisotropy.
When A = 1,h = 0 the model (2.1.1) reduces to the XXX Heisenberg anti-ferromagnet. When A < —1, the
model is in the ferromagnetic regime for any magnetic field /. The same holds true for A > —1if |h| > 4J(1+A).
However, if |h| < 4J(1+A) and A > —1, the model is in its antiferromagnetic regime. The latter splits into the
distinct phases

e A > 1 for magnetic field 0 < || < 4J(1 — A) corresponds to the massive antiferromagnetic regime;
e A > | for magnetic field hy < |h| <4J(1+ A) corresponds to the massless antiferromagnetic model.
e —1 <A <1 for magnetic field 0 < |h| < 4J(1+ A) corresponds to the massless antiferromagnetic model.

Above, hy [181] can be explicitly expressed in terms of theta functions, see [38]. The last case corresponds to the
range of values of A within which we restrict ourselves in this thesis. Accordingly, we choose the parametrisation

A=cos({) with { €]0;m]. (2.1.3)

We do however stress that the techniques described below do hold for any value of the anisotropy A and magnetic
field A.

2.1.2 The free energy of the XXZ chain at finite temperature

We shall focus mainly on the simplest most pertinent quantity associated to the XXZ spin chain (2.1.1), namely
the per-site free energy. The latter is defined as

1
Jxxz=—T- Llim I Intry,,, [e_%HXXZ]. (2.1.4)

—>00

The well-definedness of the thermodynamic limit above has been rigorously established provided that L — oo
in an adequate sense which follows from Ruelle’s rigorous treatment [145]. For the reader’s convenience we
reproduce the proof below.

Theorem 2.1.1. [/45] Let fi be the per-site free energy of a chain of L-sites defined as

T 7H(k;L)
fL= —Zlntrhxxz [e T } . (2.1.5)
The limit L — oo of the finite L per-site free energy exists

lim f; = fxxz. (2.1.6)
L—yc0

Proof. For the purpose of the proof, we need to introduce the XXZ chain Hamiltonian acting on a segment (k; L)

L1 L
) h
H(k’L) = Z haa+l - 5 Z GCZ, +hL;k (217)
a=k a=1
where
hear1 =J{0,0,, +0)0, . +A(cic.,  +id)}. (2.1.8)

"'While the case L € N may be treated without problems, assuming an even L allows for some simplifications.
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The above XXZ Hamiltonian acts on h*L) = ®%_, h,. We then have that

Shy
H(:2D) — (D) L g0 L%y —hyg —hopeg +hyor (2.1.9)
Upon using that, for two Hermitian matrices A and B,
‘lntr(eAJrB) —lntr(eA)‘ <[ B (2.1.10)
where || - || is the operator norm, we have
B 5 5 5 1
lntl’b(l;zL) |:e_}(H(] L)‘*'H(LHZL)*'ShL)] —lntrh(l;zm [e_}(H(IL)—FH(H] 2L)>] ' < T | 6hy || . (2.1.11)
Since it also holds )
trh(l;ZL) {e%(H(I;L)+H(L+I;2L)):| = <trb(1;L) [C}H(I;L)]> , (2.1.12)
we infer that
r _1gtan) _ 10D | éhe || = C
‘fZL_fL‘ = i In trh(];ZL) |:C T :| —2In trb(l;L) |:e T :| < 2L < i (2113)

for some constant C > 0 and where we used that || 6% ||= 1. Hence for the particular choice L = 2"~! withn € Z

C
[fr = foi| < 55 (2.1.14)
and thus more generally,
| fonim — fon| < k; | fonsk = fomrict | < ck; T (2.1.15)
Hence f>» is a Cauchy sequence on R as such it converges towards a limit, viz.
fxxz = ,}EEE fon. (2.1.16)
It remains to show that f; also converges to fxxz. First of all, one has the bound
é C C
(o= fil < Y o= froul < 57 = 7 (2.1.17)
k=1
On the other hand we can understand f>-; as built up from L chains of length 2".
H(I;Z"L) _ Z {H(k2’1+1;(k+1)2n) _ h(k+1)2”;k2"+1 + h(k+l)2”;(k+l)2"+l } (2118)
k=0
and hence, upon following the same strategy, we get, for some constant C’' > 0,
(L+1)C
ny — n < D —— . 1.
[ = fr| < = ——0 (2.1.19)
One then has lim,,_. forp = fxxz and upon taking the n — oo limit in (2.1.17), we have that
C
oz = ful < 7 (2.1.20)
for some C > 0. This entails the claim. ]
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2.1.3 The algebraic Bethe Ansatz solution of the XXZ chain

The spectrum and Eigenvectors of the Hamiltonian (2.1.1) can be accessed by means of the coordinate Bethe
Ansatz developed by Bethe [18] and Orbach [140] and through its refinement due to Faddeev, Sklyanin and
Takhtadjan [47] in the form of the algebraic Bethe Ansatz. The quantum inverse scattering method approach to
the diagonalisation of the Hamiltonian (2.1.1) relies on the R-matrix

sinh(—i{ + 1) 0 0 0
R(A) = sinh(l—ig) 8 s1sr$l(l(—;:2;) Slsrﬁ}(lag) 8 » Selal 212D
0 0 0 sinh(—i§ + A1)

where A € C is the spectral parameter. R(A) corresponds to the trigonometric or six-vertex solution [16] of the
Yang-Baxter equation

Ri2(4)R13(A — U)Ra3(1) = Roz(1)R13(A — W)R12() (2.1.22)

defined on .Z(h; ® h2 ® b3). In the above Ry, corresponds to the embedding of R on .#(C? ® C?) into an oper-
ator on .Z(h; ® by ® h3) which acts as the identity operator on the space b,,,m # a,b and as R(1) on b, ® b.
This solution of the Yang-Baxter equation not only allows one to diagonalize the Hamiltonian (2.1.1) through the
algebraic Bethe Ansatz but also allows one to introduce the quantum transfer matrix at finite temperatures as we
will discuss later on.

Upon considering an ordered product of R matrices acting on the tensor-product of local quantum spaces and
one auxiliary space, one obtains the monodromy matrix Ti(A4) of the XXZ chain:

Tk(/'L) = RkL()v)Rkl (ﬂ,), (2.1.23)

where the index k refers to the auxiliary space. The entries of the monodromy matrix are operators acting in the
XXZ chain’s Hilbert space hxxz. Thus, it is convenient to express T;(A) as a 2 x 2 operator valued matrix on the
auxiliary space by

A(R) B(M)
Tk (A =< . (2.1.24)
WA ={ew) o)),
Since for k # k' and a # b it holds
[Ria(A),Rep ()] =0, (2.1.25)

it follows from L application of the Yang-Baxter equation (2.1.22) that
Rkk/(k — u)Tk(l)Tk/(u) = Tk/(,u)Tk(l)Rkk/(l — u) (2.1.26)
where T;(A4), Ty (1) act on two distinct auxiliary spaces by and by respectively. The relation (2.1.26) contains all

the commutation relations satisfied by the elements of the monodromy matrix [44, 45, 47].

Note that the monodromy matrix (2.1.23) constitutes a representation of the RTT relation given in (2.1.26). By
choosing a different representation on the quantum spaces, one would end up with a different integrable model
(see e.g. [7]-[9], [22, 69, 85, 93, 111]). By taking the trace with respect to the auxiliary space, one constructs the
transfer matrix

(M) = try [Tx(A)] = A() +D(A). (2.1.27)

An important consequence of the relation (2.1.26) is the commutation relation for the transfer matrices
[£(4),t(1)] =0, VA,u €C, (2.1.28)

so that t(A4) forms a one parameter A commutative family of operators. The coefficients of the expansion of t(4),
for example around A = 0, provide the quantum integrals of motion. The main point is that the XXZ Hamiltonian
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can be retrieved from the transfer matrix t(A). When the spectral parameter A is set to 0, the R-matrix reduces
to the permutation operator P:

1 000
R(0) =P, where P= 8 (1) (1) 8 (2.1.29)
0 001
Therefore by (2.1.27),
£(0) = tre{ Rer (0)Ra1 (0) } =P12Py_1n (2.1.30)

where we used the fact that PyyPiy = PyyPiry and trk{PkN} = idy. The product P1,Py_1y is the shift operator
U. After some elementary manipulation one has that

L
t/(O) :U‘ZR;H_](O)PiiJrl’ (2.1.31)
i=1
Multiplying by t~!(0) on both sides leads to

d L
Sl t(A)],_o=t""(0)-t'(0) = Y Ri;, 1 (0)Piis1. (2.1.32)
i=1

From the definition of the R-matrix (2.1.21) one computes R};, ; (0) and upon multiplication with the permutation
operator P;;; this leads to
L 1 L
Y R 1(0) Py = ——— ) {07 ®0}, +0 @0, +cosh(—i) - [id;®idip1 + 07 ® 67, | }. (2.1.33)
- 2sinh(—iC) 4~
Hence

: oy d
HXXZ|h:O = ZJSIHh(—IC)ﬁhl t(l) ’1:0 (2.1.34)

upon using the parametrisation A = cos({) introduced in (2.1.3). It is clear that Hxxz commutes with the transfer
matrix t(A) for all A which is a hallmark of integrability of the model. Hence Hxxz and t(A) share the same
Eigenvalues whose construction we explain below.

We first introduce the pseudo-vacuum or reference state |0). It is built out of a tensor product of the vectors
e; where {e;,e,} is the canonical basis of C:

e = <(1)) , e, = ((1)> . (2.1.35)

0)=e,® ®e;. (2.1.36)

L—times

Namely,

|0) is an Eigenstate of the operators A(A) and D(A)
A(A)|0) =a(A4)|0) and  D(A)|0) =4d(A)|0) (2.1.37)
where a(4) = sinh®(A —i¢/2) and d(A) = sinh®(A +1&/2). |0) is also annihilated by the operator C(A), viz.

c(1)[0) =0 VA € C. (2.1.38)
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Owing to [HXXZ, YE Gj] = 0 one can look for Eigenvectors in sectors of fixed spin $* = %25:1 o7 since

SN = (5 M) N 2.1.39)

The other Eigenstates of the transfer matrix are obtained by acting on |0) with a string of B operators
M
W({ A1) = []B(A)|0) for M€ {1,,L}, (2.1.40)
a=1

where M is the number of rapidities A,. For [¥({A,},)) to give rise to an Eigenstate of t(A), one needs
to impose constraints on the set {A,}*_ . By using the various commutation relations between the operators
A(A1),D(A) and B(A) which follow from (2.1.26), one may write down the result of the action of the transfer
matrix on the state [\P({A,}),)).

Theorem 2.1.2. [47] The action of the operators A(A) and D(A) on the state |¥({A}*.,)) takes the form
{AQ)+D(A)} ¥ ({Aatal))
= AAH{Aaal ) ¥ ({AaYan

M sinh(—i¢) & sinh(d, — A, —iQ)
Z{ 2 sinh(/ma—x)'bUl sinh(A, — )

b#a (2.1.41)
sinh(—i{) M sinh(d, — A, —iQ) o
+d(4a) - sinh(A — A, ) b sinh(A, — Ay) }’T({;La}a—l)>
b+#a
where . ;
sinh(A — A, —1—1(: sinh(A — A4, —i§)
AHa) al:[l sinh(A — 4,) LI] sinh(A —4,) (2.1.42)

({2} ))) # 0 is an Eigenstate of the transfer matrix t(1) and A(A|{A.}!L,) the Eigenvalue of the transfer
matrix t(A) if the second term on the right hand side of (2.1.41) vanishes. For pairwise distinct A)s such that
Ao # *i¢ for all a and A, — Ay # +iC, this implies that it holds

a(A) . M sinh(A, — Ay +i0)
d(As) ;. sinh(A, — A, —i0)
b#a

=1, a=1,,M. (2.1.43)

Equations (2.1.43) correspond to the Bethe equations of the XXZ chain. {A,}!, are called the Bethe roots.
The Eigenstates of the transfer matrix can also be constructed by using the covector

P{A, | = 0|Hc (2.1.44)

The above result does not ensure that the algebraic Bethe Ansatz provides one with a complete set of Eigenvec-
tors of the XXZ spin-1/2 chain. The issue of completeness in the case of the inhomogeneous model was settled
in a generic setting in the works [119, 120, 168]. In [137], completeness is shown for the case of the anti-periodic
XXX chain for arbitrary spin again, in the generic inhomogeneous model setting. And finally, one is directed to
the paper of Mukhin, Tarasov and Varchenko [135] where completeness of the Bethe vectors, in an appropriate
sense, was established for the per se XXX chain.

Aside to the completeness issues, there are other problems associated to the description of the solutions to
the Bethe Ansatz equation (2.1.43). In 1938, Hulthen identified the Bethe roots characterising the ground state
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of the XXX spin chain. A satisfactory proof of the identification of Bethe roots for the ground state of the XXZ
chain was given in 1966 by Yang and Yang [179]. They prove that the ground state of the XXZ chain is unique
by applying the Perron-Frobenius theorem. This problem is most conveniently studied by presenting the Bethe
equations in their logarithmic form:

i . [sinh(A,+i/2) 1 X M n,
o [sinh(?ta —iC/Z)} B 27rLa§‘l Oa=M)¥50 =T (2.145)

where the function 6 is defined as

o) — { D] for[S()] < bm =mine,7=6). ) | 45)
—msgn(m—28) +iln[SREH], for Gu < [S(A)] < /2 o
with In corresponding to the principle branch of the logarithm. The function A — 6(A) is an in-periodic analytic
function on C\{R" +i{y, +inZ} with cuts on R £i{,, +inZ. We will denote by 6. (z) the + boundary value of
6, viz. the limit 6 (z) = lim,_,o- 6 (z £ i€). Note that the + boundary values differ only if z € {RT iy +inZ}.

In equation (2.1.45), n, are certain integers whose choice allows one, in principle, to differentiate between
different solutions. These integers can be chosen inside a certain subset of Z which depends on L, M and §. For
instance, Yang and Yang [179] have shown that the Bethe roots describing the ground state in the sector with fixed
magnetisation %L — M are given by the real valued solution to the equations (2.1.43) withn, =a— (M +1)/2.

The computation of the spectrum of the transfer matrix of the XXZ spin-1/2 chain by the algebraic Bethe
Ansatz represents an important achivement. However, despite the fact that the Eigenvalues (2.1.42) are accessible
in an explicit way, the calculation of any thermal average, even try,,, [e_HX%], remains a rather difficult task.
Consequently understanding the thermodynamics of the model also becomes a very complicated one. A great
deal of effort [31, 32, 53, 59, 91, 92, 93, 100, 101, 155, 156, 158, 160, 175]-[166] was necessary in order to
overcome this issue which culminated in the definition of an adequate quantum transfer matrix thus leading to
more efficient computations of the physical quantities at finite temperature.

2.1.4 The quantum transfer matrix

The strategy behind the construction of the quantum transfer matrix relies on a simple yet very important ingredi-
ent which is the Trotter-Suzuki formula [155, 154]. Consider a sequence of bounded operators 2(y, N € N, which
converges in norm to a bounded operator 2[. Then we have the Trotter formula

lim ( 1+ ~) = e”. (2.1.47)

N—oo

The use of this formula to the description of the thermodynamics of quantum spin systems was pioneered by
Suzuki [155, 154]. We now explain how (2.1.47) may be used for the description of the XXZ chain at finite
temperature.

The R-matrix (2.1.21) allows one to introduce two types of monodromy matrices Ty(A) and T;(2)
Ti(A) =R (MR (X)) and  Ti(A) =Ry (—A)R (—4), (2.1.48)

The superscript t; corresponds to the partial transposition with respect to the space h;. One can then write down
the transfer matrices t(24) and t(1) defined as the traces with respect to the auxiliary spaces by of the monodromy
matrices Tx(A) and Ty (1) respectively:

t(A) =try, [Te(A)]  and  T(A) = try, [Te(A)). (2.1.49)
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For small A these transfer matrices admit the expansion

s ~ Hxxz|n—o > ~a ~ Hxxz|n—0 N
£(A) = U [Idu Tent S O )} and T(A) = [m—x ol 0|0 @150)

where U is the shift operator introduced in (2.1.30) and Hxxz|n—o is the XXZ spin-1/2 Hamiltonian at zero mag-
netic field.

