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Abstract

This thesis mainly deals with integrable quantum critical systems that exhibit peculiar fea-
tures such as non-unitarity or non-compactness, through the technology of Bethe ansatz.
These features arise in non-local statistical physics models such as percolation, but also in
for example disordered systems. The manuscript both presents detailed studies of the con-
tinuum limit of finite-size lattice integrable models, and develops new techniques to study
this correspondance.

In a first part we study in great detail the continuum limit of non-unitary (and sometimes
non-compact) super spin chains with orthosymplectic symmetry which is shown to be super-
sphere sigma models, by computing their spectrum from field theory, from the Bethe ansatz,
and numerically. The non-unitarity allows for a spontenous symmetry breaking usually for-
bidden by the Mermin-Wagner theorem. The fact that they are marginal perturbations of a
Logarithmic Conformal Field Theory is particularly investigated. We also establish a precise
correspondance between the spectrum and intersecting loops configurations, and derive new
critical exponents for fully-packed trails, as well as their multiplicative logarithmic correc-
tions. During this study we developed a new method to compute the excitation spectrum of
a critical quantum spin chain from the Bethe ansatz, together with their logarithmic correc-
tions, that is also applicable in presence of so-called ’strings’, and that avoids Wiener-Hopf
and Non-Linear Integral Equations.

In a second part we address the problem of the behaviour of a spin chain in a magnetic
field, and show that one can derive convergent series for several physical quantities such as
the acquired magnetization or the critical exponents, whose coefficients can be efficiently and
explicitely computed recursively using only algebraic manipulations. The structure of the
recurrence relations permits to study generically the excitation spectrum content - moreover
they are applicable even to some cases where the Bethe roots lie on a curve in the complex
plane. It is our hope that the analytic continuation of such series might be helpful the
study non-compact spin chains, for which we give some flavour. Besides, we show that
the fluctuations within the arctic curve of the six-vertex model with domain-wall boundary
conditions are captured by a Gaussian free field with space-dependent coupling constant that
can be computed from the free energy of the periodic XXZ spin chain with an imaginary
twist and in a magnetic field.






Remerciements

Mes premiers remerciements vont a mes directeurs de these, Hubert Saleur et Jesper Jacob-
sen, pour le temps inestimable qu’ils ont consacré a m’apprendre leur métier. Leur soutien
a été sur, leurs conseils toujours utiles et leurs encouragements indispensables. Je garderai
un tres bon souvenir de leurs discussions et de leurs enseignements.

Je suis ensuite tres honoré et reconnaissant envers Fabian Essler et Andreas Kliimper,
d’avoir bien voulu remplir le lourd travail de rapporteurs, ainsi qu’a Jean-Michel Maillet,
Jean-Sébastien Caux et Véronique Terras pour avoir accepté de faire partie de mon jury. Il se
trouve que les quatre premiers ont organisé ou enseigné a I’excellente Ecole des Houches 2018
sur I'Integrabilité, et je profite de les avoir mentionnés ici pour les en remercier également.

Parmi les autres chercheurs que j’ai eu I'opportunité de rencontrer au cours de ces années,
je remercie particulierement Jérome Dubail, Philippe Ruelle, Pasquale Calabrese et Fabian
Essler encore pour des visites ou des collaborations tres intéressantes, Yacine Ikhlef, Kirone
Mallick et Gregory Korchemsky pour des discussions ponctuelles utiles, ainsi que Christoph
Kopper pour son soutien invariable depuis mon master. Je remercie également Riccardo
Guida et Didina Serban pour avoir été mes tuteur et parrain, et enfin Sylvie Zaffanella,
Laure Sauboy, Loic Bervas et Emmanuelle de Laborderie pour 1'aide administrative indis-
pensable.

Un grand merci maintenant a Assaf, Toan, Arnaud, Elise, a mes collegues de bureau
Romain et Niall, ainsi qu’aux thésards et postdocs que j’ai pu croiser et qui ont rendu les
pauses de midi agréables, Bryan, Kemal, Tony, Yifei, Séverin, Corentin, Benoit, Lilian, Thi-
ago, Dinh-Long, Pierre, Linnea, Michal, Jonathan, Dongsheng, Zhihao, Augustin, Thomas,
Gwenaél.

Et surtout bien stiir, un grand merci a ma famille, mes parents et mes freres.






Contents

1 Introduction

2 Bethe ansatz and related aspects

2.1 Betheansatz. . . . . . . . . .
2.1.1 Notations and definitions . . . . . . . ... ...
2.1.2 Theansatz . . . . . . . ...
2.1.3 A word on numerically solving the Bethe equations . . . . . .. . ..
2.1.4 Admissible and non-admissible solutions . . . . . .. ... ... ...

2.2 An additional T'Q) relation . . . . . . . . ... ...
2.2.1 Polynomiality of the other solution to the T'Q) relation . . . . . . ..
2.2.2  Polynomiality of P(\) and constructability of the Bethe state
2.2.3  An additional T'Q) relation . . . . . . .. .. ... ... ... ... ..

2.3 Geometrical models . . . . . ..o
23.1 Loopmodels . . . . ... ...
2.3.2 The Potts model . . . . . . . . ... ...

2.4 Identifying the continuum limit . . . . .. . ... .. ... ... ... ...
2.4.1 Conformal field theory . . . . . .. .. ... . ... ..
2.4.2  From the cylinder to the plane . . . . . . . ... .. ... ...
2.4.3 Perturbation by irrelevant operators. . . . . . ... ... L.
2.4.4 A basic application of conformal invariance . . . . . . . ... ... ..

Logarithms in a non-unitary spin chain

3.1 Imtroduction . . . . . . . ..
3.1.1 Overview . . . . ..
3.1.2 Definitions . . . . . . ..

3.2 OSp(1]2) . . o
3.2.1 The spectrum from field theory . . . . . .. ... ... ... ... ..
3.2.2  The spectrum from the spin chain . . . . . . . . ... ... ...
3.2.3 Relation with 3-point functions . . . . . .. .. .. ...

3.3 0SP(212) . .
3.3.1 The spectrum from field theory . . . . ... .. ... ... ... ...
3.3.2  The spectrum from the spin chain . . . . . . .. ... ... .00

3.4 0Sp(3|2) . ..

15
15
15
17
19
20
22
22
25
27
30
31
35
37
37
39
41
43



3.4.1 The spectrum from the spin chain . . . . . . .. ... ... ... .. 76

3.5 Physical properties of fully packed trails . . . . .. .. ... ... ... ... 82
3.5.1 A model for loops with crossings . . . ... ... ... ... ... .. 82
3.5.2 Inclusion of osp spectra. . . . . . . . ... Lo 84
3.5.3 Charges and loop configurations . . . . ... ... ... . ... ... 86
3.5.4 Transfer matrix eigenvalues and loop configurations . . . . .. . .. 88
3.5.5  Watermelon 2-point functions for loops with crossings . . . .. . .. 92
3.5.6 Away from integrability . . . . ... ... ... o 95

Excitation spectrum computation 101

4.1 Introduction . . . . . . . . Lo 101
4.1.1 Historical review . . . . . . . .. 101
4.1.2 Euler-MacLaurin formula . . . . . . . . ... ... ... 105
4.1.3 An introductory example: the free fermions . . . . . . ... ... .. 105

4.2 A glance at the interacting case: revisiting the free fermions . . . . . . . .. 107

4.3 Finite-size corrections in the interacting case . . . . . . . .. . ... ... .. 110
4.3.1 Presentation . . . . . .. ... 110
4.3.2 Properties of the distributionS . . . . ... ... ... 112
4.3.3 Computing the shift 67 . . . . . ... ... ... ... . 115
4.3.4 The momentum . . . . . . . ... Lo 117
4.3.5 Theenergy . . . . . . . 117