Then, as observed in [59, 98, 99, 158]
N L
R LI EARE:A RN PER
N—so0 N N asl
) 1 , Hxxz|n—o 1 1 , Hxxz|n—o 1 7
=1 U |[l-—f—+0O0| = || |l -+ O —= ‘U
lelo{ [ NﬁZJsinh(—iC)+ N2 NBstmh(—ig)+ N2

1 Hxxz|me 1\
:ﬁmU.[l_BXXZMO+ﬁ< )] -1 — o

N-—oo N' Jsinh(=i{) N?
(2.1.51)
since Hxxy 1s translation invariant and where we introduced
J - sinh(—i
B= SmT( i) (2.1.52)

This Trotter discretisation of the Boltzmann operator introduces a new auxiliary space hq = ®,%ZO Bq,. realised
as a tensor product of the 2N auxiliary spaces, that will appear in the construction of the transfer matrix. Indeed
from (2.1.51) one has that

e~ THOZ — [im {trmZN |:{R2’2N1 <_ B)lel <3> .“RZIZI ( B)le <B> .ez”rﬁf}
N—ro0 N N N ) N N
a {Rzlzzz:/VL < - f])RLazzvl (f]) "'RZ;ZL<_ f/)RLal (f,) -eZhT"fH } (2.1.53)

= lim {U‘glam [Tq;l(o) T 'TCIQL(O)] }

N—oo

where Tg.,(&) is the quantum monodromy matrix

Tga(&) = Rala (é - f,) Raay_ <§ + 5) R, (5 - ][f])Ram (5 + g) &7 % (2.1.54)

which has h, as its auxiliary space.

The quantum transfer matrix is defined as the trace with respect to this auxiliary space §, of the quantum
monodromy matrix

tq(§) = tro, [Tqu(&)]- (2.1.55)

The principal advantage of the quantum transfer matrix is that it provides an easier access to the information
related to the thermodynamics of the system being studied. As we discussed earlier on, the computation of ther-
modynamically relevant quantities within the framework of the ordinary transfer matrix requires the knowledge
of an infinite number of Eigenvalues of the Hamiltonian describing the system. Within the quantum transfer
matrix approach numerous physical observables can be accessed from the knowledge of just a few Eigenvalues
of the quantum transfer matrix close” to the largest one. Recall the definition of the per-site free energy (2.1.4),

1
fxxz=-T-lim Zlntrhxxz [e_%HXXZ]- (2.1.56)

—»00
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Upon employing (2.1.53) one gets

fxxz =— lim lim T [ty (t4(0)")]. (2.1.57)

L—sooN—soo [,

e If one can exchange the limits then it follows that

T
frxz = = lim lim —1n [try, (t4(0)5)] - (2.1.58)

—oo [—yoo

o If tq(O) admits a maximal in modulus, non-degenerate Eigenvalue2 /A\mX then, since

max

2V
try, [t5(0)] = AL+ Y AL (2.1.59)
a=1

where /A\a are the other Eigenvalues of the quantum transfer matrix repeated according to their multiplicity, we
then have that R
fxxz = — lim T'1n Amax (2.1.60)
—»00

where the hat above is used to indicate the N-dependence of the quantities on the Trotter number. In the remainder
of the chapter, we shall establish these two properties rigorously.

2.2 Large temperature expansion of the quantum transfer matrix

2.2.1 A preliminary expansion

In this section we develop a setting which allows one to establish the existence of a spectral gap in the spectrum
of the quantum transfer matrix and to rigorously characterise the latter. We, however, start by introducing some
notations and definitions.

We recall that given an elementary matrix E* acting on .Z(C?), E stands for its canonical embedding into
an operator on ho ® b acting non-trivially on the a™ tensor product

Ef =id® ®idoE* ®id® id. 2.2.1)
1 2N
a— —a

For instance, the permutation operator or its partial transpose on the a space PZ‘;} can be expressed as

2 2
. y o
P = Y ENEY, P4 =Y EXEL. (2.2.2)
ik=1 ik=1

As per the explicit expression for the R - matrix (2.1.21) one writes that

Rap < - f]) =Py + Nop, (223)

20ne would obtain a similar result in case /A\maX would be degenerate (even N -fold) or if there would be several Eigenvalues of
maximal modulus Apax appearing with phases el el as then

try, (tq(0)") = Ak (€9F + -+ E) + O(Ak L),
where the remainder corresponds to the lower in modulus Eigenvalues and where eialL 4+t eiafL is real. Since the Eigenvalue of the

quantum transfer matrix appear in complex conjugate pairs. However, since this is not the case here, we will not dwell any longer on this
note.
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where

ny; = ny = cosh (%) —1—coth(—ig)sinh (%)

2
Nop = Y mi-ELE)S  with . (2.2.4)
ik=1 sinh (%)
ni =n21 = ~ Sinh(—id)
Define the operators
II;, = P;2110P02171 (2.2.5)
and 5 5
t
W, =RJ | — = |l == -II. 2.2.6
I 210< N)ROZI 1( N) I ( )
Further, given / > m, define
TLIL,. 27900 if [ >m+1,
Qi = : (2.2.7)

h <z .
e %o if [ =m

Here and in the following &, stands for the Kronecker symbol. We have now introduced enough notations to
write down an expansion of the quantum transfer matrix that one may expect to be well structured relatively to
the analysis of the high temperature properties of t4(0).

The expansion of the quantum monodromy matrix (2.1.54) is obtained upon expressing each factor associated
to a pair of spaces §y; ® b1 in (2.1.54) as W; + IT; so that one obtains

N
Te0(0) =Qno+ Y, Y, O with  O;=Qpy, Wy, - Q14 Wy, - Q1 10, (2.2.8)
n=ljc g
with Tg;0(§) given by (2.1.54) and where the summation runs through
fl\(,"):{l:(ll,,ln)il§11<"'<ln§N}' (2.2.9)

The decomposition (2.2.8) entails a similar expansion for the quantum transfer matrix (2.1.55)

tq (0) = @on0+ (‘)"Eq7 (2.2.10)
where N
Wy =try, [R@no] and  St,=) Y O,  with O =try[0)]. (2.2.11)
n=lieg

The decomposition (2.2.10) of the quantum transfer matrix allows one to study its high temperature expansion.
The strategy consists in expressing the operators @y.o and O; as sums of rank one operators what then allows
to easily compute any power of t;(0) explicitly. We describe how this unfolds in the next subsection devoted to
the analysis of the properties of @y.9o. Then we characterise the sub-leading terms by repeating the, now more
involved, procedure for the operator O;.
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2.2.2 Analysis of the leading term of the quantum transfer matrix expansion at high tempera-
ture

We introduce the following convention for writing vectors in by = ®Zﬁ1 h,. Given vectors vy,,voy in by, , hon,
we agree to denote their 2N-fold tensor product as

2N
vi @ ©vay = [ V. (2.2.12)

a=1

In this notation vgfl) thus stands for the a™ vector appearing in the full tensor product. We remind that, as

introduced in (2.1.35), e,,a = 1,2 is the canonical basis of C2. We now establish several properties of the first
term @y.o of the expansion (2.2.10). These properties will be useful, later on, when characterising the leading
Eigenvalue of the quantum transfer matrix.

Lemma 2.2.1. The operator @y.o introduced in (2.2.11) has rank 1 and takes the form

V= Yic{12¥ et iy ., {ez(.cz‘g)ez(iql_w}’
Oy =v-w' with (2.2.13)
2s) (2s—1
w=Yjc(12¥ Hivzl {‘35' )e;; )}

s

where & = (—1)"~1, i = (i1, ,iy) and respectively j = (ji,, jn). t represents the global transposition with respect

to full tensor product space. Also we made use of periodic boundary conditions iy = iy.

Furthermore, it holds that

(w,v) = 2cosh (;’T> | v|]*= 2" cosh (;) and || wl*=2". (2.2.14)

Proof. The operator given by (2.2.7) can be recast as

t tomi2 L
Q. = P3oPo2i—1 Py i 5 P02y 1 - €27 %090

] ] ] [ i i h ~z2
:< )y ElzklEf)k>< ) Eg"Eg’ll)---( Y E6kE§’m+l>-ezr°oa”°.
ik

ik={12} ik={1,2} i k={1,2}
Upon expanding the products, one gets
21 ' _ ) _ i
Q. = Z H {E?k‘} . E:)ZlkZIE](;ZI—IZZI—l . ‘E](;2m+112m+1 . e 2T i1 0 (2.2.15)
is,ks€{1,2} s=2m+1
s=2m+1,,21

The algebra of elementary matrices E*’E¢ = §,.E“ then allows one to compute the product of matrices acting
on the auxiliary space

1 1
ik pkai—1i21-1 pkoms1iom1 _ ploiizme .
EO EO EO - EO : H { 6k2sk2571 } : H {5125—] 1252 } . (22 1 6)
s=m+1 s=m+2

The Kronecker symbols allow one to get rid of the summations over the odd labelled variables
s—1 with  s=m+2,,] and ky_; with s=m+1,L (2.2.17)
Then, relabelling the even labelled variables as

{kas,ins} = {k. it} for s=m+1,,1 and iyys1 i, (2.2.18)
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one gets that

Qi = Z Z H {EEES ) B -1 Emo, (2.2.19)

{l }m {k }m+l s=m+1
ls:1 k»r:1

At this point, one can readily take the trace over the auxiliary space in the case of Q.o leading to

Ono = try, [@uo] = Y e 77 Eiy H {E“’%Egs 1’? (2.2.20)
{is ks }1 5=

The dependence on the identity operator on the auxiliary space ho has been projected out in the elementary
matrices appearing above. Finally, since an elementary matrix can be recast as E* = e,, - e}, one gets

N .
HI{E;SS"SE‘ZS;”;} H{ 2921y . H{ %) g2 1) (2.2.21)
s=

As aresult, the above factorisation allows one to separate the sums over the indices i;’s and k,’s leading to (2.2.13)

The equations (2.2.14) follow from direct calculations. 0

2.2.3 Analysis of the expansion of 6t

We now establish various properties of the operator O; arising in (2.2.10). We remark that one has the following
representation for the operator W; (2.2.6)

2
W= Y M'Ef, where M =id® ®ideM*®id® ®id, (2.2.22)
k=1 20-2 2N-2I
and
4
= Z Vika (Wik;oc)ta (2.2.23)
a=1

for some explicitly computable vectors v.q and wi.. The latter are normalised such that

1
| Vic:oo || = 3 and || Wikq || < Cy - ; (2.2.24)

N

for a constant C, > 0 and any o € [1;4]. We employ the representations observed above for vj;.q and wi. in
order to decompose the operator O; along the lines of what has been carried out in the previous subsection.

Lemma 2.2.2. Letl = (11,,1,). Then the operator Oy defined in (2.2.11) can be decomposed as

t
ol 1 1))
gZx < 3 > . (2.2.25)

1

In the above, one sums over the vectors
o= (0y,,,04,) € [1;4]", (2.2.26)

and
i= (ilniN) € {172}N7 jl = (j177j11—17j117jl1+1>ajl,,a7jN) € {172}N—n7 (2227)
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where the " indicates the coordinates which are omitted . Furthermore, one has

xlﬁau eZTS,N H { (2s) l?sl 1} H llrllr s 2228
75117”1
n
oot =TT (e T 220
Bins 1 =

(ahl)

Note that in the above expression for x; we use periodic boundary conditions for the indices of i, viz. iy = iy.

In (2.2.28) and (2.2.29), the notations vg.?a and wg.?a mean that we consider the vector Vij.q, resp. Wij.q

appearing on the positions reserved to the spaces hy; @ o1 in the tensor-product decomposition of the full
vector.
Proof. Starting from the expression (2.2.8) for &'} we insert the expressions of the operators €;.,, and W; so that

n 1r+l

L ] lJA qt Pt
ZE D) )3 Y 11 H R }HM
=1 g1 W r=0s=1,+1
{0y et r=0s=tet (2.2.30)
FOFO i l)z<" 1) {0 O ke
iNi, gy 11, ;=14 27 €,(0)
EO 4, quan n—1 quz 1Pn— lquplE[ e 0

upon agreeing on [y = 0 and /,..; = N + 1. The last line can be simplified as follows
’(\7)15 n D, i<n )l(n Il) dn—1Pn—1 4101 11@1 ((’ i
n nPn In— n—1Pn— 1 N 0
E, " EIPE,) EJ EJ7'E) =E) H{ ’ qg}H{a s }. (2.2.31)

The Kronecker symbols above allow one to compute the sums over the p; and ¢; indices. In order to have a more
compact expression it is useful to change the summations variables as

ig=il), if L, <a<ly —1 with ae[0;N], (2.2.32)

ja=j if L<a<lqi—1 with a€ [N\, L} (2.2.33)

Then one has that . .
= L% I1 {mes ) JIw e, (22.34)

{lﬂ}a O{]ll}a 07511 . r=1

a ll ln

At this stage, one may readily take the trace over the auxiliary space hy. Upon projecting out the dependence on
the identity on by, it remains to observe that

ﬁ 1AJAE‘12A 1]{} HMllrll, 1
s

s=1
;éllnll
(25) 2 1) (2s) 2 1) ¢
_Z H {e el Hvtzrlz,—l S04, { H {e el I_le/r“r—| 0%}’ (2.2.35)
7511 751177
where @; is defined in (2.2.26). This entails the claim. ]
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We now build on the expansion (2.2.25) to compute products of various operators. We first discuss the case
of two operators and then present the general formula for a string of M operators. However, first, we need to
introduce some notations. Given two vectors I € N” and r € N, let .7 and .7}, denote the sets

Sr=A{l,,ln}, FLr=A{r1,,rm}. (2.2.36)
‘We define further
tsﬂlﬂr ylmyra %Ur yluy
as well as
Ti= I\ o= SN\ (2237)
Corollary 2.2.1. Let
Gor =1{t1,,tu}, with 1 <1 < <t, <N. (2.2.38)

Then

8,06
h n,009m,0 ,l o
Ol . Or — Z Z (2cosh |:2T:| > ,xl(al ) . { Z eZTgl’tu H <wi’ki’k1;a’k’vpfkpfk1 ;ﬁ’k)

iq, 0B, {Patoss €S 10y

t
(Byr)
X H <Wirkitkl§atk7eptk1 ®eptk) ’ H (u’vpzkpzkl;ﬁtk) } ’ <ypt,ar > : (2.2.39)

tke}”; lkey;:

Above, we use periodic boundary conditions on the indices of t,, viz. ty = t,, we agree upon

u=e e +erRe; (2.2.40)
and have set
pt = (pluv 7ptu7pl1 9 >Pt1 ) aptuq ’ 7Ptu,1 7pl‘u ’ 7Ptu ) . (2241)
—— —— ——— N——

t—1 h—t ty—ty—1 N—t,+1

Proof. Using (2.2.25) one obviously has

t
010, =YY ) Yo" ( ,‘:l 7x§:ﬁ”')> - (ﬁfg;”) : (2.2.42)

l}\, alpqrﬁr

The scalar product <y§‘;l”)’ x;ﬁrv’)
sJ1

N———

in the above is computed as

(ap,) (Byr)) _ e -
(y,-jl *p eZT e H {51% PsPs— } H Wikir—1:0000 Vprpi 13

k€L 1nr
71 " (2.2.43)

X H <Wikikl;ak7epk1 ®epk> ’ <ejs ®ejnvpxps1;ﬁx>'

ke

The product over Kronecker symbols allows one to compute most of the sums over the p,’s and j,’s occurring in
(2.2.42).

e Consider the case when ., # @.
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To start with, consider the product

-1 u t,—1

N
{S.ispsflapxpsfl} = [11 5ps5pm H H g sPs—1 H 5pxps71- (2.2.44)

v=2s=t,_1+1 s=t,+1

-

¢

<

Ur
Thus, the string of Kronecker deltas will set
ps=pi,, for selttp1—1] v=1,,u—1 and ps=p, for se[l;n—1]U[t;N]. (2.2.45)

We note that the disjoint interval for the p; variables comes from the boundary conditions py = px on the indices
of the p. The summation over p reduces to one other py,,, p;, .

Recall that the indices [, , [, are absent in 7, so that the product

N
H {(SJ-spx—l } (2246)
1

S=
Siylw

only leaves the variables j, with, a € .7 as free”. The last scalar product in (2.2.43) is written in terms of these
variables. Hence, by linearity one can pull the summation over each such variable into the corresponding scalar
product. This yields the vectors u appearing in the last line of (2.2.39).

e Now consider the case when .¥; , = @.

The summation over 7, can be explicitly performed, while the one over the p,s reduces to the summation over
pn- Then due the presence of the weight factor e in (2.2.43), one gets 2cosh[%]. O

The formula (2.2.39) allows one to compute the trace of the operator product with respect to the space by.
Indeed, one gets

try, [OI'O’]: Z{ Z eZ]iTsmu H <wi’kifkl;a’k’vpfkpfkl;ﬁfk>

al’Br {pl‘a}zzl weS 1nr (2 2 47)
X H . (Wi,ki,kl;atk,ep,k_] ®eptk> . H ‘ (u’vp’kp’kl;ﬁ’k> }
ey ey

Following the same strategy, one may generalise the above result to the calculation of any product of O; for any
choice of vectors I. Likewise one may provide an expression for the trace of such product.

Corollary 2.2.2. Let ny,ny € N* be given and consider a vector 1¥) = (l%s),,l,(lf)) with components

1< lgs) < < l,g‘f) < N. Further we denote

S gk = Bk s ket 1 }- (2.2.48)
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Then upon denoting to 1 = ty,,:k+1, it holds that

t 5:1 .05n 0
_ (@) [ (@l 1) h e
0,00,m = Z Z Z x; . yl’:@(M) - | 2cosh T

M k) ig
“k a (M
{{ 'ak a=1 }k:Z k'nk>0 1( )

8.0 0,
(H—l h ns,0 Ong 1,0
X e 2T s+ . [ 2cosh | —
T {7 (e 7]

X H < ¢ () () 5V (s+1) (s+1) Bm)) (2.2.49)
Tkis+1

- P, Py 30y Py, Py
kys+17 k—135+1 kis+1 kys+1 5 k—1;5+1°
tk;s+l eyl(s) 01(3+1) 5+ s+ - s+ 35+

X W (s () (+1) Qe (s+1)
< (5-)H < p'k;.s+lp’k—l:,s+l ’a’k;Hl € p’k 1;s p’k s
tk;se/[ \y,(s)m(.wl)

X I I u,v ; .
< »Tp (s+])p s+1 a;ktril > }
les+1€ 51) \ 7y (s) mps-11) st kit

Here one parametrises
a® = (M, o), (2.2.50)
and agrees upon
Pl =i, 2.251)

and denotes
( M) (M) (M) (M) (M) (M) M) (M) )

ptuM.M7ptuM,M 9 ptltM b ptl.M 9 ’ptqul.M bl ptqul.M bl ptuM,M7 tuMﬁM

P = (2.2.52)

tim—1 m—hum Tupg M~ lupg—1.M N—tyy, m+1

The representation (2.2.49) allows one to readily take the trace with respect to the space by so that one has

h 5}15 0 6"3'+ 1.0
try, [Ol“ Oz(M>] - Z Z H {ezr P a (2cosh [27‘})

M (k) s=1
{{ tuk a= l}kzlknk>0

X ) (9 () SV _(s+1) (r+l (s+1) >
fest+le < Pty Py 13+1’a’k3+1 Prgsir P i ﬁ’ka+1
. 16+ (2.2.53)
X H Wo 0 g0 € ) Qe
. prk;erlptk—l;er] *s+1 p’k 1is ptk 5

Ti;s Eyr)\y,(.s) A1(s+1)

X u,v ;- .
II < PUP (s41) Pyt Off,iril) }
Ik, v+l€/ (s+1) \y Tes+1 Tk=Tis+ ’

A1(s+1)

Equation (2.2.53) is a key tool in the estimates arising in the subsection to come.

2.2.4 Spectral radius of 5t

In this subsection, we use the previous results to obtain an estimate, uniform in NV, on the spectral radius of th.

Proposition 2.2.1. There exists an N-independent constant C > 0 such that the spectral radius of the operator
Otq appearing in the decomposition of the quantum transfer matrix (2.2.10) is bounded as

rs(6tg) <C-|B|. (2.2.54)
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Furthermore, there exist constants C,C' > 0 such that for any n € N,
|try, [@n0- (8t)"]| < C'-(C-1B])" (2.2.55)

where @y.o was introduced in (2.2.11).

More generally, there exist constants C,C' > 0 such that, for any l,,,1, € N,

ltry, [@n0- (8tg)" - @0+~ @no- (8t5)"] | < (C)"-TT (C-1B])". (2.2.56)

a=1

Proof. Tt follows from the definition of 8t given in (2.2.11) that

N
(5tq)M= Y Z O, -+ Oym). (2.2.57)
{n 3, 1M,
=1 g6 e gl

where f,\(,"") is defined as in (2.2.9). The expression for the product of operators O, -+ O,a) given in (2.2.49)
leads to the bound

10,0+~ Oy Il < Z Y Z |-l < Yo.d 0 ) I (2.2.58)

M (k) i
a Ay (M
{{ 'uk a= 1} k=2 k;ni >0 140

M-1 (s+1
> {ezr Prygis+1 . H H W e H . H {2 || V (s+1)  (s+1) B, (s+1) ”}}
1

Py, Py, t Pt
s=1 tk;se,Sﬁl(l) Tos+ 15 e—1is4+17 Thys+1 1 S+1€y(v+l) kH—I k—1;5+1 " les+1

Here we took into account that n; > 0 for any k and || # ||= 2. Thus, upon recalling the estimates (2.2.24) on

. a.l a,l .
W;j.o and v;;.o and the expression for the vectors xl( b and y;a’ ) , one obtains
Arm

(@)1 N h 2N Cw|B| "
ZH |§27 cosh<2T> and Z Iy Yoam ||_ TR G : (2.2.59)

Therefore

Y n, —npy—ny h CW|ﬁ| M u Cw|ﬁ|
10,00l < [T} 2 h(ZT)< /| ) {2v <2T) < | ) }

Since uy < ny + ny 1, this eventually leads to

M M N
10,1 O Il < 22V - [cosh(hﬂ H{ CW|B} . (2.2.60)

s=1

Inserting the latter bound into the series and using the bound

1 N Nn
1<~ Y l=— (2.2.61)
1<li<<Il,<N e =1 n

leads to the estimate

(St <22V [cosh 7 ] {né ﬁ{ w‘m} < 2N, {cosh (;;) (e‘mé— 1)}M,
n=1'
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for some N-independent constant C > 0. Hence, one gets

1 h &
rs(8ty) = limsup { || (8t)||# } < cosh (w) (C_1). (22.62)
M—o0
This readily entails the bound (2.2.54).

The second bound (2.2.55) is obtained by using (2.2.53) and specialising the dimension n; associated with
the vector 1" to zero. The strategy yields (2.2.56) as well. O

2.2.5 Rigorous estimates on the dominant and sub-leading Eigenvalues of the quantum transfer
matrix

Since the quantum transfer matrix t,(0) has real-valued entries, its characteristic polynomial has real coefficients
what entails that the Eigenvalues of the quantum transfer matrix are either real or appear in complex conjugate
pairs. The estimates (2.2.55) obtained in the previous section and the expansion (2.2.10) are enough to obtain
a precise estimate on the maximal Eigenvalue and on the sub-dominant ones. These results play an important
role, in a later chapter, in the identification of the dominant Eigenvalue among those obtained through the Bethe
Ansatz approach to the spectrum of t4(0).

Proposition 2.2.2. The largest modulus Eigenvalue /A\max of the quantum tranfer matrix t4(0) is non-degenerate,
real and satisfies the estimate

Amax =2+ O(T 1), (2.2.63)

with a uniformly in N remainder. All the other Eigenvalues Ka,a =1,,2°N — 1, repeated according to their
multiplicities, satisfy
Aa=0(T (2.2.64)

uniformly in N.

Proof. Proposition 2.2.1 ensures that the operator §tq appearing in t4(0) = @y.0 + 8t4 has its spectral radius
such that
rs(Stq) = O(T™ ), (2.2.65)

uniformly in N. Then, A — 8tq is invertible for any A ¢ o(8tq), the spectrum of §tq. Thus, for A ¢ o(8t,), it
holds that

det [A —tq] =det[A — 8tq] -det [id— (A — 8tq) " - @y;0] = det[A —5tq] - {1 — (w,[A —5t) ' ]v)} (2.2.66)

where the explicit expression for @y.o from Lemma 2.2.1 was used. At this point, we note that the estimates
(2.2.56) from Proposition 2.2.1 can be recast as

|(w, (8t)"v)| < ((Tj) (2.2.67)

for some N-independent constant C > 0. The bound (2.2.67) ensures that the series

< (‘Stq> > (2.2.68)
n>0

)
converges uniformly on the set {A € C: |A| > C(1+¢€)T '}, this for any & > 0 and fixed. Furthermore, since

the series s
t
T Z < q) (2.2.69)
n>0
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converges in the operator norm to [A — 8ty ™! on the set
{AeCA] > I8t} (2.2.70)

one has that .7 (1) = (w,[A — 8t4]'v) on this set. Thus, since A — [A — 8t] ™! is analytic on C\o(8t,), by
uniqueness of the analytic continuation, it holds that

S (L) = (w,[A—5ty]'v), forany [A|>C-(1+¢)-T " (2.2.71)

The bound (2.2.67) also entails that

=2cosh(Z)
1 1
with a differentiable remainder.
Define the disk c
@zc:{/le(C:M—2<}. (2.2.73)
ST T

and 097, ¢ its canonically oriented boundary. Let .#)(A) =2/A. Then, using (2.2.72), it is easy to see that for
some C > 0 large enough

[ (A) = AoA)| < |1 = H(A)], for A€ DT, c. (2.2.74)

Since 1 —.#y(A) admits a unique zero in &, c at A =2 and since 1 —.#)(A) does not vanish on 0%, ¢, it follows

by Rouch’s theorem (see Theorem B.3.1) that 1 —.%(A) admits a unique zero in @2‘% . An analogous reasoning

based on the bound (2.2.67) and applied to the domain (C\{@2 ¢ U, ¢ } with C" > 0 large enough implies that
’ »T

1 —.#(2) has no zeroes in this domain. Thus, since the zeroes of A > det[A — &ty belong to the spectrum
0(8ty) of the operator 5ty and since 6(3ty) C Z, ¢ for some C”, it follows that the characteristic polynomial
T

det [A —t4] has:
(1) a simple zero in the disk .@2’%;

(i1) all its other zeroes contained in the disk @0 &3
T

with constants C, c being N-independent. This entails the claim. O

2.3 Exchangeability of the thermodynamic and Trotter limits

In this section we prove the exchangeability of the thermodynamic and Trotter limits. An ingredient of the proof
is a lemma given in [155] reproduced here.

Lemma 2.3.1. [/55] Let ay 1, be a sequence in C such that
e forany L € N, limy_,eay = Qr;
o lim; ..oy =0
o lim; . ay 1 = zy, with a convergence holding uniformly in N.

Then, limy_, 2y exists and equals «.
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Proof. Letd(x,y) = |x —y|. From the second point one has there exists Ly > 1 such that
&€
dlog,a) < 3 for L> Ly. (2.3.1)
From the condition of uniform convergence it follows that there exists L; > 1 such that

&
d(aML,ZN) < 5 for L>1L1;. (2.3.2)

Then from the first point, take L > max(Lg, L;). Then there exits Ny > 1 such that one has

€
d(aN’L,(XL) < g, for N > Ny. (2.3.3)
Therefore
d(ZN, OC) = d(Zn,aN’L) +d(aN,L, OtL) —l—d((XL, (X) < €. 2.3.4)
This entails the claim. O

The proof of the exchangeability of the limits relies on the existence of the thermodynamic limit for the
per-site free energy which has been established in Theorem 2.1.1.

Theorem 2.3.1. There exists Ty > 0 such that, for any T > Ty it holds,
N L I L
ngrolol\lllggozlntrhq [ty (0)] = AI?LEQLIEI}OZII‘“% [tq (0)]. (2.3.5)

Proof. The aim is to apply Lemma 2.3.1 to the sequence

1
INL = le’ltrhq [té‘] . (2.3.6)

The equality

. 1 1
Jim 7y = ZIntry, Caad (2.3.7)

follows from the handlings of the algebraic Bethe Ansatz carried out in Subsection 2.1.3. Furthermore, Theorem
2.1.1 established the existence of the limit

.1 1
frxz = =T lim ZIntryyy, [em o], (2.3.8)

_ fxxz

Hence, it holds lim; .. limy_.. 7 In try, [t5(0)] = — £

So, it remains to show that lim;_,. 7 Intr ] [tﬁ(O)] exists and that convergence holds uniformly in N. Upon
following the notations and conclusions of Proposition 2.2.2, one has that for T large enough

try, [t5(0)] = Af + i AL, (2.3.9)

Since Amax =2+ ﬁ(T:l) and that A, = O(T~') forall a = 1,,2?N — 1 by virtue of Proposition 2.2.2, it is clear
that lim; .. INL = In Apax-

In order to establish the uniformness in N of this convergence, one should provide sharp bounds on the sum
over the sub-dominant Eigenvalues. Let I3 denote the projector onto the Eigenspaces of t4(0) associated with the
subdominant Eigenvalues. Then, it holds that

22V _1

try, [(Ptq(0)R)"] = Z,l AL (2.3.10)
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We know that A — (A —t4(0)) ! is an analytic function on C\o(8t,) thus, as per Proposition 2.2.2, it is licit to
write the following integral defining I3

dA 1

= — . 2.3.11
%, 27 A —1t4(0) ( )

By using that B is a projector, viz. 3*> = L3, and the cyclicity of the trace, one gets

try, [ (PBta (0)B)"] = try, [(Ptq(0))"]. (2.3.12)

We recall that tq(0) = @y, + 8tq with r5(8tq) = O(T ) as established in Proposition 2.2.1. This ensures that
the operator A — 8t is invertible for any A € d %1, hence leading to the representation

1 1 1
A—t,(0) id— (Aot oo A- Oty (23.13)

Furthermore,
A — 5tq]_l “ON = u-w{, with u=[A — 5tq]“ v, (2.3.14)

and by virtue of (2.2.71) and (2.2.72), one has (w,u) =2-12 "'+ &(T ') uniformly in A € dZp; and in N. Then,
one easily verifies that

1 . 1 »
Aot Towe T Tyt Ol v (23.15)
with .7 (1) defined as in (2.2.71). This leads to
[ dA . 1 o 1
B = %, 27'[1{1d+ 1_7%[)[/—5’%} -(DN;O} m (2.3.16)

It is established in the proof of Proposition 2.2.2 that 1 —.%(A) admits a unique zero in C\ % ; which corresponds

t0 Amax. Furthermore (A — 8tq)~! is analytic on C\ % ;. Hence, by taking the integral defining 93 in terms of
the residues of the poles outside of % 1, one obtains

[Kmax - 5tq]7l s ON:0 [Kmax — 6tq]71

P=id+ ) (2.3.17)
Finally, one has the decomposition
Pty(0) = Jo+ 67 with {g‘;;‘g‘;ﬁqo (2.3.18)
which entails the expansion
L
try, [(Bta O] =Y ¥ oy, [367 8735787 ap T 8T g, (2.3.19)
n=01e.g"

Here I = (1;,,1,) and jfL(n) is as introduced in (2.2.9). In order to provide estimates for the summand, it is
convenient to first recast Jo. By using . (Amax) = 1, one obtains that

(1+s7) (2.3.20)



with 5
< t
~—— Y n(w,[8t)"v) and Sty = <. (2.3.21)
Amax

Amax n>1

The estimates (2.2.55) and (2.2.63) entail that s = & (T_l) uniformly in N. Furthermore, one has the rewriting
h —1 -~
2cosh T “(14+s7)"" = Amax - (1 +wr) (2.3.22)

where wr = 0(T~") owing to (2.2.63). This yields

O (1w + @ - Sty 1+wTh + 8ty g -- Sty 1+wTh } o
id — 8t id—8t; 2cosh(55) id— 8t id— &8t, 2cosh (57)

(2.3.23)
This representation for Jy is already enough so as to provide estimates for the summands in (2.3.19). Since the
operator products appear under the trace, as in the proof of Propostion 2.2.2, one justifies that it is licit to expand

302—{WT+

all expressions of the form [id — 8t4] ~* for k € N into some power series in 8t; and to commute the trace with
the summation symbols. Upon expanding each factor, writing up the issuing sums, one concludes that bounding
the trace

try, [36 833587 ap T 8. a5 (2.3.24)

amounts to dropping the trace symbol and replacing each appearance of the operator @y.o in the product con-
tained under the trace by a constant C; > 0, each appearance of wy or s7 by C;/T > 0 with a constant C; > 0,

and each appearance of 5~tq or 0ty by C3/T with a constant C3 > 0. This leads to

trg, [36 833583 ap T 8. 55

(2.3.25)
< g sy g sy g sy gk
where )
C2 C C2 Cz C3
Z=C {2 +(1+C (1+2)a+en(1+32) 2.3.26
0 1{T+(+1)T ci +3 ) 0+C)(1+ 3 T_Ci ( )
and 1 Ciy—1
~ —-2)-C — = C
8% = {1—|Amax|_1-( 7). 1C2( 1) }-3. (2.3.27)
(1-%) r
This immediately leads to the estimate
C\*
try, [35 7" 83- 3783 g 83 gk | < (C)E <T> (2.3.28)
for some C,C’ > 0. Thus one has that
r L, (C\' fccle\t
|trbq [ Ptq(0 ” < Z = (C/)L b | <T> = < 7 ) ) (2.3.29)
n>0
This bound allows one to obtain the estimate
R 1 R . 22N71AL 1 C//
s =0 Anc| = 7101+ (Ra) - E R < - <T> (2.330)

for some N-independent constant C” > 0, hence ensuring a uniform in N convergence of Ty, to InApax when
L — oo. One is then able to conclude by virtue of Suzuki’s lemma. O
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Corollary 2.3.1. The per-site free energy of the XXZ chain is then expressed as

fxxz = —T lim InApa (2.3.31)
N—o0

Proof. This is a direct consequence of Theorem 2.3.1, Proposition 2.2.2 and the discussions given in (2.1.57)-
(2.1.60).
O
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Chapter 3

Non-linear integral equation approach to the
thermodynamics of the XXZ chain

The quantum transfer matrix formalism allows one to effectively describe pertinent observables, namely the free
energy or correlation lengths at finite temperatures. As initially shown in [31, 32, 91, 92, 94] this approach
exhibits a crucial feature in that it enables one to access the spectrum of the quantum transfer matrix by solv-
ing a single non-linear integral equation. Therefore, in order to rigorously describe the thermodynamics of the
quantum integrable models one needs to characterise this non-linear integral equation rigorously and establish its
solvability. Its solution then appears in the integrand of the integral representations of the aforementioned physi-
cal quantities. We will rigorously establish that there exists a unique solution to the non-linear integral equation
and that one can take the Trotter limit to infinity at the level of the non-linear integral equation at temperatures
high enough.