4.4 Strings . . ... 121
4.4.1 Definitions and notations . . . . . . . .. ..o L 121
4.4.2 Riemann sums with logarithmic singularities . . . . . . ... ... .. 123
4.4.3 Computing the shifts 61, . . . . .. ... ... ... ... ... ... . 124
444 Theenergy . . . . . 125

4.5 Logarithmic corrections . . . . . . . . . . ... 128
4.5.1 Presentation . . . . . .. ..o 128
45.2 Computing By . . . . . . . . 130
4.5.3 Logarithmic corrections to the energy . . . . . . . . .. .. ... ... 131
4.5.4 Examples and numerical checks . . . . ... .. ..o 000 133

Series expansions and magnetic field influence 137

5.1 Introduction . . . . . . . .. L 137

5.2 The XXZ spin chain in a magnetic field . . . . .. ... ... ... ... .. 138
5.2.1 Historical review . . . . . . .. .. 138
5.2.2 The Bethe equations as a recurrence relation . . . ... ... .. .. 139
5.2.3 Example: the Heisenberg spin chain . . . . . . . .. .. .. ... ... 141
5.2.4 Example: the XXZ spin chain . . . . . . .. ... ... ... ..... 143
5.2.5 Radius of convergence of the series o*(vhe —h) . . . .. .. ... 145
5.2.6 An example with complex roots . . . . . . . . ... ... ... 147
5.2.7 Finite-size corrections and critical exponents . . . . . . . . .. .. .. 148

5.3 Some intermediate results on a non-compact spin chain . . . . . . ... ... 153

6



5.3.1  Motivations . . . . . . . . 153

5.3.2 A dual recurrence relation . . . . . . ... ... L. 155
5.3.3 Analytic continuation at m=—-1 . . . . . ... ... ... .. .... 157
5.3.4 Perspectives . . . . ... 160
Fluctuations inside the arctic curve in the interacting six-vertex model . . . 161
5.4.1 Presentation . . . . . . . . . 161
5.4.2  The free energy F(o,,0y) . . . . o . ..o 164
5.4.3 The free fermion case A =0 . . . . . . . . ... 165
5.4.4  Value of K(m,,m,) in the interacting case . . . . . . ... ... ... 168
5.4.5 Numerical checks . . . . . . . . . . .. . ... 170

179
Change of grading . . . . . . . . . .. . 179
Proof of Lemma 4 . . . . . . . . e 181
Proof of Lemma 6 . . . . . . . . . . . 184
Proof of Lemma 7 . . . . . . . . 187
Proof of Lemma 8 . . . . . . . . ... 189






Chapter 1

Introduction

Exactly solvable models are invaluable in physics, since they provide important benchmarks
on which new ideas and theories can be tested, or around which perturbations can be per-
formed to describe real systems. Sometimes these models even catch an essential feature of a
physical mechanism that is similarly observed in other situations. One of such paradigmatic
models in quantum and statistical physics is that of the Heisenberg spin chain, introduced
to explain magnetism as being a long-range order resulting from the short-range interactions
between a multitude of spinful atoms. The breakthrough was done by Bethe [1] who showed
that the one-dimensional chain can be diagonalized exactly! with a particular ansatz. Be-
cause of its adaptability to many other models, this ansatz has ever since been the subject of
a considerable amount of research for its applications in quantum, statistical and condensed
matter physics, as well as in some areas of high-energy physics.

The original form of the ansatz was a kind of educated Fourier transform, in which the
eigenstates are expressed as a superposition of plane waves whose amplitudes and phases
must satisfy a particular set of non-linear equations, called Bethe equations. It requires
precise assumptions on the model to work, and it was understood only decades later partly
by Onsager in his solution of the two-dimensional Ising model [2], Baxter [3] and the Russian
school [4, 5, 6] that this exact solvability could be traced back to algebraic relations between
certain operators, revisiting the ansatz under the name algebraic Bethe ansatz, while the
historical approach was renamed coordinate Bethe ansatz. In this approach, the Hamiltonian
or the transfer matrix is constructed from an R-matrix and the ansatz can be applied as
soon as it satisfies the so-called Yang-Bazter equation [7] and if there is a pseudo-vacuum
or reference state in the Hilbert space. Other more general forms of the ansatz were then
found later, such as Baxter’s Q-operator [3| that enables to analytically continue certain
parameters and thus reach new solutions [8], or Sklyanin’s quantum separation of variables
recently blossoming under the work of Maillet’s group [9, 10] which is not anymore an ansatz
so to speak, and should be the right framework to answer questions such as completeness of
the set of solutions.

Since the Bethe ansatz yields an explicit expression for all the eigenvalues and eigen-

'The completeness of the ansatz, namely that it yields all the eigenstates, was however proven much later.



states, admittedly in terms of Bethe roots defined only implicitly as solutions to coupled
non-linear equations, one can in principle compute any correlation function; but it turns out
that it is only the beginning of the journey, for these exact finite-size formulas are difficult
to handle. One of the major steps is Slavnov’s determinant formula for scalar products
between Bethe states [11], that enabled then Maillet’s group after a considerable amount of
analytical work to extract from these exact finite-size formulas the asymptotic behaviours
predicted by field theory [12, 13]. But Slavnov’s formula also permitted to compute numer-
ically — evaluational numerics, not simulations — dynamical structure factors for very large
systems with e.g. Caux’s algorithm [14], with a striking agreement with neutron scattering
experiments performed on real materials [15, 16], hence showing that integrability is not a
mere mathematical curiosity but can also prove to be a relevant and very powerful way to
understand experiments.

However, an important idea that often goes together with integrability is that of uni-
versality, namely that the details of the short-range interactions of a quantum or statistical
physics system — be it defined on a square or hexagonal lattice, with next-nearest neighbours
interactions or not — do not influence the critical long-range correlations, that depend then
only on a few essential features of the defining interactions such as their symmetries. A
famous historical example is that of a large assembly of particles interacting all together
in a complex enough way so that their Hamiltonian is effectively a random matrix; then
depending on the symmetries of the matrix, be it e.g. hermitian or unitary, the limit of the
spectrum is fixed to be for instance Wigner’s semi-circle law. Hence one of the cornerstones
of modern quantum and statistical physics is to draw a correspondence between the symme-
tries of the defining Boltzmann weights and the continuum limit of the model. Under this
perspective, an integrable system is seen as a mere representative of a universality class pos-
sibly containing physically interesting but non-integrable systems, on which exact analytical
calculations can be exceptionally performed.

This general but deep idea is backed by the existence of R-matrices solutions to the Yang-
Baxter equation — and thus integrable spin chains — that are representations of any of the
existing Lie algebras. The construction of these solutions has been the object of important
developments in algebra culminating with quantum groups [17], and their g-deformations
led to the discovery of whole new classes of integrable spin chains, whose number now
largely exceeds that of their physical studies. Because of their exact solvability, these models
were indeed particularly well-suited for extensive analytical and numerical studies, hence
stimulating the formidable task of classifying the different possible continuum limits. For
example it is now understood that the spin chains built on a representation of a simply laced
Lie algebra of a compact group G converge to a Wess-Zumino-Witten (WZW) model on the
same group G in the thermodynamic limit [18].