Section 3.1 unfolds with a review of the algebraic Bethe Ansatz approach to the diagonalisation of the quan-
tum transfer matrix leading to the introduction of the auxiliary function and of the non-linear integral equation it
satisfies [31, 32, 91, 92, 94]. We then discuss the properties of this auxiliary function in order to write down the
non-linear integral equation pertaining to our problem. This formalism enables one to then take the Trotter limit
formally as indicated in [31, 32, 91, 92, 94]. Having introduced enough material, we establish the existence and
uniqueness of the solution to the non-linear integral equation in Section 3.2 in the high temperature regime. In
the wake of doing so we introduce a few auxiliary results necessary to this analysis at high temperature. Finally,
we prove that one can indeed take the Trotter limit on the level of the non-linear integral equation.

3.1 Derivation of the non-linear integral equation

3.1.1 The algebraic Bethe Ansatz approach to the quantum transfer matrix

One constructs the Eigenstates of the quantum transfer matrix through the Bethe Ansatz approach following
[59, 91, 92, 158]. The quantum monodromy matrix (2.1.54) can be expressed as 2 x 2 matrix

(A B
n = () DZ@))M (1D

whose entries are operators acting on the space by = ®,%Z1 Ba, With by, ~ C?. The quantum monodromy matrix
also corresponds to a representation of the Yang-Baxter algebra (2.1.26). The reference pseudo-vacuum for the
quantum transfer matrix |0)4 on by takes the form

\0>q:e1®e2®---®e1®e2 (3.1.2)
2N
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where {e;,e;} is the canonical basis of C? as introduced in (2.1.35). Direct calculations show that

Bq(1)|0)g = ag(A)[0); and  Dg(A)|0)q = dq(A)[0)q (3.1.3)
where
_(_sinhAtg) A\ _( sinh(A—B) \¥
()= (sinh(/l—l—f,—i—ié)) ¢ d)= <sinh(x—ﬁ_i;)> ' G149

The parameter 3 is as defined in (2.1.52). Analogously to the usual transfer matrix case, the operator C4(A)
annihilates |0),
Cq(A)]|0)g =0 VA. (3.1.5)

When constructing the Eigenstates of the quantum transfer matrix, we generally suppose that all the roots
{A1,, Ay} are mutually distinct. This condition may be relaxed allowing for the case where some of the roots are
equal. In order to deal with this, we introduce an appropriate notation. Consider n complex numbers z1,,z, € C,
distinct or not. If some roots coincide, the total number of roots equal to a given complex number z is called their
multiplicity and is denoted by k,. One then defines the set

{zatio1 = {(Aka) 1 A € {z1,, 2} ) (3.1.6)

in which {z,,z,} stands for the usual set build up from the numbers z;,,z,. The Eigenstates of the quantum
transfer matrix are then constructed by a multiple action of B operators

P ({22 1)) = B(An)B(A1)|0)q, M =0,2N. (3.1.7)
[¥({A}™ ))q is an Eigenvector of the quantum transfer matrix provided the roots A;,, Ay are

(i) admissible, namely they should satisfy

- Ay # Ap £i€ mod inZ for any a # b,
- ¢ {j:%,j:%j:ig} for any a;

(ii) for any a = 1,, M solve the set of the Bethe Ansatz equations

9P Mol — E+ A | [ sinh(& — B/N) sinh(G{ +& + /W) "
=1 951’H{Sinh(ié+§—lk)}{sinh(iiJrﬁ/N)Sinh(iC—§+ﬁ/N)}yg—aa G.18)

= —0p0, onnk/lrl

€

~Ni=

k=1

where k; is the multiplicity of A,. One adds the subsidiary condition! that the derivative does not vanish for
p = k;,. Finally s = N — M is called the spin.

Note that if the A;,, Ay are such that A, # A, if a # b, viz. mutually distinct and admissible, the system of
Bethe Ansatz equations (3.1.8) reduces to the usually encountered form

B o 24 (sinh(i{ — A, +A) ) [ sinh(A, — B/N) sinh(i{ + A, + B/N)
(=011 { sinh(i€ + A, — A¢) } { sinh(A, + B/N) sinh(i{ — A, + B /N)

Nls

€

N
} =—1,a=1,M. (3.19)
k=1

For a set {4 }2L, satisfying (i) - (ii) the vector ¥({A}}_,) is an Eigenvector of t4(&)

ta(E)P{AH1))e = ACHAGL DM {AHL) g (3.1.10)

I'This may seem to be an unnatural condition but it does indeed play a certain role in the handlings to come.
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associated with the Eigenvalue A(|{4}1))

M (sinh(€é — i sin BYginh(€E — B —ie)1V
A(%I{lk}il_l):(—l)N-ezr-H{ (& ’Lk+C>}.[ h(§ + ) sinh(5 — c>]

P sinh(& — ;) sinh?(—i{)
s P& {sinh(€ — A —if)) [sinh(& — Bysinh(€ + & +i0)7V
SR kljl{ sinh(& — ) } [ sl\i]nhz(—iC) . } '
3.1.11)

The Bethe Ansatz equations (3.1.8) cannot be solved explicitly except at the free fermion point when { = /2,
viz. A= 0. In the latter case, the model reduces to the XX chain and the Bethe equations decouple, viz. reduce to
equations in one variable. As follows from the results of the previous chapter, one is interested in accessing the
Eigenvalues (in particular the dominant one) of the quantum transfer matrix in the Trotter limit. Working directly
at the level of (3.1.9) and (3.1.11) would then demand to study the large-N behaviour of the Bethe roots when
N — o0 in (3.1.9).

In case of the ordinary transfer matrix it has been established that, in the thermodynamic limit, the Bethe
roots for the ground state form a dense distribution on a subset of R [105] and that all observables, such as the
low-lying Eigenvalues, can be characterised in this limit in terms of integrals involving solutions to linear integral
equations. However, this properly fails in the case of the quantum transfer matrix due to zeroes and poles, present
on the left hand side of (3.1.9), which collapse to the same point in the Trotter limit. It turns out that such a setting
does not allow for any reasonable study of the large-N behaviour of the Bethe roots directly at the level of some
direct handlings of the Bethe Ansatz equations. However as pioneered in [31, 32, 91, 92], one may replace this
problem by a tractable one based on the use of an auxiliary function. Indeed, given a solution {la}y: | t0 (3.1.8),
define a function a by

~ ok M (sinh(i — &+ X)) [ sinh(€ — B/N) sinh(i§ +& +B/N) Y
AEHAE) = (=) H{sinh(iCJré—xk)}{sinh(é;Jrﬁ/N) sinh(i§—<§+[3/N)} - G

k=1
a(&|{A}L,) is an iz-periodic, meromorphic function on C that, furthermore, is bounded when R(&) — . The
hat symbol on the function a is present to indicate the dependence on the Trotter number. This notation will be
used for any N-dependent quantity encountered throughout the rest of the chapter.

The main point is that, by construction, the Bethe roots correspond to zeroes of 1+ a. More precisely, for
pairwise distinct roots {4, }*_, it holds
1+a(A{A ) =0,  a=1,,M. (3.1.13)
One may read from (3.1.12), the full set of poles, mod i7, of a(&|[{ A} ). Namely, it has
- an N'"-order pole at § = —3/N;
- an N"-order pole at & = /N —i(;
- M simple poles in the case of pairwise distinct A; at A4, —i{.

Being bounded in R(&) — oo, it follows that 1 +a(&|{A}}L,) has 2N + M zeroes counted with multiplicities in
any generic strip of width i7. Thus, if one would be able to find a different way to characterise @, then identifying
the appropriate zeroes of 1+ @ would enable one to access the Bethe roots. Note that, in such a case, solving the
Bethe Ansatz equations would amount to solving equations in one variable. Finally and more importantly, one
may hope that in such an alternative scheme, one may find a direct characterisation of the physical observables
of interest in terms of @ and that one may directly characterise the large-N behaviour of a. This is precisely the
strategy employed in [31, 32, 91, 92, 93].
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3.1.2 The non-linear problem at high temperature

We now discuss the construction of the non-linear integral equations which are expected to describe the auxil-
iary function associated with the Bethe roots describing the dominant Eigenvalue /A\maX of the quantum transfer
matrix or the sub-dominant Eigenvalues of the quantum transfer matrix having finite In IA\a when N — co. Before
introducing our non-linear problem it is necessary to introduce a certain number of notations.

Given a finite set 2 consider a map

n:(Q,x) = (Z,ny). (3.1.14)
The weighted cardinality |A| of the set
A={(x,n,):xe€Q} (3.1.15)
is defined by
Al =Y n,. (3.1.16)
xXEQ

Given a function f on the set Q and A defined in (3.1.15) we agree upon the shorthand notation

Y rA) =Y mf(x)  and  J]f)=]]{rx)}" (3.1.17)

A€A x€Q A€A xeQ

Further if we are given two sets
A={(x,ny):x€Qy} and  B={(x,my):x€Qp} (3.1.18)
one defines their algebraic sums @ and algebraic difference © as
A®B = {(x,nc+m) :x € QUQp}, ASB={(x,n,—my):x€QUQg} (3.1.19)

where one understands that n,, m, are extended as n, = 0 and respectively m, = 0 on Qp\Q4, respectively Q4\ Q5.
We also agree to denote, for two sets Q4,Qp

QOoQp=A0B, where A B={(x,1):x€Qp}. (3.1.20)

These notations allow one to express more compactly the sums and products that will be appearing in what
follows. For instance, given a function f on Q4 U Qp our convention lead to

[leeo, {/(A)}™
A)= ) naf(x) - , A)= e 3.1.21
le;@Bf( ) EZQ" f(x) yEZQBmyf(y) MH@Bﬂ )= Moo F OO} (3.1.21)
Given a point x € C,{x}®" denotes the set {(x,n)} implying that
Y, f(6)=nfx). (3.1.22)

te{x}on
Finally, we remind that {,, = min({, 7 — {) as defined in (2.1.46).

Proposition 3.1.1. Let {A,}™ | be an admissible solution to the Bethe Ansatz equations (3.1.8). Define the strip
Lo aS
Fu=4{2€C:|3(z)| < a}. (3.1.23)

Then, there exists a bounded domain 9 C 7, containing — B/N, such that the solution {A,}*_, allows one to

construct a solution (ﬁ, %, @\) to the following non-linear problem.
Find
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(i) a piecewise continuous function !\ on 0 9;

(i) a set X = {)?a}‘l withX, € \{ — N’N} fora=1,,|%|;
(iii) a set Y= {ya} 1 with y, € Yﬂ/z\@ and {yl,,y‘m} being an admissible set;

such that

(a) ell extends o a meromorphic, in-periodic function on C whose only poles in 9 build up exactly the set

—

—

the order of the pole at y being given by the multiplicity ky of (y,k,) € %;

(b) 1+ e does not vanish on 09,

(c) forany (x,ky) € X and (y, Py) € Y, with multiplicity k. and p,
ag{eﬁ@}é; = 8,0, r=0,k—1,
8£{e }é 00, r=0,,py—1

and the derivatives do not vanish for r = k, and r = p, respectively;

(d) e is subject to monodromy constraint

du  W(u —~ o~ ~
du MW @) T+ R
209 217[1—1—6 $U(u)

for some s € Z;

(e) U solves the non-linear integral equation

ﬁ(é)z—;mzv(é)—msﬂ Y 0. (E-y +f duk (& —u)- 201 +e (u)
ye¥y

where 0(&) is defined in (2.1.46) and K (&) is defined as

_0'(5) _ sen(m—28)

o T {Coth — i) — coth(& +iln)}

and where for v € d 9, one has

~ v T ~
fn[l+eu](v):/ dulf(uzqtln[preu(’()].
K

e—Wu

Yo = {(y—isgn(m—28) - Gm.ky) : (0 ky) € Y and y—isgn(m—28) {n € 2},

(3.1.24)

(3.1.25)

(3.1.26)

(3.1.27)

(3.1.28)

(3.1.29)

Here, K is some point on 09 and the integral is taken, in the positive direction along 09, from x to v. The
function In” appearing above corresponds to the principal branch of the logarithm extended to R~ with the con-

vention arg(z) € [—m; 7|

Also, we have set

ton(E) = Nln <sinh(€ — B/N)sinh(& +f3/N—iC)>'

sinh(€ + B/N)sinh(& — B /N —i§)
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The sets appearing in the non-linear integral equation (3.1.27) are defined as
Ve =Yo {x}CH) wih ¥ =@ e {%,—il}oX. (3.1.31)

where we employed the conventions introduced in (3.1.19) and (3.1.22). Finally, (3.1.27) also builds on the sum-
mation convention (3.1.21)-(3.1.22).

Reciprocally, any solution to the above non-linear problem will give rise to an admissible solution of the
Bethe Ansatz equations (3.1.8).

Proof. Let {la}g’: | be an admissible distribution of roots solving the Bethe Ansatz equations (3.1.8). One intro-
duces an auxiliary function a(&[{A}¥ ) as in (3.1.12). Obviously, by definition of the Bethe roots, it holds that

(aga) Aal{M ) = —8p0, for a=1,,M and p=1,,k; —1 (3.1.32)
where k;  is the multiplicity of the root A,, while
ky o~
(95 @) (Aal {Au}IL1) # 0. (3.1.33)
3
in
777777777777777777777777777777777777777777777777777777777 2
ig
2
(@]
X
X L7,
R
X 09
i
2
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, e
2
Figure 3.1: The contour dZ includes the Bethe roots, which are expected to lie on the curve I'; | with an accu-
mulation point at the origin and the pole at —3 /N. It also contains the hole roots represented by the circle o. The
crosses X represent the particles roots.
Since the total order of the poles of @ in a fundamental strip of width 7 is M + 2N and that
lim a(A[{A ) = 1 HALN-M) (3.1.34)
R(A) oo

the function 1+ @ admits 2N more zeroes, counted with multiplicities, in a strip of width 7. Therefore one can
choose a domain & (see Figure 3.1) in .%¢ /> such that
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e the N-fold pole at —% of @ is contained in Z;

e 1+0a+#0ond%, and also, has no poles on this boundary;
e 7 is bounded.

Aside to the Bethe roots, there exists zeroes of the 1 +d in & which are not Bethe roots. These roots, which we
will call hole roots, are denoted by X,. They are depicted by the circles in Figure 3.1. They build up the set X
defined as

X={(vk):xe 2 with x¢ {4, and 1+a{A3Y ) =0} = (&)Y, (3.1.35)

If one has a root which coincide with a zero of 1+ a with order higher than one, then the root should be repeated
according to its multiplicity.

The particle roots y, are those Bethe roots which lie on the outside of contour d Z. They are depicted by the
crosses in Figure 3.1. The root y, should be repeated according to the multiplicity of the corresponding Bethe
root. The particle roots build up the set

T =57 = {nky) € (A, 1y ¢ D modinZ). (3.1.36)

Since the Bethe roots are admissible it follows that that the set % must be admissible as well. The particle roots
are partitioned as %/ = {%g —il}o % where %g is defined exactly as in (3.1. 24) and corresponds to the singular

roots ensemble. This set characterises the poles of ain 2. Finally the set @r gathers all the remaining elements
of 7.

Following the strategy developed by Destri and de Vega in [31] one may express a logarithm flof 4. We
introduce

~

U= —ﬁ+mzv(§)—i7cs+i§: 6(E —X)+Nln sinh(§ + B/N +if)

T = sinh(if — & — B/N) (3.1.37)
with toy (&) defined in (3.1.30) and (&) defined as in (2.1.46). We see that (3.1.37) obviously satisfies
a(E[{A) =@, (3.1.38)
By defining the set Z built up from the Bethe roots {2, }}!
Z ={(Aarkz,) € AL, A € D) (3.1.39)

one can recast the sum over the Bethe roots by means of the residue formula. One has

o (ul {4} ))

6(&—u)- =i}, 0(6—A)—iN-0(E—B/N)+i} 6(5—%)—i ) 6(E—y+if).

27 27: I+alAdil) 5 = v
(3.1.40)
By using that
M
L OE-1)=Y0¢-A)- } 0(5-7). (3.1.41)
reZ k=1 yAe@
one then has the following representation
q h . .
ﬂ(é):—f-FmN(‘f)—lﬂs—lAZG( —X)+i Z 0(&E—y+if) +1Z 0(&—Y)
- <% = (3.1.42)
o Wy SO
09 27T L+a(ul{ A,
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For definiteness the function 6 above should be understood in the sense of + boundary values. Equation (3.1.42)
may then be simplified into

&' (u)

ﬁ(é)——?+mN(§)—ins+iZ9(§—§)+%mg;9(g_u).mmu)

ye¥

(3.1.43)

where the set Y is defined in (3.1.31).

()
14e-w

It remains to recast the integral term. Defining the ante-derivative of as in (3.1.29), one obtains by an

integration by parts that

du 0 (u)

0(¢ —u)- :

duK (& —u)- Ln(1+e%)(u) + —

et Jrg [0 —wZn(1+ehW)] L (G.144)

99 2T

where K (&) is defined in (3.1.28) and .#n is defined in (3.1.29). k= corresponds to the point k € d % approached
from the left/right direction along d % (see Figure 3.2). Then since u — 6(& — u) is smooth on 92, it follows
that

Gy S e RUON
66— Zn(1+eh)(w)],. =0(G-K) ¢ _du 20 (3.1.45)

— —27i(s+|Y])- 0(& — k)
with Y as in (3.1.31).
Finally, by construction, since for any (, p,) € 72 y is a Bethe root. The equation
8£{eu(é>}§:§: ~80, r=0,p,—1, (3.1.46)

with the derivative not vanishing at r = py, is just a rewriting of (3.1.8). The same equation with (X,k,) € X
and the derivative not equal to zero at r = k, is just a restatement of the fact that X is a root of 1 + e of finite
multiplicity k,, what is ensured by the meromorphicity of e on 2.

By virtue of the above discussion the monodromy integral takes the value

du o -
7{ —L‘,LA):Mqu%—y%gHm (3.1.47)
09 2T | 4 e—Hu)

where we set s = N — M.

We now establish the reverse statement, namely that a solution to the non-linear problem gives rise to an

admissible solution to the Bethe Ansatz equations (3.1.8). Thus, let £l be a solution to the non-linear problem

(3.1.27). The construction of the non-linear integral equation satisfied by $l ensures that @ = e can be meromor-

phically continued to an iz-periodic function on C by the formula

SEY = (—1). (e —iegy) | esen(mT-20) 15§ —ieGn) sinh(i¢ +y—¢)
a(g)=(-1) e:I—[i [1+ ] yg {sinh(iéﬂ—é _y)}

) (3.1.48)
Sinh(é—ﬁ/N)Sinh(é—i—ﬁ/N—iC) N.ex —ﬁ u —u)-Zn egl u
<(SHET BN E—p—ie]) P 7+, ke 2ol
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Figure 3.2: We represent the contour with a cut at x. The integration of the logarithm In is taken from x to u.
Here, 1, stands for the indicator function of the set A. The function @ admits an N order pole at —% and poles

at % with multiplicity given by p, for any (¥, p,) € . Since 1 +4 is meromorphic on an open neighbourhood
of d 2 this means that 1+ a has a finite number of zeroes on Z. We denote these zeroes, repeated according to
their multiplicities, as zj, 27 and further set

7= {371 (3.1.49)

By a residue calculation one can compute the difference between the number of zeroes | 2| and the total number
of poles |%g|+ N of @ on 2, counted with multiplicities, as

—~ du o (u
N F] - T = f )

du () 3.1.50
0 2 T+ a(u) (3.1.50)

The right hand side is the monodromy condition (3.1.26) what leads to the constraint on the number of zeroes on
2, counted with multiplicities, P
|Z | =|X|—|#|+N+s. (3.1.51)

We perform an integration by parts in the integral occuring in (3.1.27) leading to

k(E ) o+ wW = PoE 0 D i T)-0E 0 GL)

09 09 2T 1 +eWu

by the monodromy conditions. Then, taking the remaining integral by residues, it holds that

ﬁ:—h+mN(§)—ins+iZ9(§—y)—iN'9<€+f]>—i Y 0 —y+il)+i Y 6(E—2). (.153)

T - - -
yeY YEXy e¥
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We set M = N — s and we introduce the set {4, }M | = — Z &% ©X. This ensures that

SOPNIT SN sinh(i§ — & + A) | [ sinh(€ — B/N) sinh(i§ + & + B/N)
ae)=e7(=1) kr_ll{sinh(iCJré—/lk)}{sinh(€+ﬁ/N) sinh(ié—é+ﬁ/N)} |

We now proceed to discuss the admissibility of the roots {A,}!,. By construction, those roots solve the Bethe
equations (3.1.8).

(3.1.54)

Since the roots z, forming the set 2 (3.1.49) satisty to z, € ¥ C ., 5, the roots z, are admissible. By
the properties of the solutions to the non-linear integral equation, the roots in % are also admissible. Thus the
only possibility for {4,}* | to be a non-admissible set of solution is if there exists a root z, such that z, =

yp £ifmod inZ for some y € Y. We study the possibility of realising any of these two choices. If z, = y, —i{ in
a first instance, then by definition the y, —i{ is a singular root so that it corresponds to a pole of @ on 2. These
obviously cannot generate the zeroes of 1 +a. Hence one is left with the second possibility which is that for some

(Ap,ky,) € # one has
za = Ap+isgn(mw—28)En. (3.1.55)

However, it holds

~ . _ ok s| sinh(€) ko M sinh(A — Ay + €)
a4 +isgn(r—26)Cn+€) =e 7 (-1) [sinh(ZiC—i—e)] ,g {sinh(ZiC—l—?q,—lk—i—e)}

PNy (3.1.56)
[sinh(xb — B/N+il +¢€)sinh(2i{ + A, + B /N + s)r
sinh(A, + B/N +i{ + €) sinh(—A, + B/N — €)

If Ay +isgn(m —28) Gy is to be a zero of 1+ @, then the right hand side of (3.1.56) cannot vanish in the € — 0"
limit. Thus the sinh(¢&) prefactor has to be compensated by some £~! behaviour issuing from other terms in the
expression. By definition of 72 being admissible, the last line of (3.1.56) cannot blow up in the € — 0 limit.
Hence we are left with the only possiblity that 2i{ + A, — A vanishes for some A, # A;. Then, upon replacing
Ap from the latter argument in (3.1.55) we end up with z, = A —isgn(w — 2§) { which contradicts the previous
argument. This concludes the proof of Proposition 3.1.1. O

In the discussion above we can note that a given set of admissible Bethe roots {,}!, allows for a L very
large freedom of selecting the domain Z. Choosing different domains may lead to different solutions sets X and
% . Thus, it seems apparent that different non-linear problems given in Proposition 3.1.1 may lead to exactly the
same solutions of the Bethe Ansatz equations. Therefore, it is reasonable to fix the domain % once and for all
and look for solutions giving rise to different sets Xand ¥.

In Subsection 2.2.4 of Chapter 2 we have rigorously demonstrated in Proposition 2.2.2 that the quantum
transfer matrix admits a real, non- degenerate dominant Eigenvalue /A\maX It was argued in the literature [31, 32,
59, 91, 92, 101] that this largest Eigenvalue AmIX is described by a solution {A)"* }N , to the Bethe equations
containing N distinct admissible Bethe roots. Denote tyax (5) as the auxiliary function associated with the largest
Eigenvalue of the quantum transfer matrix. One may then use Gy to fix the domain & arising in the non-linear
problem. Normally the domain & is chosen to contain only the Bethe roots {4} _ and no other zero of
1+ amax (&) as well as the N-fold pole at —f/N. No other pole of 1+ apnax (&) is contained in 2. Then one
studies the non-linear problem associated with this domain 2 and involving the sets X and . 1ts solution
describes, if existing, the auxiliary function associated with Bethe roots characterising the Eigenvalues of the
quantum transfer matrix different from the dominant one.
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3.1.3 The formal infinite Trotter limit

The main advantage of the non-linear integral equation based approach is that it allows one to formally take the
Trotter limit directly [31, 32, 59, 91, 92, 93]. For this one assumes that

o Sl converges pointwise to { when N — oo on d%;

e all the properties of the non-linear problem are conserved under this limit in particular that

foranya, % — xg, with X ={x, %, Fu >y, with & = {y,}}”" (3.1.57)
One has that the infinite Trotter limit of oy is
: 2Jsin’({)
o —2p - [coth(&) — coth(& — = . 3.1.58
v(E) = B - [coth(§) —coth(& —i)] T sinh (&) sinh(€ —i0) ( )

Upon implementing the above assumptions on the level of (3.1.27), one can write down the following non-
linear integral equation satisfied by the limit function

1 . .
U(E) = —Feo(§) —ims+i ) 0(S —y>+7§jduf<<€ —u)- Zn[1+e" (u) (3.1.59)
yeYy 9
where )
2Jsin”({)
=h— . 3.1.60
e0(s) sinh(&) sinh(& —i0) (31.60)
Furthermore the set Yy in (3.1.59) is given by
Yo =Yoo {x}*CHY) with Y=o @ {%,-i(}ox (3.1.61)
where 7
X={x}d, and ¥ ={}2. (3.1.62)
The non-linear integral equation at infinite Trotter number is to be supplemented with the constraints
du  U(u)
- __ —|x|— — || — s, 1.
i = = 12— 1% = (3.163)
and
{aéeu(@}‘ézx :71’ for (x“’kxa)ex’ r:Okaa*Ia
’ (3.1.64)

{8£eu(é)}‘§:ya :_17 for (yaakya) 6@7 r:077p,Va_]

where k., and p, are respectively the multiplicity of hole roots x, and the particle roots y,.

3.2 Existence and uniqueness of the solutions of the non-linear integral equa-
tions for high temperatures

In the previous section we have constructed a non-linear problem whose solution remains to be characterised. We
now develop the framework for proving the existence and uniqueness of the solution to the non-linear integral
equation (3.1.27) describing 1.
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3.2.1 The zeroes of functions pertaining to the dominant contribution of the auxiliary function
at high temperature

We start by introducing the following definition which will be useful in singling out a specific class of particle
and hole set. We remind that 7, , is the disk of center zg and radius r while .# is the strip of width & around R.

Definition 3.2.1. Choose o, €,p > 0. The sets X and % are said to belong to the class ‘5(5’,) with cardinalities
ny and ny if

e X= {xa}fﬂl C Dy ¢ with |X| = ny and all X;s are pairwise distinct;
o W C y%\{.@o,g U Uv:i-@vigm,a} and |%'| = ny and the y,,s are pairwise distinct;
o the elements of % are subject to the constraint

sinh(i

(=1 H smh(é

e

+)

+1|>p. (3.2.1)
y)

We note that for € < a all the sets X and 2 in the class € , are such that there are no singular roots
% within the disc ¢, viz. y —i{ ¢ 2y ¢ modinZ, for any y € %. The following lemma sets the ground for
identifying the dominant term, when 7 — oo, in the non-linear integral equation (3.1.27).

Lemma 3.2.1. Fix integers ny,n, > 0 and the relative integer ny. Let o, p > 0 be given. Then, there exists € >0
with o./2 > € > 0 such that

e forany X, % in the class 65, , with cardinalities ny,ny,
e forany K € .@078,

the function 1 + f with

s sinh(if +y—24)
fA)=(-1 yljg Snh(iC + A —y)’ (3.2.2)
e{x{x) e}

has no zeroes inside of .@078 and, uniformly in .@O,g, is subject to the lower bound

P

[1+7()]= 3 (323)
Proof. The function 1+ f is recast in a way which enables us to infer bounds later on:
1+ ) == TT 2" 1] 41 — P (3.2.4)
() (=1) er!/ sinh(i§ —y)
with B B B
A)=i) [6(A—y)—06(-y)]-i Y 6(A-x). (3.2.5)
ye¥ xeXe{x}r«

Here, the function 5(7L —y) corresponds to a branch of the logarithm defining 6 picked in such a way that
A +— 6(A —y) can be extended to a holomorphic function on the domain %,,. We point out that this branch
may change for different choices of y € %. This choice is possible since the singular roots do not exists due to
% C By where

Bae =L\ Doe | V== Dsit, 0 } (3.2.6)

for € > 0 small enough.
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Observe that if 0 < € < a/2 and « is small enough, then for any A € Y ¢,
YEBae = A—ye€ Sz Ut Pz a e} (3.2.7)

By the mean value theorem and the im-periodicity of K, one has that

) < ALY sup B(s—y)|+2x|A] Y sup |K[(1—1)s+1(A—x)]|. (3.2.8)
ye# €% xe;{@{;(}mcle[o;l]

Inferring the bounds

u(A)| < €|#| sup sup [27mK(s—w)|+2¢(|X|+ |ng|) sup [27wK(s)]

56@015 We'—@a,e SE@O‘ZS 3 2 9
<ame(| |+ |X|+|nel) sup [2mK(w)]. (3.2.9)
WG%%,O
The above estimates ensure the existence of an €-independent constant C > 0 such that
11+ F(A)] = [pe @ Ju(1)[el )| > peC — eCesC > g (3.2.10)
where p > 0 is a constant and provided € is small enough. O

The above lemma allows one to introduce a certain function il., which will satisfy the leading form”, when
T — oo, of the non-linear integral equation (3.1.27).

Corollary 3.2.1. For given ny,n, € N there exists € > 0 such that for any X and % in the class ‘Ké’p with
cardinalities ny,ny and, for any K € 0% ¢, the function

Uo(&) = —ims+1 Y O(E—y) (3.2.11)
yeYi
where
YK — g/@ {%@ {K}®(S+‘W|+|6J/sg|_|x|)}’ (3212)

has no zeroes on @073, satisfies to the lower bound

e =2 on T (3.2.13)
and solves the non-linear integral equation for § € S 1
a(E) = —ims+i ¥ 8(E—y)+ 7{ duK(E —u).Zn[1 + e () (3.2.14)
yeYy 0 ¢
where the logarithm is defined as
‘o UL(s)
L., _ o0 — 8l (K)
Zn|l+e ](u)—/K dsH_em(s)—Hn[H—e ] (3.2.15)

and the integral runs along d Dy ¢ from K to u.

Finally, ., satisfies the zero monodromy condition

ds Llio(s) B
B 2 Tt =O (3216
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Proof. The lower bound is a consequence of Lemma 3.2.1 and entails that 1+ e has no zeroes on @078. This
entails the zero monodromy condition.

Finally, the well-definedness of the non-linear integral equation (3.2.14) follows from the fact that the loga-
rithm Zn([1 + eu“‘] can be analytically continued to a function on % ¢ since 1+ eY= has no zeroes on D¢ and is
holomorphic there. The map (&, u) — K (& — u) is holomorphic on .7 1, X Zoe so that

duK (& —u).Zn[1+e"](u) =0. (3.2.17)
90,.9
0
3.2.2 Operatorial form of the non-linear integral equation
For given sets X, %/, let {.,(&) be as in (3.2.11) and introduce
1
and for A € S, /> set
@y(A) =h—Trwy(A) (3.2.19)
and given € > 0, define
B K(A —u)
Ie) == du o) (3:2.20)
Given y € O(%, ») we denote by
t t
GI(1) = 7)Y ()2 ( Yﬁ”) (1P (B2 ( ) ) (3:2.21)

where the derivatives of . are taken with respect to its second variable. Finally, given y € O(%%, ») we define
the map Or y

1 u 1
Orn[r(A) = e (A) + duK (A —u) /K dv /O dt G[y—@y](v,1). (3.2.22)

0D ¢

Note that, in (3.2.22), the integration variable v runs along d 7 ¢ from K to u. For further reasonings, we introduce
the space

B, ={£ € 0(S,2) il & lm(o, < 7} With || g [|=)= esssup,eylg(u)]- (3.2.23)

Montel’s theorem ensures that, for any r > 0, B, is a complete metric space with respect to the distance

d(f,8) =l f =g =, - (3.2.24)

We proceed to establish that, at least for 7', N large enough, the operator Or » is well defined on a functional
space ‘B,, for a specific value of r, and admits a unique fixed point. The main point, though, is that one may put
in one-to-one correspondence the problem of solving the non-linear integral equation (3.1.27), for arbitrary sets
X and & in a € , class, with the one of finding the fixed points of Or .