A crucial property that makes easier these identifications is the conformal invariance of
their continuum limit, that must be then a Conformal Field Theory (CFT) [19]. Under
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this assumption the continuum limit is characterized by a set of numbers termed CFT data,
such as the central charge, the scaling dimensions of the fields and the structure constants;
and conformal invariance actually implies that a good part of them is present and visible
in the asymptotic behaviour of the low-lying spectrum of the spin chain in the large system
size limit [20, 21, 22]. This is a remarkable property — among one of the most important
in the study of two-dimensional criticality — that permits to infer a lot on the field theory
and thus on the correlation functions, from the sole knowledge of the eigenvalues of the
Hamiltonian, without knowing anything on the eigenstates that are more difficult to grasp.
However big the simplification is, these asymptotic expansions are still technically demanding
and have been carried out with Wiener-Hopf equations and Non-Linear Integral Equations
(23, 24, 25, 26], with sometimes significant analytical difficulties, e.g. to identify the central
charge of the higher-level WZW models. A chapter of this manuscript is devoted to this step
of the identification, where we present a new method to calculate the leading corrections.

Although the continuum limit of the spin chains built from classical Lie algebras are
well understood, those based on representations of Lie superalgebras turned out to be more
involved [27], and some of their continuum limits are not known up to this day. Supersymme-
try?, i.e. the mixing of bosonic (commuting) and fermionic (Grassmanian, anti-commuting)
variables occurs in some models as their defining features such as the Hubbard or ¢t — J
model [28, 29, 30], but is also a way to extend the range of some parameters to zero or
negative integers, by making fermionic variables play the role of negative degrees of freedom.
Hence it is an alternative to the n — 0 replica approach in disordered systems for averag-
ing over the disorder [31, 32, 33|, revealing e.g. an osp(2n|2n) symmetry in the disordered
Ising model, where the orthosymplectic symmetry osp is the graded analog of the orthogonal
o(n) symmetry for spaces with both bosonic and fermionic variables. Several geometrical
and paradigmatic models are described by supersymmetric field theories as well, such as
polymers whose continuum limit is a so-called n¢ system [34], spanning trees and forests
which have an osp(1]|2) symmetry rather directly visible in finite-size [35, 36, 37], or perco-
lation possibly described by an osp(3|2) symmetric spin chain. A chapter of this manuscript
is devoted to the thorough study of these spin chains with orthosymplectic symmetry, for
which we derive several new results explained further on their continuum limit and their 2D
statistical physics realizations as fully packed trails.

The poor understanding of the continuum limit of supersymmetric spin chains comes
from a certain number of oddities. Firstly, the cancellation of degrees of freedom implies
that a same model such as disordered Ising may be viewed as having different symmetries
0sp(2n|2n), whereas the natural candidates that are the WZW models on the corresponding
groups depend on n. Secondly, these models often exhibit non-compact degrees of freedom

2We follow the literature by using the word in a rather loose sense: we merely mean that there both
commuting and anti-commuting degrees of freedom, without implying a particular correspondence between
them.

11



in their continuum limit, namely there are fields with arbitrary real conformal dimension,
whereas the representations of the Lie superalgebras over which the spin chains are built
are finite dimensional. Lastly, these models often happen to be marginal perturbations of
Logarithmic Conformal Field Theories (LCFT) — a variation of CFT’s where the linearized
Renormalization Group (RG) flow is assumed to be non-diagonalizable at a fixed point,
resulting in correlation functions with integral powers of logarithms even at the RG fixed
point [38].

These singular behaviours are in a sense brought together in the celebrated Integer Quan-
tum Hall Effect (IQHE), a physical phenomenon that has attracted a lot of attention from
theoreticians in the past decades for its striking universal nature. It occurs in a cold 2D elec-
tron gas placed in a high magnetic field and subjected to an electric current, in which the
perpendicular voltage difference divided by the longitudinal current is extremely accurate
and is measured to be an integer multiple of ;5, thereby remarkably involving two fundamen-
tal physical constants [39] — and the result is astonishingly independent of the disorder in the
sample or of its geometry®. Although the plateaux themselves are well understood, the ques-
tion of the transition between them and their associated critical exponents is a famous still
unsolved problem. It is a localization-delocalization transition of electrons in a disordered po-
tential moving from one Landau level to another, that is both a geometrical percolation-like
and disordered problem. One of the major attempts to solve it is the Chalker-Coddington
model [40], that describes the evolution of an electron in a disordered potential landscape
with possible tunnel effect and whose numerical simulation has yielded exponents in good
agreement with experiment [41]; however, there are still unresolved problems in a purely
numerical approach, which would require analytical work to fill the gaps; but it is of con-
siderable difficulty to tackle analytically, because of its supersymmetric formulation, of its
non-unitarity, namely the non-hermiticity of its Hamiltonian, and of its non-compactness,
true even in finite-size since each site of the lattice is described by an infinite-dimensional
vector space. On the field theory side, it is expected to be described by a sigma model with
target space % (42, 43], but out of reach of analytical study. All these particularities
call for the development of new concepts and techniques, and this manuscript takes place
among this wider project.

The first peculiarity to elaborate on is non-unitarity. Although unitarity is an essential
feature of quantum mechanics on which the probabilistic interpretation of the wave func-
tion amplitude rests, the spin chains involved are effective quantum systems obtained from
discretization of some field theories built from unitary ones after e.g. averaging over the
disorder, at the cost of introducing new fermionic variables that need not necessarily con-
serve unitarity. On the 2D statistical physics side, the notion of non-unitarity often refers

3Note that this particular resistance is the only quantity that has a chance of being universal, since any
rescaling of the length has no effect on neither the perpendicular voltage difference nor the longitudinal
current, and any rescaling of the width changes both equally, whereas the imprecision of these lengths would
otherwise spoil any measure of a universal quantity.
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to the non-positivity of local Boltzmann weights, that permits after summing over interme-
diate configurations to effectively describe non-local systems such as percolation, or some
non-local observables in still local models such as the Ising model. On the CFT side, non-
unitarity bears still another meaning, referring to theories in which some states may have
zero or negative norm, implying e.g. that some states may have lower energy than the CFT
vacuum state. These three notions do not necessarily exactly overlap and their connections
are not fully established to this day, but correspond anyway to the loss of several common
properties — for example the existence of negative conformal dimensions implies that some
states must have lower energy than the CFT vacuum state.

An important class of non-unitary field theories are the LCFT’s alluded to above, whose
classification happens to be of considerable difficulty and should be of central interest for
these topics — for instance, on general grounds disordered systems are described by CFT’s
with vanishing central charge, and to be non trivial they must be logarithmic. Several
aspects of ordinary CFT’s are lost, such as the general structure of the three point function,
which complicates their perturbation in particular. We note that in case of a perturbation
by a marginal operator, there may be supplementary multiplicative logarithmic corrections
to their correlation functions, whose identification in the spectrum as finite-size corrections
comes with technical difficulties.

Lastly, non-compactness affects and questions the mere identification of the spectrum
from the asymptotics of the energy levels. When the spin chain is built on finite-dimensional
representations, in the asymptotics this non-compactness translates into an infinite number
of states that have the same conformal dimensions, corrected in finite-size by a sub-leading
marginal term [44], problematic to handle both analytically and numerically. When the
spin chain is itself built on infinite-dimensional vector spaces [8], as should be the case of
the Chalker-Coddington model, the usual Bethe ansatz fails and one has to rely on more
advanced techniques, that permitted at this day to handle only chains with a few sites [45].
It is our hope that this manuscript sheds light on some of these aspects, makes some steps
and proposes new ideas towards the understanding of these exotic quantum systems.