In the following we set
¢ =2 || Zosie l=(, ) - (3.2.25)

Proposition 3.2.1. For given ny,ny, € N, there exists Ty > 0,Ny € N and € > 0 such that for any X and % in the
class %O"f’p with cardinalities ny,ny and for any x € 0% ¢
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(i) O is well-defined on B, with ¢ as given in (3.2.25);
(ii) Or stabilises B, viz. Or n[B.] C B,

(iii) the solutions i to the non-linear integral equation (3.1.27) associated with the sets X and % is related to
the fixed point & of the operator Oty as

T-U=T {.+&—my. (3.2.26)

Proof. We begin by establishing the third point. Upon making the change of unknown function

a4 = %(5(1)—@(1)) () (32.27)

where 4l was introduced in (3.2.11), one can recast the non-linear integral equation (3.1.27) in the operatorial

form
S—oy
EM) =T a%‘eduK(l—u)-{Zn[l—l—euﬁ' T ](u)—fn[l—}—eu“‘](u)}. (3.2.28)

Note that, just as for i, (3.2.28) defines (2 ) not only on 9% ¢ but for all A € %%, ». Then upon recalling the
Taylor integral expansion for a function f of class ¢! defined in a neighbourhood of 0.

v f(k)<0) K /1 _\n p(ntl)
f(x)—k;oxk A (1—1)" " (1x)dt, (3.2.29)
one may express the function .Z(v,x) as
1
ZL(1,x) = ZL(%,0) +x02.L (v,0) + > / dt (1 —1)07.2 (v, 1x), (3.2.30)
0

where .Z(v,0) = (14+e~%=("))~1_ This allows us to expand (3.2.28) in a way that permits to explicitly write down
the presumed linear order in 1/7":

¥ 1 u
.i”n[l —i—eu‘””'f] (u) = .i”n[l +eilw] (u) + T [1 +’;<—1L(u) - +?;(_’Z)M(K)}
1 u 1 l}’(V) / ) t}/(v) (3231)
+ﬁ/x a'v/o dt{}/(v))/(v)é?g.,f(v, v )—i—(l —t)yz(v)ﬂw(v)82$<v, T >}
where Y = & — @y. One plugs this back in (3.2.28) to obtain
¥(u) (%)
S(4)= _ﬁg duk(A _u)<1+e_u°°(“) - 1+e—u«»<'<>>
v auko - )/ud /ldt{ 7 )a$< ty(v)) (3.2.32)
T Jagy, ™" Wl Jo VT e Ty -
+ (1= 1) PO (2L <v, ! Y;V)) }
Since & () is holomorphic on d % ¢ and k € d % ¢, one has that
E(L) = —}é% duK (=) 2 fg(jz(u)
: u 1 v
—i—% i duK(A — u)/K dv/o dt {}/(v)}/'(v)&z.i” (v, t}’)(/ )> (3.2.33)
-nPouemae (v 10) ]
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with the first term on the right hand side above corresponding to the definition of .. initially introduced. Hence
at high enough temperatures, this entails that & is a fixed point of O7 y:

¢(A) =O0rn[E](4). (3.2.34)

Upon tracing the above steps backwards one concludes that any fixed point & of Oz y gives rise to a solution 1
of (3.1.27).

The first point of the proposition requires one to establish a few preparatory bounds. As shown in Lemma
3.2.1, uniformly in the parameters forming the sets X and ¢/, it holds that

10 2 & and [0 <c (3.2.35)
for any v € % ¢, provided that € > 0 is small enough. Then, there exists xo such that for any |x| < 2x one has
1—e| < % (3.2.36)
Thence for any |x| < 2xp and v € % ¢ one has the lower bound
1467 t0)| > Blett) (3.2.37)
leading to
L ()| < ‘f. (3.2.38)

Since the map x — .Z(v,x) is holomorphic on % »y, it follows that by virtue of Lemma B.3.1
1952 (v, ) =0, < Ce | L04) =00y < Ci (3.2.39)

for some constants Ck,ak uniformly in v € Y.

Let £ € B, and define
% =& —Oy. (3.2.40)

There exists Ny > 0 such that for all N > N the function @y is holomorphic in an annulus containing d % ¢ and
8@0728. Thus, for N > N, there exist constants C, such that

k
17 =000 < Ch | % ll=(02020) < Ch(e+ | @ 1= 2150) ) (3.2.41)
where yéo) = ¥ and }/ék) for k > 0 stands for the k™ derivative of Ye. Due to the bound (??), there exists Ty such

that 77! H Ye ”L“(B@o,g)é xo for all T > Ty.

Having established all the preparatory definitions and bounds we can now infer bounds on the operator Or x
(3.2.22). We have that

H OT,N[é] ”L""(,ng/z) < ” XN ”Lw(ygm/z)
1 u 1
+ I T?g%?gdul((*—u)/’( dv/o dtG[yé](v,z) HLN(yCm/Q)

where G[Y](v,t) is defined in (3.2.21) and * stands for the running variable in respect to which the norm is taken.
It follows that

(3.2.42)

I Or[E] l=(7, ) < Il At 2=, )
4m’e?
T

L (L G (3.2.43)
N K =7, ) Colet | @Y [l(0202) ) -{C1C1+ 02 U ||L°°(3.@o‘g)}'

+
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Then, since Xy, 9 = Xooie + O (ﬁ), one can take 7 and N large enough so as to get

1 Or[E] =5, ) < 21| Xowie [l1(7, ) - (3.2.44)
This entails the claim. OJ

After establishing the basic properties of the the operator Or y, we are in position to prove the existence of
its fixed point by showing that the operator Or  is strictly contractive at high temperature. Before establishing
those results, we define the operator O, which is:

1 u 1
Or[E)(A) = Zee () + j‘fg _ duk(A—u) / dv /0 di G[E — eo) (v,1). (3.2.45)
where
P (x)z—f du KA (3.2.46)
001 %0 1+efﬂm(u) . 2.

It is clear that O7 corresponds to the formal Trotter limit of the operator Or y.
Theorem 3.2.2. There exists Ny, Ty such that, for any N > Ny and T > Ty:

o the operator Or y admits a unique fixed point in *B.;

e the fixed point is continuous in N > Ny and converges, when N — oo, to the unique fixed point of Or in B..
The existence of a unique fixed point for O is part of the conclusions.

Proof. We start by showing that the operator Oy y is strictly contractive on B, for temperatures high enough,
namely that for any &, &, € B, it holds

I Orw[&i] = Orwl[&e] |-, ) < H &1 =& lle=(7, ) (3.2.47)

=T

for some constant C > 0. Considering the first term in the function G[¥:](v,¢) (3.2.21), we first remark that

e ()7 ()0 $< %T(V)> %) ( 1Y, (v )

T
1 1 1 ! 2
L AORAG )]azz< L ) { ( e )) —az,g(v, Yép) }
Then, one may decompose the first term using
% % = (& —&) (& — & —2my) (3.2.49)

T
as the difference of first order derivatives of the functions .Z. Further, one rewrites by a first order Taylor integral
formula

(3.2.48)

!
Z(v,x) =% v,0) +x/ L (v,tx)dt (3.2.50)
0

leading to

(3.2.51)

! x
— 1@ -0 [ ardke (B - B -0,
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We proceed similarly for the second term of (3.2.21), so that, eventually, one gets

GlYe J(v1) = Glre, | (v1)

- %c%{ (& =&)) (& + & —2my)(v) } o’ (V’ WélT(V))
+ %(‘51 —&)(v)a[%,] /01 w3} % <v7 t% B %x% V=% (v)]) (3.2.52)

+ (1= () { (&1 —=&)(W) (1 + & —20y)(v) 2L (“ %T(V) >

tx

G-I [ axdte (n T - )00 ) |

Upon replacing the above in the left hand side of (3.2.47) one can infer bounds by invoking (3.2.39) and (3.2.41).
Hence one does get (3.2.47) for some constant C > 0 and so the strict contractivity of Or y follows provided that
T is large enough. Thus, by the Banach fixed point theorem (see Theorem B.4.2), the operator Oy admits a
unique fixed point in B..

Furthermore, by dominated convergence and the previous bounds, one has that, for any & € B, the map

N — O n[&] is continuous with a uniform in N strict contractivity constant (see Corollary B.4.1). This ensures
that the solution is continuous in N as well. The claims relative to the operator O follow from this continuity. [
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Chapter 4

Integral representations of thermodynamical
quantities

This chapter completes the setting developed in the previous two chapters. More precisely, we provide a way
to establish rigorously the integral representation for the free energy of the XXZ chain (2.1.4) in Section 4.2.
This is achieved by a rigorous identification of the non-linear integral equation whose solution corresponds to
the auxiliary function built up from the solutions to the Bethe Ansatz equations parametrising the dominant
Eigenvalue. Of course, the rigorous construction relies on the ideas developed in previous works [31, 32, 91, 92].
Also, by building on the solutions of the non-linear integral equation with particle " and hole X root sets
belonging to the CKP‘S’ « class, we provide a rigorous characterisation of the sub-leading Eigenvalues of the quantum
transfer matrix in the high temperature regime in Section 4.3. In particular such an expression for the sub-
dominant Eigenvalue provides an integral representation of the correlation lengths. And finally, in Section 4.4,
we rigorously characterise the high temperature behaviour of the particle and hole roots and express the sub-
leading Eigenvalues and correlation lengths in terms of the former. Notably, in the large temperature limit the
particle roots are described in terms of solutions to the Bethe Ansatz equations for the XXZ spin-1 chain.

4.1 Identification of the dominant Eigenvalue

We now present a framework for constructing the integral representation of the dominant Eigenvalue.

Theorem 4.1.1. There exists Ty > 0,Ng > 0 and € > 0 such that, uniformly in N > Ny and T > Ty, the non-
degenerate dominant Eigenvalue Anax of the quantum transfer matrix admits the integral representation

~ [sinh(B/N+i0)\P ho du sin($).Zn[1+ %] ()
Amax—<smh<ig>> exp{zr T 25 sinhl— iahl } @1

given in terms of the unique solution to the non-linear integral equation on *B (3.2.23):

Unax (€) = —¥+mN(§)+ » duk (& —u)Zn[1 + e () (4.1.2)

where 1 is defined in (3.1.29) and subject to the zero monodromy condition

7{9 a W) (4.1.3)

-@Oﬁe 2ir 1 + efﬁmax (l)

The strategy of the proof is as follows. First, one considers the solution ﬁmax to the non-linear integral
equation (3.1.27) and shows that 1 4 e*m» admits exactly N distinct simple zeroes inside of Pp¢. These define
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a set of Bethe roots according to Theorem 3.2.2 and hence give rise to an Eigenvector of the quantum transfer
matrix and to the associated Eigenvalue. Following [31, 32, 91, 92], one then represents this Eigenvalue in terms
of 1+ e and computes its large temperature behaviour. This shows that this Eigenvalue differs from /A\maX
(4.1.1) by €(T ") and hence coincides with it, owing to Proposition 2.2.2, ¢.f- eq. (2.2.63).

Proof. Let glmax be the unique solution of (4.1.2). We first provide a precise description of the zeroes of 1+ et

Recall that (,,« is expressed as

Slnn () = 7 (E(2) — BW(1) @14

in which E is the unique fixed point of Ory, cf. Theorem 3.2.2. As follows from Proposition 3.2.1,
1€ ll=(0200) < €., uniformly in N. Since || @y =0 206) < £, uniformly in N, one has that

Unax(A) = O(T) (4.1.5)

uniformly on d % ¢. Further, we can write that

~ A—B/N Nos
exp{Unan (1)} = (MI%J certer®) (4.1.6)

where we have set

Uett(A) = Umax(A) +NT In (Zzﬂg fg%:g) +NTln (W) —h @.1.7)

upon defining sinch(A) = sinh(4)/A.

Owing to (4.1.5) we have that || ﬁeff | =02, < C uniformly in N and T large enough. This representation

shows explicitly that eltmax admits an N'-order pole at —f3 /N and no other singularities on % ¢. Hence, the zero
monodromy condition
dr W (A
}[ A () 4.1.8)
8@0,8 217.[ 1 _i_e_umax()v)

entails that 1 + e admits N zeroes counted with multiplicity, inside of Po.e. We now show that these zeroes
are simple.

Let z be any such zero. The explicit form for ﬁeff given in (4.1.7), leads, upon taking the N root, to

z N Z+N e with IIIN*N 2p—1)m+ ?ﬂeff(z) 4.1.9)
for some p € Zy, where Zy = [-N/2+ 1;N/2] if N is even, Zy = [—-(N —1)/2;(N —1)/2] if N is odd. One
then readily concludes that

B_ 2B-eW B 2B
_r : d L — 4.1.10
NN I—ew] M PPN TN I—ow] (4.1.10)
The root z has multiplicity higher or equal to 2 if and only if
(14e") (2) = — Ly (2) = 0. (4.1.11)

60



Equations (4.1.9) and (4.1.10) allow one to compute &I’ (z) explicitly:

2
uﬁlax( )= ZN*'Sinz (WN) + ué:ff( )

2
nzﬁa D2 G P (sinl/2)? 112
p— . i (2 N o
=———<¢1 : — .
gt (M) e
We choose ¢ > 0 small enough, then uniformly in N, T large enough and for any p € Zy it holds
- : _c.c sinfy/2]| oo

R(yn) € [-m(1+c);m(l+c)] and S(yw) € [ T T] /2 > C (4.1.13)

for some N and T independent constant C' > 0. This establishes that 1

max

(z) # 0. As a consequence, all the

zeroes of 1+ e on 9, are simple. We denote these N distinct zeroes by {Aq max)}g:1

By repeating the handlings of Chapter 3, it follows that

f(®) _ ¢ F (1) M { sinh(i¢ — & + ™) } { sinh(E — B/N) sinh(il + & + B/N) }N‘

o Sinh(i¢ + & — A J \sinh(Z + B/N) sinh(i¢ +& — B/N)

(4.1.14)

Thus {/l(max 1 is an adm1531ble pairwise distinct solution of the Bethe Ansatz equations (3.1.9). Hence,

the vector |‘P({7L max) N_)) introduced in (3.1.7) gives rise to an Eigenvector of the quantum transfer matrix.
The associated Elgenvalue (3.1.11) then can be shown to admit the integral representation (4.1.1) by following
[31, 32,91, 92]. Let’s consider (3.1.11)

max) & (sin lmax i in Bysinh(& — B i)V
AGI™ Y = (-1 e TT{ S;i(g Amaff)}'[s e ]

sinh(§ — 4" —i{) } | [sinhu: — §)sinh(& +§ +ic>]N

k=1

+(—1)N-e—zr-kHl{

sinh(& — 4™ sinh?(—i¢)
(4.1.15)
We express the above as
, ot N (sinh(& — )Lmax +i8)
A(é Hkk(md)()}ivzl) =\~ o H{ h 7L (max) }
=1 L sinh(c - ) , y (4.1.16)
" [Smh(é + N_) S;“h@ N _‘C)] 1 et (©)].
sinh”(—i{)
Let & be small enough and I be a loop around the Bethe roots {7L max) N_,, the N—fold pole —f/N and such
that inh .
i In ((SIR(E et iC) (4.1.17)
sinh(& — u)
is analytic in its interior. Note that & lies outside of I'. Then, it holds that
e (SI0E )Tt
r2im sinh(& —u 1 4 e tmax (1)
=4 e (4.1.18)

L) e ()
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umax
’

Furthermore, one may carry an integration by parts which, due to the zero monodromy condition of 1+e¢
yields

du <sinh(a§ - u+i§)> W ()

T 2in sinh(& — u) 1 + e Hmax (1)
= dfu.eo(u—é)fn[l—keﬁmﬂ(u) (4.1.19)
I 271
= B zd:l eo(u—§)Zn1 -I—eA““‘X] (u)+Znll —|—eﬁm“] (&)
where we remind that
eo(§) =h 2/sin’ ({) (4.1.20)

~ sinh(&)sinh(€ —il)
The last line in (4.1.19) results from taking the residue at u = & since the last contour integral on the right hand

side of (4.1.19) does contain the pole at & = u and Zn|[1+ eﬁm“] (u) is analytic in the domain delimited by I and
0% ¢. By putting all these formulae together one gets

. . 2N
K(échgmax) 2/:1) _ (Slnh(é _ﬁ/N_IC)>

sinh(—i{)
(4.1.21)
h du sin(§) 1 el (4
XexP{zT fi;%_eznsinh(u—g—ic)sinh(u_g)g [1+esm]( )}-

Setting & = 0 leads to the representation (4.1.1).