The manuscript is organized as follows:

1. The first chapter introduces notations and classical results on the Bethe ansatz and
the correspondence between lattice models and CFT, that we will use throughout the
manuscript. It comprises a new criterion to distinguish admissible from non-admissible
solutions to the Bethe equations — this work should be part of a forthcoming preprint.

2. The second chapter is a thorough study of non-unitary spin chains with orthosymplectic
osp symmetry, their continuum limit that are marginally perturbed LCFT’s, their 2D
statistical physics realizations as fully packed trails and the logarithmic corrections it
implies on their correlation functions. This has been the object of a publication in a
peer-reviewed journal [46].

3. The third chapter presents a different approach to the calculation of the excitation
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spectrum of critical spin chains, that avoids the use of Wiener-Hopf or Non-Linear
Integral Equations. It comprises a detailed study of the dependence of the spectrum
and its logarithmic corrections on the Bethe ansatz functions. Part of this work has
been the object of a publication in a peer-reviewed journal [47], that does not comprise
the part on strings and logarithmic corrections.

. The fourth chapter is a study of magnetic field influence, motivated by the regulariza-
tion effect it may have on these exotic spin chains. It is shown how to derive series
expansions for spin chains in an external field through recurrence relations, and ex-
plained how this could be used to study non-compact models, which is still an ongoing
project. Section 5.2 has been published in a peer-reviewed journal [48]. We also study
the field theory that describes the fluctuations inside the arctic curve of the six-vertex
model with domain-wall boundary conditions, which has been the object of another
peer-reviewed publication [49].

14



Chapter 2

Bethe ansatz and related aspects

The goal of this chapter is mainly to expose the ideas and techniques that we are going to
make use of throughout this thesis. We start by a presentation of the Bethe ansatz in the
context of the XXZ spin chain and its relation with geometrical models such as loops, Potts
model and percolation. We explain then how conformal invariance permits to infer crucial
information on the field theory that describes its continuum limit, from the asymptotic
expansion of the low-lying spectrum of the lattice model.

Most of the content of this chapter is thus a summary of several techniques honed through
the past decades, with the exception however of section 2.2 which is a personal contribution.
There, we study the technical question of admissible solutions to the Bethe ansatz equations,
and show that it requires to supplement the usual T'() relation with an additional T'Q)-like
relation. It bridges the gap between different methods and algorithms that seemed to be
unrelated to each other, and its precise position within the existing literature is detailed in
subsection 2.1.4.

2.1 Bethe ansatz

2.1.1 Notations and definitions

The Hilbert spaces of the quantum systems we study are all expressed in terms of a tensor

product of L individual vector spaces V' of finite dimension D, each representing a particle.

Given an operator o on V', we denote by o, = {@...@a@...@{ the corresponding operator on
a

V@L that acts non-trivially only on the a-th vector space where it acts as . Similarly, given
an operator R on V ® V', we denote by Ry, the operator on V®” that acts non-trivially only
on the a-th and b-th vector spaces, where it acts as R. The entry ((i —1)D+k, (j —1)D +1)
of the matrix R (where i,j,k,l = 1,..., D), i.e. the component along e ® e; of the action of
R on e; ® e; where the e;’s denote the canonical vector basis, will be denoted by Rﬁi L 'We

'In absence of a widespread convention in the literature, the position of the indices in Rfi is merely chosen
to facilitate the vertex interpretation in Figure 2.1.
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will finally denote by tr, the trace over the a-th vector space.

The elementary components of the system, be they quantum objects or classical vertices,
are considered to interact locally with their nearest neighbours through a matrix(-valued
function) A — R(\) acting on V@V, called R-matriz, that satisfies the Yang-Bazter equation

Ria(A — ) Riz(A) Ros(p) = Ras(p) Ris(A) Ria(A — ) (2.1)

An important solution to this equation is given by the R-matrix of the XXZ spin chain,
a model first introduced and solved in [50]. This is the example that we will consider for
concreteness in the following, where D = 2 and + is a complex parameter:

sinh(\ + i) 0 0 0
B 0 sinh A sinh vy 0
R()) = 0 sinhiy sinh A 0 (2:2)
0 0 0 sinh(\ + i)

We note that R(0) = (sinh i) P where P is the permutation matrix defined by Pr®y = y®ux
for x,y € V. We define M,(\) the monodromy matriz by

My(A) = Rap (N Raz1(N)...Ras (M) (2.3)

that acts on V ® V®%, and is usually represented under the form

AQ) BOY
w0 = (500 b)) (24)

where A, B, C, D are operators on V£, The transfer matriz t(\) of the system with periodic
boundary conditions is then defined by

t(N) = traMa(A) = A(N) + D(\) (2.5)

We note that the coefficients of the R-matrix have then a natural interpretation in terms of
Boltzmann weights of a 2 D-statistical system. Indeed, if we consider an L x M square lattice
with periodic boundary conditions, whose edges carry an index ¢ = 1, ..., D, and impose a
Boltzmann weight R at each vertex where edges with indices i, j, k, l meet according to

Figure 2.1, then the partltlon function Zp,; of the system is, with aM = = a;
"H’l 7n O‘L 1 CL 1 a;'l‘?'l in M
ZLM — Z H RCTVLCVTVL ananL Rcénoﬂln - trl 77777 L(t()\) ) (26)

c,a.=1m=1

The transfer matrix can be used to define a Hamiltonian with nearest-neighbour inter-
actions if there is a point A (that shall be assumed to be 0, without loss of generality) such
that R(0) = aP is proportional to the permutation operator. Indeed, if the Hamiltonian H
is defined as

H = at'(0) - t(0)~* (2.7)
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Figure 2.1: Illustration of the vertex model interpretation of the R-matrix and of the partition
function.

where " denotes the derivative with respect to A, then in terms of R it reads

H = i R;,i+1(0) (2'8)

with the periodic boundary condition L+ 1 = 1, which is naturally interpreted as a quantum
mechanical Hamiltonian for a spin chain of L spins ¢ € V interacting via R’(0).

2.1.2 The ansatz

The fundamental relation that comes from the successive use of Yang-Baxter equation (2.1)
and that permits to diagonalize t()) is a set of commutation relations between A, B, C, D
encapsulated in

Rap(A — 1) Mo (N) My (1) = Mp(p) Ma(N) Rap(A — 1) (2.9)

For example, specializing this 4 x 4 matrix equation to the entries (i,7) = (1,3), (3,4) and
(1,4) yields

sinh(A — p +iv) B(A) A(w)
sinh(iv) B(A)D(u) 4 sinh(A — u) D(A\)B(p)

inh(i7) B A(A) + sinh(A — ) A1) B())
sinh(A — o + i) B(p) D(X)

Il
wn

B(\)B() = B(s) B\
(2.10)
The algebraic Bethe ansatz relies on the existence of a vacuum vector |0) € V% such that
ANI0) =a(N)*0) . DN0) =dN)*0),  C(N)]0) =0 (2.11)
for a(A), d(\) some functions of A. In our case of the R-matrix (2.2) we can choose
1\ L
|0) = (0) : a(A) = sinh(\ +47), d(\) = sinh A (2.12)
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The ansatz consists in searching for eigenvectors of ¢(A) under the form

X = B(m).-B(pk)|0) (2.13)

where K is a priori an arbitrary integer. Using the commutation relations (2.10), it is shown
by recurrence on K (acting separately with A and D) that

t(A)B(p)-. Bpx)|0) = T(N)B(p1)...B(pr)[0) +ZE()\)B()\)B(Nl)---g(ﬂi)---B(MK)|0>

- (2.14)

o)

where the hat B(u;) indicates that the term is omitted in the product, and where

( . . K

K .

sinh(A — p; — sinh(\ — p; + iy

T()\):CL()\)LH : J LH e JM) )
j

j=1

Fi(\) = a(jus)— sinh iy ) ﬁ Sins.l(ii —‘;ij —. i) ~ d(p)” sinh i~y ﬁ sinh(p; — p —I—w)
inh(p; — pj) sinh(A — ;) sinh(p; — p )
(2.15)
A sufficient condition for B(uy)...B(ux)|0) to be an eigenvector? of the transfer matrix is the
vanishing of the rightmost terms in (2.14) since they are not proportional to B(p)...B(px)|0) .
With the expression of Fj()\), and shifting \; = u; + i7/2, it gives a set of conditions on
A1, ..., Ak, called the Bethe ansatz equations

=17 J=1,#1

sinh(\; +iv/2)\ B H sinh(A\; — A; + i) (2.16)
sinh(\; —iv/2) ) Py sinh(\; — \; — i) '

Some important comments have to be made on these equations, that we report to section
2.1.4. Letting them aside for the moment, if these equations are satisfied, then the eigenvalue
T(\) of the transfer matrix is

(2.17)

sinh(A — \; —i7/2) sinh(A — \; + 3i7y/2)
T(X) = sinh(A +iv)" h(A)*

(A) = sinh(A + i) Hsmh(/\ A +1iv/2) sin H sinh(A — \; +iv/2)
We remark that the Bethe vector (2.13) does not depend on A. Indeed, it is obtained from
(2.9) that the transfer matrices at different spectral parameters commute

[L(A), t(w)] =0 (2.18)

so that they can be diagonalized simultaneously. Then all the derivatives t*)(0) for & =
1, .., L give commuting charges that are conserved during the evolution by the Hamiltonian
H.

2We should rather say a candidate eigenvector, in absence of further indication that this vector is non-zero.
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The number of Bethe roots K is related to the total magnetization of the system. Indeed,
. ) : . (172 0 + (01 _ (00
denoting the spin matrices S* = ( 0 _1/2>, ST = (0 O> and ST = (1 0) and

SX. = Zle S the total spin matrices, we have
[Stors BV = =B(A) (2.19)

and since S |0) = £|0), we conclude that the Bethe vectors with K Bethe roots are eigen-
states of S, with eigenvalue £ — K.

Let us come back to (2.18), where by differentiating the transfer matrix multiple times
we get L conserved charges. This fact is often said to make the system integrable, in analogy
to the classical case where integrability is defined as the existence of a maximal set of
independent and Poisson-commuting charges. However, there are two objections to make:
the first is that it gives only L charges in a space of dimension D%; and the second is that
any diagonalizable Hamiltonian has actually a maximal set of independent and commuting
charges, that is given by the set of projectors onto their eigenstates. Consequently, even
the definition of integrability in the quantum case is subject to discussion. The actual
important property of 'what we usually call’ integrable systems in the quantum case, is that
it has a large number of local charges, i.e. charges whose matrix representation has only
a number O(L) of non-vanishing terms, contrarily to a generic system whose charges are
typically delocalized on the whole spin chain. In fact, some authors suggest that quantum
integrability should not be a binary property, but rather a property classifying the degree of
locality of the charges [51]. It is also argued by other authors that the method of separation
of variables could provide the right framework to define the notion of quantum integrability
[10].

Anyway, the property that we use in the models that we study in this thesis is especially
their exactly solvable nature rather than the actual presence of local conserved charges.

2.1.3 A word on numerically solving the Bethe equations

Apart from some very special cases, the Bethe equations (2.16) cannot be solved analytically
in finite size, and numerics is often used to conjecture the pattern of roots. To that purpose
the equations (2.16) are transformed into logarithmic form by taking the logarithm of them.
Transforming the product into sums, using log(zz’) = log z +log 2’ + 2imp with p € {—1,0,1}
we accumulate an integer and get

L1 ZK
S()\Z) = Z + E < ’l“(/\l - )\J) (220)
with h(A+i7/2) 1 tanh \
s(A) = —log — o A+ W/ ) _ arctan —
27 sinh(A —iy/2) tany/2
] _ (2.21)
i sinh(A +idv) 1 tanh A
r(A) = — log —— —~ = —arct
27 sinh(A —iy) an -y
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The logarithm is defined such that loge? = if for —7 < § < 7. I; are integers (if K is odd)
or half-integers (if K is even, because of the — sign in the definition of ) and are called Bethe
numbers. These numbers clearly depend on the position of the branch cut of the logarithm,
and on the way we ’slice’ the product. With these conventions, they are typically all distinct
and range from —L/4 to L/4. We should however mention that exceptions to the rules are
unfortunately rather common in the Bethe ansatz, see e.g. [52].

The method usually used to solve these equations depends on the goal:

e If the objective is to find all the solutions at a given (small) size L, then it is actually
more efficient to solve the zero-remainder conditions of the T'Q) relations mentioned
further below (2.23) or of the set of two T'Q relations in (2.66) to discard the inad-
missible solutions. If one searches for a particular solution that corresponds to a given
eigenvalue for which we know the A\ dependence, then the so-called Mac-Coy method
[53] can be used, that consists in solving for the coefficients of Q(A) in (2.23) from the
known expression of the eigenvalue 7'(\).

e [f the objective is to determine one given eigenvalue at a large system size L, then
one can use a Newton method to solve numerically (2.20) with the corresponding
Bethe numbers and an appropriate initial guess. If the Bethe roots are real, then the
initial guess need not be particularly close to the solution, and the algorithm converges
fast. However, if there are approzimate strings in the solution (i.e., solutions where
a Bethe root or the difference between two Bethe roots are close to a singularity of
the logarithms in (2.20)) then the initial guess has to be close, and sometimes even
very close to the solution to converge. To that end, one can start from a small size L
where the root pattern has been found by other methods, and use it to build an initial
guess in size L + 2. Iterating the procedure often permits to reach hundreds or even
thousands of sites. In case of additional parameters such as a twist, if the solution is
easier to find in the limit of vanishing parameter, one can increase it gradually while
updating the solution to the equations.

2.1.4 Admissible and non-admissible solutions

There are some subtleties in the derivation and in the resolution of (2.16).

Firstly, from the expression of F;()), it was implicitly assumed that there are no coincid-
ing \; = A\; with ¢ # j, whereas this case has no reason to be excluded solely from (2.16).
Secondly, since [B(\), B(u)] = 0, the ordering of the \; is irrelevant and two solutions of
(2.16) differing only by a permutation of the Bethe roots A; should be considered identical.
Thirdly, the Bethe equations (2.16) are singular (zero or divergent, depending on their writ-
ing) in presence of ezact strings, i.e. whenever there are two roots whose difference is exactly
equal to +i7y.