A simple residue calculation at # = 0 shows that, due to ﬁmax =0 (T_l) uniformly on on d % ¢, one has the
large-T" behaviour

du sin(§) i 1
— Zn|1 max =—In2+0(=|. 4.1.22
72%8 27 sinh(u—i¢) sinh(u) n[l+et] ) =—m2+0 7 (4.1.22)
Thence, (4.1.21) entails that the Eigenvalue admits the following large-T behaviour
~ 1
AQO[{A NNy =2 4 ﬁ(T) . (4.1.23)
Thus, by Proposition 2.2.2, since Amax = 2+ & (T~') and that all other Eigenvalues verify Ag=0 (T,
Afo[{alm) N_ ) must coincide with Apas. O

At this point we have that the largest Eigenvalue of the quantum transfer matrix t, has been fully characterised
in this rigorous framework. We now proceed to compute further quantities associated to the XXZ chain (2.1.1)
at finite temperature.

4.2 The free energy

In this section we establish an integral representation for the per-site free energy (2.1.4) of the XXZ chain. As
proven in the beginning of Chapter 2, the per-site free energy can be calculated from the Trotter limit of In Amax.
Since Anax has been identified in Theorem 4.1.1, this leads to the following result

Corollary 4.2.1. There exists Ty > 0,€ > 0 such that for any T > Ty, the per-site free energy of the XXZ chain
defined by (2.1.60) admits an integral representation

fXXZ . h 2J du sinh(iC)

T = T Ot Snh(u—iC) sinh(a)

Zn[1+e* ] (u) 4.2.1)
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in which .y corresponds to the unique solution to the non-linear integral equation on *8.

_eo(8) du sin(28) .
(8] = =57 7{;% 2 (& —u i) sinh(E —u gy 2P e lw @22

where e (&) is defined in (3.1.60) and the logarithm is defined as in (3.1.29).

The non-linear integral equation is endowed with the zero-monodromy condition

o )

_208 217[ 1 +e~ max(l) (423)

Finally, the per-site free energy admits the large temperature expansion:

1 1 [K?
f)(]i(z —In 2+ {COS( >}+T2{4 |:2

+3J2-(1 +5-cos2(§))] —;hj~cos(§)}+ﬁ(Tl3>. (4.2.4)

Proof. It has been established in Theorem 2.3.1 that -

_ fxxz

= 1im InApay. (4.2.5)

N—>oo0

Theorem 4.1.1 provides one with the integral representation (4.1.1) for /A\max. It follows from Theorem 3.2.2 that
$max, converges uniformly on d % ¢, to the unique solution Llp,y of (4.2.2). Thus, by dominated convergence,
(4.2.1) follows. The details of the calculations of the high temperature expansion of the per-site free energy are
given in Appendix D. 0

We stress that the expression (4.2.1) has already appeared in the literature [91, 92, 31, 32]. The high tem-
perautre expansion (4.2.4) was derived from (4.2.1) long ago. Here the results are only stated for completeness.
Also, the high temperature expansion was obtained through a different method, up to order &(7>), in [144]
for the XXZ chain in a non-vanishing magnetic field and up to order (T ') for the Heisenberg chain at zero
magnetic field [148].

4.3 The sub-leading Eigenvalues and the correlation lengths

This section is devoted to the rigorous characterisation of the high temperature behaviour, directly in the Trotter
limit, of the sub-dominant Eigenvalues of the quantum transfer matrix. We recall that Proposition 2.2.2 stipulates
that any sub-leading Eigenvalue Ay is estimated as |A | < C/T for some C that is N-independent. In this section,
we will refine these estimates, at least for a certain subset of Eigenvalues. While, in principle, one should start
by discussing the finite Trotter number case, we will only focus our discussion on the infinite Trotter number
limit of the Eigenvalues A,. The fact that limy_,.. A, exists may be extracted readily from the results to come,
by an application of the implicit function theorem, at least in the well-behaved cases. However, prior to going
into such details, we wish to discuss the physical pertinence of the sub-dominant Eigenvalues of the quantum
transfer matrix. For example, just as an identification of the largest Eigenvalue allows one to explicitly calculate
the per-site free energy, the sub-leading Eigenvalues allow one to compute the correlation lengths of the XXZ
chain [41, 59, 92, 95, 107, 106, 162].

To discuss this matter, let |¥y) stand for the dominant Eigenstate of the quantum transfer matrix, \‘Pa>11VL be

all the Eigenvalues in the spin s = 0 sector and |<I>a)11V T be all the other Eigenstates in the spin s = 1 sector. Denote
by A9, respectively A, the associated Eigenstates. Then as indicated in [36, 37], within the quantum transfer
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approach the longitudinal and transverse two points functions (6{o;,. ;) and (o, o, 1) can be recast in terms of
finite Trotter limit number approximants

(o0,

wit) = lim (ofoy, )y and (0} 0,,,) = lim (3} G, )v. (4.3.1)

The finite Trotter number approximants admit thermal form factor expansions of the form

NML
(6:6% v — (oD)w (o2, v = Y AZ(p — 1) [pd) ™! 43.2)
a=1
and
W, (s
Cpri 1IN Z a 1)*[pa"]™. (4.3.3)

Equations (4.3.2) and (4.3.3) represents the finite-temperature asymptotic expansion of longitudinal and trans-
verse correlation functions at finite Trotter number. A% and A, " corresponds to respective amplitudes of the
correlation functions (4.3.2) and (4.3.3) constructed as

oo _ (o[ [A(0) —D(0)] W) (Pu| [A(0) — D(0) ] '¥o)

A (0 o) (%, %, 34
and
aor  (BoIBO)IP0) (@u]C(0) ¥o). wis)
Amax (Fo| o) Aa(Pa|Pa)
The function @SS) is the ratio of the sub-leading Eigenvalues to the maximal Eigenvalue
P = Z\ J . (4.3.6)
Amax
It is useful to take the parametrisation
i) = Y 4.3.7)

in which ECES) plays the role of the correlation lengths. Thus correlation lengths control the speed of the expo-
nential decay of two and multi-point correlation functions seen as a function of the distances seperating the local
operators [36, 37].

The Eigenvalue ratio defining ﬁé” may be computed from the Bethe Ansatz approach. Indeed by repeating
the reasonings outlined in (4.1.15)-(4.1.22) one readily obtains that at least those Eigenvalues of the quantum
transfer matrix which can be computed from the Bethe Ansatz admit the following integral representation

ln/A\(O\{lk}ﬁil):—%—Ncos O+ Y In {Slnh —15} Yin {smh )g)}

- sinh sinh(
ey rex (4.3.8)

du sin(2§) _
+7{9%8 27 smh( —1i&) sinh(u) zi”n[l +eu] (u).

The latter involves the solutions (L[, X,%") to the non-linear problem in Section 3.1.2 of Chapter 3. Of course,
while the solvability of the non-linear integral equation

Ll((;‘):—;vLeo(C‘)—ms—H Z 0(&E—y +j§ duK(& —u)- Zn[ +e }( ) (4.3.9)
yeYy
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where
2Jsin*(¢)

eo(§) =h— sinh(&)sinh(& —i¢)

for sets X, % in a ‘Kof’p class follows from the setting of Section 2, one still needs to solve the subsidiary con-
ditions to give a meaning to the representation (4.2.1). The non-linear integral equation (4.3.9) is now subject
to the additional constraints (3.1.26) on the monodromy of the solution and on the parameters building up the
particle-hole sets.

(4.3.10)

One eventually takes the Trotter limit in (4.3.6) which amounts to taking the N — oo limit at the level of

(4.1.1) and (4.3.8) leading to
-1
&= [—ln <AA” ﬂ : (4.3.11)

The integral representation in the Trotter limit follows readily and is

Pa = exp{ Y In (h(y—é)) Y (M)

— sinhy sinhx
yew xeX at) " (4.3.12)
' du sin(2 l+e
— <
* fim 27t sinh(u — i€ ) sinh () n(l + et ) (”)}
where 1
po=¢ & and p,= lim p,. (4.3.13)
N—oo

and .Zn defined in (3.1.29). In this representation, one can readily compute the large temperature asymptotics
of the correlation lengths. Together with the representations of the amplitudes in the infinite Trotter limit (see
e.g. [36]) admitting large temperature behaviours as well, one can obtain the dominant contribution of the high
temperature expansion of the aforementioned two point functions.

4.4 Structure of the zero sets to the particle and hole roots at high temperature

In Chapter 3 we have shown that any choice of sets X,% in a Cfo‘f’p class gives rise to a solution to (4.3.9).
We now study the solvability of the auxiliary conditions for the subsets of solutions belonging to the class %g_’p
defined in (3.2.1) with fixed cardinalities n, and n, and parameters €, & and p small but finite. Further we discuss
the behaviours of the hole and particle roots building up the resulting sets X and % respectively. In this section
we rigorously characterise their behaviours up to the order &(T~!). This analysis allows us to write down the
leading large temperature behaviour of the correlation length in terms of the dominant contribution of the particle
and hole roots.

4.4.1 A preliminary high temperature analysis

In Proposition 3.2.1 we have established the properties satisfied by the operator Oz y which allowed us to form
Theorem 3.2.2 pertaining to the strict contractivity of this operator Or y at temperatures high enough, this for
o, p > 0 and ny,n, fixed. All of this ensures that there exist temperatures Ty > 0 and € > 0 such that the solution
to the non-linear integral equation (4.3.9) can be expressed as

U=ttt b (44.1)

with | . |
b= —eo+ foe(A) 4= b duK(A—u) / dv / di GIE — e](v,1) 4.42)

T 8@073 K 0
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where Yo.e(A) is defined in (3.2.46). In the above, & is the unique fixed point of O7 y (3.2.22) associated with
the roots X and #. The function b grasp the structure of the sub-leading corrections in % to 4l and is readily seen
to be bounded on d % .. We study the solvability of the constraints (3.1.26) assuming that X,% belong to the
class 6y, p With cardinalities ny,ny.

In what follows, we will show that the particle root of the set %/, approaches to the leading order in 7~!, an
element of the solution set of the Bethe Ansatz equation associated with the XXZ spin-1 chain

0= {8 = e} Ve llin ]
(—1)"*" lim ln‘[ { Sinh(i8 + yeoyp — ) } . (Sinh(iC +”)>ny = 1}.

u=yea j- o5 | SN 4 1 — Yoorp) sinh(i§ — u)

(4.4.3)

The above definition of the solutions sets allows, in principle, for some roots to be located at infinity. Indeed,
the limit of some roots going to infinity is well-defined within the prescription used for defining the full solution
set 0. In order to make the statement about this convergence precise, we introduce a distance between two sets

Y = {vakely and &' = {y )L as

d@.9') = mm{Z\ya Yo(a) } (4.4.4)

ceB,,
Then, the distance of a set % of cardinality n, to 0w is

d(6w,?) = min {d(%.,%)}. (4.4.5)

%o €Ooo

4.4.2 The particle and hole sets at high temperatures

Proposition 4.4.1. Let o, p > 0 and ny,n, € N be fixed. Let X and % belong to the class ‘fo‘fp with cardinalities

ny,ny. Let Ty > 0 and € > 0 be as in Theorem 4.1.1. Let \ be the unique solution to the non-linear integral
equation (3.1.27).

If the sets X = {x,}" | and % = {ya}z): | giving rise to the solution i\ are also such that it holds

du W(u
f[g e e H(_i(u) — s ||+ %] (4.4.6)

and the subsidiary conditions

Ll(xa) — —
e =—1, forany a=1,,n,,
" for any ! (4.4.7)
el = 1, forany a=1,,n,
are satisfied uniformly in T large enough, then necessarily,
o [X[=|Z]+s
o there exists integers k, € Z such that the hole roots admit the high temperature expansion
—2J si 1
X = sin(¢) +ﬁ<2> a=1,n; (4.4.8)
T[(2ka+1+5)T—Eye 6(—)] r

o d(0.,%) =0(1), for T — o and where the control on the remainder only depends on €,p, &, ny,ny.
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Remark 4.4.1. This entails that, in the high temperature limit, the sub-dominant Eigenvalues of the quantum
transfer matrix are parametrised in terms of solutions to a finite length spin-1 chain. The hole roots then converge
to 0 at a speed of O(T~"). This convergence may be faster if it happens that the integers k, goes to infinity with
T.

Proof. The expansion of the auxiliary function 4 from (4.4.1) guarantees that

a (A 1 b(A) 1
1 +eUA) [ 4eU(d) +T37t{1+e_umm +0 72 ) (4.4.9)

with the 7~2 remainder being uniform on 0% ¢.

Upon inserting this expansion into the monodromy condition (3.1.26), one has that

U (2) 1\
}g% 1+e—u«»<M+ﬁ<T> =[X|-17]-s, (4.4.10)

since the sets X, %/, belonging to the class ‘Ko‘f,p with € > 0 small enough, do not give rise to singular roots.
However, due to (3.2.13), the first integral vanishes. Since the right hand side is integer valued, and since the sole
dependence on X, % of the remainder &'(T~!) in the left hand side is bounded by |X| +|%/|, one concludes that
there exits 7;) large enough such that, for any 7 > T}, the sets X, %  belonging to the class . p produce solutions
to the joint problem (3.1.27) if and only if their cardinalities are subject to the constraint

|X| = [Z] +s. 4.4.11)

With the above settled, we can now precisely study the structure of the sets X and % satisfying to the
constraint (3.1.26).

The hole roots

We start by determining the elements building up the hole set X. The function b is meromorphic on % ¢ with a
simple pole at & = 0 such that
Res(b(&)d&, & =0) = —2iJsin(]). (4.4.12)

Hence there exists a holomorphic function, on the domain %, ¢ noted 6(), that is bounded uniformly in 7 large
enough and such that

2iJ .
b(E) = —% sin({) +60)(€). (4.4.13)
Any hole root x will then satisfy to the equation
b(x) )
U(x) = Yoo (x) + = (2ky+1)ir  for some k, € Z. (4.4.14)

Since we have established that 1 4+ e~ does not have zeroes on D¢, it holds that
d(Uee(Pe),im+2iwZ) > Cp  for some Cp > 0 (4.4.15)
and depending on p.
Hence any solution to (4.4.14) has to be such that

b
‘(Tx) > Cp. (4.4.16)
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The form of the behaviour around the origin (4.4.13) then entails that Tx has to be uniformly bounded. Thus, one
reparametrises

Uy
- 4.4.17
x= ( )
with u, bounded in T leading to the equation
. 2iJ 1
(2 + 1)im = 1a(0) = ~=sin(§) + O ( - ). (4.4.18)
Uy

Since (2ky+ 1)im — U..(0) does not vanish due to (4.4.15) it follows that

. —2iJsin({) 1
“ (2kx+1)in—um(0)+ﬁ<T> (4.4.19)

uy

with x = 7

The particle roots

The very definition of the class €7 , entails that particle roots y € % are such that y & il & P ¢. Then, one has

()
HA) — te®) " for A € SN\ Do JVi=:Prigya} (4.4.20)
and thus any root y € % satisfies
h(i ;o )
e .hm{ o (iE+y Lf) } SO _ (4.4.21)
u=y | ey Sinh (i€ +u—y')

We note that the limit procedure enables one to have a prescription for treating the roots at infinity and also for
regularising potential zeroes and poles which cancels eventually between the numerator and denominator in the
product. We have already established in (4.4.19) that

1
x= ﬁ(T) for any x € X. (4.4.22)

Thus, the properties of the class €7 p allow to recast (4.4.21) in the form

{1 i) () et e

Assume that % is a one parameter 7 family of particle sets solving the constraints (3.1.26) and such that d(¥/, 0..)
does not converge to zero as T — . Thus, one may extract a sequence of sets #;, associated with a sequence of
temperatures 7, — oo such that d(%,, 0..) > 7 for some ¥ > 0. By taking n — oo on the level of the associated
equation (4.4.23), one gets that the limiting set %, € 0. which contradicts d(%;,0.) > 7. This entails the
claim. O

4.4.3 Comments on the hole and particle roots high-7" behaviours

Observe that the previous analysis indicates that the elements of a particle set, gathered in a vector y = (y1,,y#/)
converge to a zero on

L\ Zoe | J V=it 0} (4.4.24)
of the map
e (4.4.25)
Ny ) o
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where

F») = (£13)::F1213); (4.4.26)

with

21 sinh(i8 + yq — yp) . [Sinh(ic—l—yb)] \?Ilﬂ‘

() =1+(=1) Lll sinh(i§ +y, —y4) [ sinh(ig —ys)

In order to refine the information on the rate of convergence of the set % to some element of G.., one needs to
have more information on the behaviour of f around the neighbourhood of its zeroes.

(4.4.27)

In particular, if
Yoo = (ym;lvayoo;\?ﬂ) (4.4.28)

constitutes a zero of f and if the differential ©,,_f of f at y_, is invertible, then if y = (y1 , ,y‘%) is the vector
built up from the elements of the particle set ¢/, and if it holds that

y=Yy.+o(l), (4.4.29)

where the remainder is to be understood coordinate-wise when 7" — c. Then the implicit function theorem entails
that, in fact, one has the estimate

1
Ya =Yea+ O <T) . (4.4.30)

This allows us to formulate the below corollary relatively to this special case:

Corollary 4.4.1. Under the above assumptions there exists Ty > 0 such that the infinite Trotter limit of a set of
sub-leading Eigenvalue A, the quantum transfer matrix has the high temperature expansion

A= (O ] { <2ka+1;i?—um<0) } Ul {W} | {”ﬁ(;)} (43

a=1

where

ny . .
9a(0) _ (s sinh(if — yg:c0)
e (—1) E—Smh (8 o) (4.4.32)

and k, € Z. Consequently, the exponents of the correlation lengths read

4oL o) ALy fsihe <)
R IR H{(Zkﬁl)in—umm)} H{ Sinh(yw) | (4.4.33)

a=1

Proof. Lety,, = (yoo; 1, ,y,,y) be a vector with pairwise distinct coordinates and such that y..., 7 0 and {ym;a}rf“' is
an admissible set. Assume that

f(y.)=0 (4.4.34)

and that ©y,_f is invertible. Then given kj, ,k,, integers, there exist sets X, % belonging to a ‘5571, class for some
€, a and p such that (4, X, %) solves the non-linear problem (4.3.9) for

ny . 1
Y = {ya};)zl with Ya :yoo;a"‘ﬁ(T)

a7sin(C) (4.4.35)

2kq+1 +s)ﬂ_2y€?3/ 9(_}))] .

. 1
X={x.}", with x4 =Xequ+ @’<T2>, Xoog = al
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The associated Eigenvalue A, (4.3.8) of the quantum transfer matrix in the infinite Trotter limit admits the large
temperature expansion

_h el $inh(Yoora + O(1/T) — < $inh(Xeoa /T + O(1/T?)) —iC)
lnAa——ﬁ—ycos +Zl{ $inh(Yeoy + O(1/T)) } Z‘ { sinh(Xeoq /T + O(1/T?)) }

- 7§%.€ ZTL;‘ sinh(us—lfi(é)gs)inh(u) "’%{(1 +e') [1 + 1iﬂ;{m ; + ﬁ(;)] }(u)-

A direct residue calculation at u = 0 allows to compute the leading high temperature behaviour of the integral
above and allows one to recast A, as in (4.4.31).

(4.4.36)

The O(T~!) expansion for the correlation lengths (4.4.33) follows immediately upon replacing (4.3.8) and
(4.1.23) into the expression (4.3.11). This entails the claim. ]
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Chapter 5

Conclusions

In this thesis, we have set the quantum transfer matrix approach to the study of quantum spin chains at finite
temperature into a rigorous framework. For temperatures high enough, the conjectures raised in the literature
have been rigorously established, namely the exchangeability of the infinite volume and infinite Trotter limit, the
existence of non-degenerate, real and maximal in modulus Eigenvalue of the quantum transfer matrix, the well-
definedness of the class of non-linear integral equations characterising the Eigenvalues of the quantum transfer
matrix together with the existence and uniqueness of their solutions, and, finally, the rigorous identification of
the non-linear integral representation characterising the dominant Eigenvalue of the quantum transfer matrix.
The proof we developed allowed us to rigorously frame the integral representation of the per-site free energy
of the spin-1/2 XXZ chain which was argued in [31] and in [92]. We do trust that these results developed in
this thesis lay a firm ground for the rigorous analysis of the correlation functions of the spin-1/2 XXZ chain at
finite but sufficiently large temperatures. In particular, in this respect, it would be very interesting to generalise
the exchangeability of the limits theorem to the case of the reduced density matrix of a finite sub-segment of the
chain. Also, the explicit results relative to the structure of the excited states should allow for a precise analysis
of the high temperature behaviour of the form factors series representation of the thermal dynamical correlation
functions of the chain. In part, building on the determinant representation for the amplitudes of the transverse
correlation functions obtained in [37, 36], one should be able to access their dominant behaviours. We should
also stress, that with minor modifications, the exchangeability of the limits theorem that we have established
in Chapter 2 should generalise to the case of the higher rank quantum integrable models in their fundamental
representations.
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Appendix A

Notations

Al

A.2

Symbols and set notations
idys refers to the M x M identity matrix.
The o and & refer to usual domination relations between functions.
For integers a < b, [a;b] = {a,a+1,,b}
Define Z,, , is the open disk centred on zg € C of radius r as

Doy ={2€C:lz—z20| <r}. (A.1.1)

0%, stands for its canonically oriented boundary.
Define for & > 0 the strip .7, is the strip of width & centred around R as

Fa=4{z€C:|3(z)| < a}. (A.1.2)

Oup refers to the Kronecker delta symbol with

éab:{l’“:b’ (A.13)
0,a #b.

o*, 0”7, 0% stands for the Pauli matrices:

« (01 (0 —i . (1 0
G—<1 0), Gy—<i O>’ G—(O _1) (A.1.4)

Bold letters denotes a vector.

The superscript ' denotes the partial transposition with respect to the a™ space while the superscript ¢
denotes the global transposition with respect to the full tensor product space.

Functions
The indicator function of a subset A of a set X is a function 14 : X — {0, 1} is defined as
1, ifxeA
L) =4 58 (A2.1)
0, ifx¢A
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e sgn is the sign function on R defined as
—1if x <0,
sgn(x) = ¢ 0 for x =0, (A.2.2)
1ifx>0.
A.3 Functional calculus
e The spectrum of an operator A, denoted o (A) is the set
o(A) = {A € C: A— Aid s not invertible }. (A3.1)
e The spectral radius of an operator A is
rs(A) =sup{|A|: A € o(A)} (A3.2)

and |||-||| its norm.
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Appendix B

Several theorems of use to the analysis

B.1 Matrix analysis

Lemma B.1.1. For Hermitian matrices A and B, it follows that
|Intre —Intre®| < ||A-B| (B.1.1)

where || - || is the operator norm induced by the canonical scalar product.

B.2 Functional spaces

e Let U C C. O(U) stands for the ring of holomorphic functions on U, and for any function f on U, we
denote

| f Il =y = supess ¢y | f ()] (B.2.1)

e ‘5, is the complete metric space

B, = {8 €0(F,0) il & lli=(5,, )< 7} (B.2.2)

B.3 Complex analysis

In the following U is open in C.

Theorem B.3.1. (Argument Principle) Let f € O(U). Consider a compact domain Q C U and let f be non-
vanishing on dQ. Then the number of zeroes N of f on Q counted with multiplicities, is

_ b f'(2)
=5 fggdz o) (B.3.1)

Moreover, let f be a meromorphic function on U containing a compact domain Q and such that f does not
have any zeroes or poles on dQ. Then the difference between the number of zeroes N and the number of poles P
of f, counted with multiplicities, is

1 f'(2)
N—-P= 7% d . B.3.2
a7 Joa ) (B-3-2)
Corollary B.3.1. (Rouch’s theorem) Let f,g € O(U) and Q be a compact domain in U. If
1f(z) —8(2)] < |f(2)] (B.3.3)

for all z € dQ, we have that | and g have the same number of zeroes on Q.
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Lemma B.3.1. (Cauchy’s estimates) Let f € O(U) and if 9(zo,r) C U. Then

Yn>0, ()] < ”!a;p £l (B34)

rn

Theorem B.3.2. (Montel) Let ® C C be a domain. If a family of holomorphic functions on © is bounded, then
this family is normal.
B.4 Fixed point theory
Definition B.4.1. Let X be a metric space equipped with a distance d. A map
[ X=X B.4.1)

is said to be Lipschitz continuous if there is a A > 0 such that

d(f(x1), fe,) < Ad(x1,x2), Vxi,x €X. (B.4.2)
The smallest A for which the above inequality holds is the Lipschitz constant of f.

If A <1 f is said to be non-expansive, if A < 1 f is said to be a contraction.

Theorem B.4.2. (Banach) Let | be a contraction on a complete metric space X. Then f admits a unique fixed
point xg € X.

Corollary B.4.1. Let X be a complete metric space and Y a topological space. Let f : X XY — X be a continuous
function. Assume that f is a contraction on X uniformly in'Y, that is,

d(f(xlay)af(x27y)) < 2’d(xla-xZ)a \v/xlaxz S Xa yeE Ya (B43)

for some A < 1. Then for every fixed point y € Y, the map x — f(x,y) has a unique fixed point y(y).

Moreover the function y — y(y) is continuous form Y to X.
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Appendix C

The spin-1 XXZ chain

The XXZ spin-1 chain was first introduced by Fateev and Zamolodchikov [187]. It is described by the Hamilto-
nian

L
Hﬁéifz{ Y resesisiasta- ¥ Ja[szss+l+z<sz>ﬂ}, (0.1
a=1 \ a,fe{xyz} ae{xy,z}

which acts on the Hilbert space hgé)(z ~ C3F and where the coupling constants Yap and Jo are expressed as

Jx:’}/xx:.]y:’}/yy:L JZ:’}/Zzzzsinz(C)

(C.0.2)
Yoo = Yo = 1, 'yxz:'yzx:'yﬂ:'yzy:2cos((:)—l.

{ €]0; n| parametrises the anisotropy. The spin operator S¢ for a € {x,y,z} acts non-trivially as a spin-1 operator
on the ' site
S¥=id® - RdeS*®id®---®id (C.0.3)
— T
a— —a

where the S* are the below operators on C?

1 010 1 0 -1 O 1 1 0 O
Ff=—1101), F=—|i 0 —i], F=—|0 0 0 (C.04
V20 1 0 V200 i o 2\o 0 -1
The Bethe Ansatz equations for the XXZ spin-1 chain take the form
. . L . .
S%nh(?tj—%C) _ M sinh(A; — A —i0) 1M (C.05)
sinh(4; +i{)

=1 sinh(?Lj — lk —I—IC) ’
(=

where M is the number of Bethe roots. The existence of a Hamiltonian as the one in (C.0.1) was an important
motivation to study further integrable higher spin chains under periodic boundary conditions (see [137] ). Fol-
lowing the work of Fateev-Zamolodchikov, the XXX and XXZ spin-1 and higher spin chains were constructed
via the fusion procedure [111, 112]. The ground state as well as the low-lying excitations of the XXX spin-s
chain were first characterised by Takhtajan [167] and the Bethe Ansatz equations were first written by Babujian
[7] within the Algebraic Bethe Ansatz approach. The ground and low-lying spectrum of the XXZ spin-s chain
were discussed by Sogo [151], Babujian and Tsvelik [9] and Kirillov and Reshitikhin [85].
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Appendix D

Higher orders to the high-7" expansion of the
free energy

Proposition D.0.1. The integral representation of the per-site free energy given in Corollary 4.2.1 leads to the
expansion

% o % {eos(O)} + % - {i - [h; 321 —|—5-Cos2(C))] _ ;hJ.cos(g)} + ﬁ<T13>. (D.0.1)

Proof. We start with the following representation for the free energy

f__h_J Ly dw  sinh(E) y
T 2T T feos(&) T? %@0,5 2ir sinh(u—i)sinh(u) Zn[l+e"](u) (D.0.2)

where the function 4 admits an expansion as in (4.4.1). This allows one to express the logarithm in the integrand
as

Zn[1+e'] = Zn[1+e™](u)+ |1+ i LI s b—2+ﬁ 1 (u) (D.0.3)
B l+e=T 14t T2 T3 ' o

We now substitute the above into (D.0.2). The first term of (D.0.3) produces the usual —In 2 contribution. The
O(T~") contribution is calculated by considering the first terms, independent of 7', from the non-linear integral
equation of b in (4.4.2). This term readily produces the Jcos({)/T contribution. One then obtains the following
representation

s 2
% = 2= % feos(6)} - % | f[i;% % ' sinh(us liﬂilél)cs)inh(u) E éu) D04
where it remains to characterise the ¢’(T~2) term, viz. the integrand in terms of b2.
We consider the following expansion first
6%(&) = €5(8) —2e0(8) - Ao (§) + 2t (§) (D.0.5)
which we substitute back in the integrand of (D.0.4) leading to the explicit formula
L =2~ eos()} -~ gy b - Sinh(jf?g)?inh<u) B =200 o+ e} (). (DOG)

At this point the strategy is to simply evaluate the integrand above term-by-term after simplifying completely the
terms in the curly brackets of the integrand We expand the terms {e% —2e0 Yoo+ x2 « }(u) which leads to

{6 =260+ g+ 22 }(E) = [ — 41 -cosh(il) + 477 -cosh?(i{)}
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1 4J? -sin*(¢)
~ sinh(&)sinh(& — i) sinh?(&)sinh?(& —i¢)’
It remains to substitute back the above in the contour integral and apply the residue theorem term by term. One
then has that
1 du sinh(ig)
8 S, 2im sinh(u—i¢)sinh(u)

{4hJ -sin®(&) — 87 -sin*({) cosh(i&)} + (D.0.7)

{h? —4hJ -cosh(i{) +4J% - cosh?(i&)}

— % {h* —4hJ -cosh(i{) +4J% - cosh®(i{)},

1 du sinh(ig)
8 Jog, 2im  sinh®(u—i{)sinh?(u)

{4hJ -sin*({) — 8J7 - sin®(¢) cosh(i&)}

= —J-cosh(i§) - {h—2J-cosh(i{)}

and finally
1 du Slnh(IC) 2 .. 4 3 2 .
——- —_— -{4J~ - sin =—-J%-{3-cosh(i{) +1}.
8 Jag, 2im sinh®(u—i¢) sinh’(u) { (&)} 4 { o)+
Adding all the above contributions entails the claim. O
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Rigorous approach to quantum integrable models at finite temperature.

This thesis develops a rigorous framework allowing one to prove the exact representations for various observ-
ables in the XXZ Heisenberg spin-1/2 chain at finite temperature. Previously it has been argued in the literature
that the per-site free energy or the correlation lengths admit integral representations whose integrands are ex-
pressed in terms of solutions of non-linear integral equations. The derivations of such representations relied on
various conjectures such as the existence of a real, non-degenerate, maximal in modulus Eigenvalue of the quan-
tum transfer matrix, the exchangeability of the infinite volume limit and the Trotter number limits, the existence
and uniqueness of the solutions to the auxiliary non-linear integral equations and finally the identification of the
quantum transfer matrixs Eigenvalues with solutions to the non-linear integral equation. We rigorously prove all
these conjectures in the high temperature regime. Our analysis also allows us to prove that for temperatures high
enough, one may describe a certain subset of sub-dominant Eigenvalues of the quantum transfer matrix described
in terms of solutions to a spin-1 chain of finite length.

Keywords: XXZ Heisenberg spin chain, quantum transfer matrix, non-linear integral equations.

Approche rigoureuse aux modles intgrable quantique temprature finie.

Cette thse dveloppe un cadre rigoureux qui permet de dmontrer des reprsentations exactes associes divers
observables de la chane XXZ de Heisenberg de spin 1/2 temprature finie. Il a tait argument dans la littrature que
Inergie libre par site ou les longueurs de corrlations admettent des reprsentations intgrales o les intgrandes sont
exprimes en termes de solutions dquations intgrales non-linaires. Les drivations de ces reprsentations reposaient
sur divers conjectures telles que lexistence dune valeur propre de la matrice de transfert quantique, relle, non-
dgnre, de module maximale, de Ichangeabilite de la limite du volume infinie et du nombre de Trotter linfinie, de
lexistence et de lunicit des solutions des equation intgrales non-linaires auxiliaires et finalement de lidentification
des valeurs propers de la matrice de transfert quantiques avec les solutions de lquations intgrales non-linaires.
Nous dmontrons toutes ces conjectures dans le regime de haute temprature. Ntre analyse nous permet aussi de
dmontrer que pour ces temprature suffisamment leves, il est possible davoir une description dun certain sous-
ensemble de valeurs propres sous-dominante de la matrice de transfert quantique dcrite en terme de solutions
dune chane de spin-1 de taille finie.

Mots cls: Chane de spin XXZ de Heisenberg, matrice de transfert quantique, quations intgrales non-linaires.
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