The first point can be understood with the following observation. Since the coefficients
of R(X\) do not have any singularity, and since the eigenvectors of ¢(A) that is constructed
from R(\) do not depend on A, the eigenvalues must have no singularity in A\. However, the
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expression of the eigenvalue (2.17) has a priori poles at each \; — iy/2. In fact, it is readily
checked that the condition under which the residue of T'(\) at A; — ¢y/2 vanishes is exactly
the Bethe equation (2.16). Moreover, if there are two coinciding Bethe roots A; = \;, then
there is a priori an additional pole of order 2 at \; —¢y/2 in T'()\), and the vanishing of this
pole of order 2 imposes two conditions, whereas there is only one variable associated to it.
Thus, globally there is one equation more than unknowns, so that the mere verification of
(2.16) is not enough to cancel the poles. A solution with coinciding Bethe roots thus does
not generically yield an eigenvector.
The second point can be solved if one defines

Q) = Hsinh()\ —\) (2.22)

and searches directly for Q(A) rather than its roots A;. The eigenvalue (2.17) can be rewritten
in terms of ) to give the so-called T'Q-relation

T(AN)Q(N) = sinh(X +iv/2) Q(\ — i) + sinh(\ — iy/2)*Q(\ + i) (2.23)

with T(\) = T(A — i7/2). The condition under which T'(\) is a trigonometric polynomial
in A is actually stronger than the Bethe equations (2.16) since coinciding roots that do not
cancel both poles are discarded. Hence, solving for Q()) in (2.23) rather than for \;’s in
(2.16) solves the two first points in one shot.

However, it does not answer the third point. Indeed, any solution (iv/2, —iv/2, A3, ..., Ak )
where As, ..., Ak satisfy the Bethe equations (2.16) (for +iv/2, they are automatically satisfied
if both sides are multiplied by the denominators beforehand) gives a trigonometric polyno-
mial 7'(\). However, it turns out that the Bethe vector satisfies B(0) B(—i~y)B(ju3)... B(1x)|0)
0. It could be normalized beforehand so that it is never zero, and take the case of exact
strings as a limiting case; but then the limit would depend on the way the roots \; of the
strings converge to £iy/2, which does not permit to conclude whether (2.17) is indeed an
eigenvalue or not. In fact, the solutions to the Bethe equations with exact strings sometimes
do yield eigenvalues and eigenvectors of the transfer matrix, and sometimes not. The prob-
lem is to be able to find a way of taking the limits so that the 'unwanted’ terms in (2.14), i.e.
the right-most terms that are not proportional to the left-hand side, actually vanish faster
than the 'wanted’ term that is the first term in the right-hand side. In [54, 55] a sufficient
condition was found under which such a limit can be taken, and thus for which the Bethe
vector is indeed an eigenvector, consisting in taking a particular ansatz for the limit. How
adding a twist to the Bethe equations permits to distinguish admissible from inadmissible
solutions was studied in [56]. Besides, very recently an efficient algorithm [57] was found to
solve the T'Q) relation (2.23) while discarding automatically the inadmissible solutions among
those with an exact string, with only algebraic manipulations and zero-remainder conditions.
However, the reason why the algorithm works is arguably mysterious, and in particular is
very far from the reasoning done in [54, 56, 55].

In the next section, we present a personal contribution to this question, that both explains
why the algorithm of [57] works, i.e. why it imposes the condition derived in [54, 55], and
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shows that the T'Q) relation (2.23) has to be supplemented with another 7'Q)-like relation to
yield only admissible solutions. It bridges the gap between different approaches and yield
an elegant criterion to distinguish between admissible and non-admissible solutions.

2.2 An additional T'() relation

The goal of this section is to establish that the T'Q) relation (2.23) in the limit v — 0 has
to be supplemented with another T'Q) relation to discard the inadmissible solutions that do
not yield eigenvalues of the transfer matrix. For ¢” not root of unity, an analogous result to
Theorem 1 can be established with the same arguments?.

We thus consider Bethe roots A = {\q, ..., A\ } solution to the equations

N4i2\Y T A=A+
REUES) A B 2.24
(k) - 1= 220

and denote Q(A\) = [],(A — A\x). We denote A the set of \;’s such that there does not exist
another \; with \; — \; = £4, and S the set of complex numbers s (the ’center of strings’)
such that s +i/2 € A and s —i/2 € A. We denote Q(A) = [], cx(A — M). We will finally
use the slightly abusive notation Q*(A\) = [[,(A — Ax) if A & A and Q*(Ap) = [, (Ap — Ar)
for A\, € A. Here, the T'Q relation (2.23) reads*

TNQN) = (A +4/2)* QN — i) + (A —i/2)*Q(\ + 1) (2.25)
Before addressing the main results, for sake of completeness we recall here the following
Lemma 1. We have S = @ or S = {0}.

Proof. Assume that there are two roots such that A\;; — \;, = 4. Denote s = \;; —i/2. Then
from (2.24) with ¢ = iy, either A\;; = i/2, in which case s = 0, or there exists another A,
such that \;; — A\, = —¢. The same argument can be then repeated with ¢ = i3, so that
s = ni with n a negative or null integer, since there is a finite number of roots. Now, (2.24)
for i = iy implies that either A\;, = —i/2, in which case s = 0, or there exists another \;,
such that A\;, — A;, = 7. The same argument can be then repeated with ¢ = 74, implying that
s = ni with n a positive or null integer. Thus s = 0. [

2.2.1 Polynomiality of the other solution to the 7T'() relation

Let us start with the following property, that generalizes [58] to the exact strings case.

3For ¥ root of unity, there are more possible strings than what is written in Lemma 1, so that the
arguments and the result could change significantly.
4We dropped the tilde in T in (2.23) for convenience.
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Lemma 2. There ezist a polynomial Py(\) and complex numbers o for s € S such that

PA+1i/2) QN —i/2) — P\ —i/2)Q(A +i/2) = \F (2.26)
with
P(\) = (M) astp(—i(A = 5) + 1/2) (2.27)
seS

where Y(x) is the digamma function. Moreover, ag = 0 if and only if the following additional
Bethe equation is satisfied

N +i/2 0 N+ 3i/2

(-1 = : : (2.28)
A2 /\j — Z/2 /\j — 31/2
Proof. 1t is directly inspired by [58], where they (implictly) treated the case S = @.
Denote
a (2.29)
R(\) = , : .
V= nTimen i
We have
T ROV +i/2) + RO\ — i/2) (2.30)
. ~ = i — .
QA +1)Q(A — 1)
Since each s € S appears twice in the denominator in R()), we can decompose
_(A
RO = 7() + — = (2.31)

Q0x —i/2) +z/2

with m()\), ¢+ (A) polynomials of degree less than or equal to L — 2n and n — 1 respectively
(since a term of order n in the numerator could be reabsorbed in the m(\) term), and cq
complex numbers. From this one gets

. . -(A—1i/2)  q+(A+i/2)

=m(A—1/2) +T(AN+1/2) + — + ,

AT RO o0 an )

A—1i/2 _(A+1/2 s ;
GO0 e e

QN A—s+i/2)2  (A—s—1/2)?
(2.32)

Multiplying by (A — s 4 4/2)* and sending A\ — s — i/2, since there is no double pole in
s —1i/2 in the left-hand side, one gets ¢, = 0. For A\; € A, multiplying by (A — ;) and taking
A — Aj yields

QA +1)QA —1)
+

sES

0O —/2) +q-(y+i/2) = 0 (2.33)

meaning that there exists a polynomial o such that
0+ (A —1i/2) + - (A +1i/2) = Q(N)o (}) (2.34)
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and thus a polynomial g(\) such that

0N = £a £ /2) + Q0= i/2)o(A £ /2 (2.35)

(for example, take g(A) = g4 (A —/2) — 1Q(N)o(N)). Thus

_ (A —id/2) q(A+id/2) (1 g(A—1i/2) og(A+1/2)
=) QOU%+QM+U®+2(H£AA$Qi$+IL@0+i?&%fO
m(A) can be decomposed as any polynomial into ‘

T(A) = p(A+1i/2) — p(A—1/2) (2.37)

with p(A) a polynomial, unique up to an additive constant. Denote now

1 o(A—1/2) g(A+1i/2)
CE1( e e ermr I8 s s B
It can be decomposed as
as bl by
U(A):;A—5+A—(s+i)+A—(s—z’) (2.39)
with ag, b, b, constants. Using the property of the digamma function ()
Yo+ 1)~ la) = - (2.40)
one can rewrite it as
UN=V(A+1i/2) =V (A—1i/2) (2.41)
where
N, by by B b
V(N = ; ias + b + b)Y (—i(A = 5) +1/2) + — EETEy R e pyo (2.42)
Therefore POLi/2) PO —i/2)
i —1
TV G0+iR a0 24
with

PA) = pNQA) +q(A) + Q)V(A) (2.44)

Note that since s +1i/2 is a root of Q(A), P is a polynomial if and only if a;, + b7 +0; =0
for all s € S. Recalling (2.29), one gets

PA+1i/2) QN —i/2) — P\ —i/2)Q(A +i/2) = \F (2.45)
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as stated in the Lemma. Replacing the (A £ i/2)% in the T'Q relation (2.25) with this
equation, one gets
TA) =PA+9)Q\—1i) — PA—19)Q\+1) (2.46)

Evaluating this relation at s —i/2 yields
T(s—1i/2) = P(s+1i/2)Q(s — 3i/2) + (as + b + b,)Q*(s +1/2)Q(s — 3i/2) (2.47)

Using now the T'Q) relation:

T(s—i/2) = G 1/2)( )+ 0=if2) (2.48)
and relation (2.45) for A = s+
v (s+)F
P(s+1/2) = 01 312) (2.49)

together with the fact that s = 0 is the only possible string, one gets from (2.47) and (2.48)
that a5 + b7 + b, = 0 if and only if

N +i)2 N+ 3i/2
N —i/2 A — 3i)2

(1) =

\j#Ei/2

(2.50)

which concludes the proof. O]

2.2.2 Polynomiality of P()\) and constructability of the Bethe state

We remark that (2.50) is exactly the condition found in [54, 55] to have an admissible solution
of the Bethe equations. In fact, we have the following

Lemma 3. Let {\,..., Ak} a solution to the Bethe equations. There exists a function € —
{A o A with lin% A= N and \j, — A # +i such that
e—

lim BOXS — i/2)...B(\s — i/2)|0) (2.51)

e—0

exists and is an eigenvector of the transfer matriz, if and only if the function P(\) of Lemma
2 1s a polynomial.

Proof. Let us denote

_ T
FO = 0o —iar (2.52)
with F,()) its perturbed version, involving T, (\) defined in terms of Q.:
_ QA+ )M —i/2)" + QA — i) (A +i/2)"
T.(\) = 009 (2.53)
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that is not anymore a polynomial when e # 0.
The condition for B(A{ —i/2)...B(A% —i/2)]0) to be an eigenvector of the transfer matrix
in the limit € = 0 is
lim Res (FL(A),Af) =0 (2.54)

e—0

for all 4, as shown in [54] (although written in a different form).
Let us first build a P. corresponding to the ).. Decomposing

N a, (€)
QA+1/2)Q(\—1i/2) Z \ — )\e +Z/2) + O —i/2) (2.55)

one can write

/\L
Qe()‘ + Z/Q)QE()‘ - 2/2)

=UA+1i/2) = U\ —1/2) (2.56)
with

Uc(N) = Z —ia; (e)p(—i(N— (A, +14/2)) + 1/2) —iay (e)(—i(A— (N, —i/2))+1/2) (2.57)

PA+i/2)Qc(\ —i/2) — P.(A—1/2)Qc(\+1/2) = \F (2.58)
with
Pe(A) = Qe(NU(N) (2.59)

which has poles at A, — ni with n a strictly positive integer, with residue —(a; (¢) +

ay (€))Qe(A;, — ni). With relation (2.58), one has
Pe()‘ + Z)Qe()‘ B Z) - P€<)\ B Z)QE()\ + Z)

Felh) = Ot i/2)E(h — i/2)F (2.60)
which has a pole at every Aj, with residue
(o) — L) A (0)Q0% ~ Q. + ) 261

(A, +i/2)F (N, —i/2)F

We now pick a k that corresponds to i/2 or —i/2, for example without loss of generality
M = i/2. The quantity (af (€) + a;, (€))Qe( A — i)/(\, — i/2)* is undetermined when e — 0.
With relation (2.58) at A§, — /2, one gets

Po(N)Qe(X; — 1) + (0 (€) + a () Qe(N, — QI (AR) = (g —i/2)" (2.62)
thus , .
6O QLD _ 1 EODO0ED) 063
(AL —i/2)* Q: (M%) (AL —i/2)*
The left-hand side vanishes if and only if a; (€) + a; (€) vanishes. Indeed, if the left-hand

side vanishes, then (Q (/\6/2)% cannot vanish in the right hand-side. If a; (¢) + aj, (¢) vanishes,
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then /2))L cannot diverge when € — 0, otherwise the right-hand side would diverge faster

since P(z /2) # 0, see (2.49); and so the whole left-hand side must vanish.

If P is not a polynomial, according to Lemma 2 it must have a pole at —3i/2, so that
a;f (€)+ay, (€) does not vanish when € — 0, at least for one k such that A\, =i/2 or A\, = —i/2
(we can assume that it is true for i/2; otherwise we could have chosen —i/2 before). Hence
the left-hand side of (2.63) does not vanish and we cannot have r(e) — 0 when € — 0.

If P is a polynomial, for an arbitrary function € — A, the different poles a} (€) + a;, (¢)
do not necessarily vanish individually in the limit e — 0, since they can compensate each
other (for example, 1/(A —€) — 1/(A + €) does not have any poles in the limit € — 0, even if
the residues at € # 0 do not vanish in the limit ¢ — 0). Coming back to (2.58) evaluated at
A=\, —1/2 for \, = —i/2 and for A\, =i/2 , one sees that the vanishing of the residues is
equivalent to

(=i)" L (i)t :
—_— (AL —1) ~ —————  for \y, =1i/2 2.64
The first condition is always satisfied when P is a polynomial, and the second one is an
additional one that has to be satisfied for the Bethe vector to be an eigenvector in the limit
¢ — 0. This shows that if P is a polynomial, then the poles ri(e) can vanish in the limit
e — 0 with an appropriate choice of roots Aj.

Q(-3i/2) =

O

We remark that the second condition in (2.64), writing i/2 + ¢ and —i/2 + n(e) the
perturbed roots, can be translated into

e£Q(3i/2)
T Qi)

which was the regularization found in [54].

n(e) = + o(e") (2.65)

2.2.3 An additional T'() relation

We can now prove the

Theorem 1. Q(\) = Hfil()\ — \;) is an admissible solution to the Bethe equations if and
only if in the two T'Q) relations

Ty NQO) = WolA — i/2)Q(\ + i) + Wo(A +i/2)Q(A — i)

TLNQ (N = Wi(h—i/2)Q' (A + 1) + Wi (A +1/2)Q' (A — 1) (2.66)
where
Q'(\) = Q(A +i/2) — QA —i/2)
Wold) = (2.67)

(
Wi(A) = Wo(/\ +1i/2) + Wo(A —i/2) = To(A)
the functions To(\) and Ti (M) are polynomials.
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Proof. 1t is straightforward to show that
WiA) =Q' (N —i/2)P'(N+1/2) — Q' (N +1i/2)P' (N —i/2) (2.68)

where P'(A\) = P(A+1/2) — P(A—1i/2) with P(\) the function introduced in Lemma 2, using
equation (2.26). Then

Ti(A) =P AN+0)Q(N—1i)— P'(AN—1)Q' (N +1) (2.69)
Now, from the general form of P in Lemma 2, one has
P(A) = A(A) + Q' (N)aop(—id) (2.70)

with A()A) a rational function with a sole pole at 0 with residue proportional to ag, using
Y(x + 1) —¢(x) = 1/x. Since 1 has a pole at —1, T has a priori a pole at 0 with residue
iog@'(—1)Q' (7). From Lemma 1, ¢ are never center of strings and so Q'(£i) # 0 if o # 0.
It follows that T} is a polynomial if and only if P is. Then Lemma 3 concludes the proof. [J

Let us now come back to the algorithm of Marboe and Volin [57]. It consists in introducing
functions @, s with s =0,...,L and a =0,1,2if s < K and a = 0,1 if s > K, satisfying the
following Q@) relations

QaJrl,s()\)Qa,erl()\) X Qa+1,s+1<)\ + i/2)Qa,s<)\ - 2/2) - QaJrl,erl()\ - i/2)Qa,s<)\ + 2/2) (271)

with the boundary conditions Qgo(\) = A, Qo =1 for s < K, Q; s = 1 for s > K, and
imposing that all the @), s are polynomials. The Q()) is then given by Q1 ()\). Actually, it is
readily checked that the two T'Q) relations (2.66) are exactly the relations obtained when @, s
are imposed to be polynomials for a = 0,1,2 and s = 0,1 (in the special case K = 1 there
cannot be strings and the second equation of (2.66) is trivially satisfied). Thus, according
to Theorem 1, all the other polynomials ), s for s > 1 are actually superfluous.

We also remark that the fact that only one additional T'Q) relation is needed to discard
the inadmissible solutions is linked to the fact that there is only one possible exact string
(otherwise this T'Q relation would only give one equation relating the «’s).

Let us illustrate Theorem 1 with sizes L = 4 and L = 5. In both cases the polynomial
Q) = (A +1i/2)(A —i/2) = A* + { is a solution to the first 7'Q relation with

To(\) = =2 +3X2+2\, ifL=4

-8

2.72
To(A) = —4X+3X°+2)°, i L=5 (2.72)
However, the corresponding 7} (\) reads
Ti(\) = —4(2+3)%), ifL=4
(2.73)

4
Tl(A):X—S)\—16)\3, if L=5
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indicating that the second T'Q) relation is satisfied for L = 4 but not for L = 5. Besides, the
function P(\) of Lemma 2 reads

P\ =—iAx(N+2), ifL=4
Loy 1 i 2 1), : : (2.74)
PQ) = 2 N+ + i+ N+ Dip(—ix+1/2), fL=5

and is a polynomial if and only if 77(\) is a polynomial. It turns out that Ty(\) is indeed
an eigenvalue of the transfer matrix for L = 4, but not for L = 5, in agreement with the
Theorem.

In Figure 2.2 we plot the roots of all the polynomials Q(A) solution to the T'Q relation
(2.25) in size L = 6, showing in blue those that solve the two T'Q relations (2.66) and in red
those that only solve the first one. Only the solutions (—i/2,i/2) (—i/2,0,i/2) among the
blue ones involve exact strings in Figure 2.2 (all the red inadmissible solutions must exhibit
exact strings). We see that the number of admissible solutions with K roots is ( [L() — ( Kﬁ 1).
We recall that in the Heisenberg spin chain case the Bethe states are necessarily highest-
weight states with respect to the underlying su(2) algebra. Taking into account that the
eigenvalue corresponding to a solution with K Bethe roots is (L — 2K + 1)-fold degenerate,

one obtains 2% eigenstates indeed.

29



-1.0 -05 0.0 05 1.0 -1.0 -05 0.0 05 1.0 -1.0 -0.5 0.0 05 10 -1.0 -0.5 0.0 05 10

1 1 1 1
L]
0 . 0fe 0 0 . .
L]
-1 -1 -1 -1

-1.0 -05 0.0 05 1.0 -1.0 -05 0.0 05 1.0 -1.0 -0.5 0.0 05 10 -1.0 -0.5 0.0 05 10

1 1 1 1
L]

0 . . 0 . . 0 . . 0
L]

-1 -1 -1 -1

-1.0 -05 00 05 1.0 -1.0 -05 00 05 1.0 -1.0 -0.5 0.0 05 1.0 -1.0 -0.5 0.0 05 1.0

1 1 1 1 .
L]

0 . . 0 0 . . 0 .
.

-1 -1 -1 -1 .

-1.0 -05 00 05 1.0 -1.0 -05 00 05 1.0 -1.0 -0.5 0.0 05 1.0 -1.0 -0.5 0.0 05 1.0

1 1 1 1
. . .

0 . 0 . 0 . 0 . . .
. . .

-1 -1 -1 -1

-1.0 -0.5 00 05 1.0 -1.0 -0.5 00 05 1.0 -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

1 1 1 1
L] L) L] L)
0qe 0 . 0 . 0 .
L] L) L] L)
-1 -1 -1 -1
-1 0 1 -1 0 1 -1 0 1 -1 0 1

Figure 2.2: In blue: the roots of all the solutions Q(A) to the T'Q) relations (2.66) in size
L = 6. In red: the roots of the solutions to the first 7'Q) relation in (2.66) that are not
solution to the second one, and thus that do not contribute to the spectrum.

2.3 Geometrical models

As it is often the case in statistical mechanics, a single model can be interpreted as describing
several different physical systems, sometimes through an exact mapping and sometimes
through partial summation of degrees of freedom and rearrangement. In this section we
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explain how the XXZ spin chain presented above is related to geometrical models such as
the O(N) loop model or the @-state Potts model and percolation.

2.3.1 Loop models
Mapping

In section 2.1.1 we saw that the integrable model built from an R-matrix has a direct
interpretation in terms of both a 2D vertex model and of a quantum spin chain. There is
another interesting interpretation in terms of loop models. Let us first write the R-matrix of
the XXZ spin chain as

R(\) = sinh(\ + i)~ + sinh A\ (2.75)
with
1 0 0 0 0 0 0 0
J o o0 A | w_ [0 1 xtw? 0
o aw? 0 0| N o 2w 1 0 (2.76)
0 0 0 1 0 0 0 0

with  and w parameters that must satisfy

sinh(\ + iy)w ™2 + sinh(\)w? = 2 sinh(i7)

2.77
sinh(\ + ivy)w? + sinh(\)w ™2 = 2~ sinh (i) (2.77)

sinh(A\+iv)—eY sinh
—e¥¥ sinh(A+iy)+sinh A
that in the partition function (2.6), because of the periodic boundary conditions, on a given

line a change of indices from 1 to 2 must occur the same number of times than a change of

which requires 2% = and w?* = —e”. The important point to notice is

indices from 2 to 1. Hence z and 2~ in -/  and \\ appear the same number of times in
the total weight of a configuration. It follows that after changing the value of x in (2.76),
although it modifies the R-matrix that would no longer satisfy the Yang-Baxter equation,
each term in the partition function (2.6) takes exactly the same value. Effectively, the value
of z in (2.76) can be changed at will, and be set for convenience to 1.

The position of the non-zero terms in the matrices ~/ ~ and \\ constrains the indices to
follow a certain pattern in each non-vanishing term in the partition function (2.6). Indeed,
the action of I? on a basis vector e; ® e; has a non-zero component over e, ® ¢; only if ¢ = {
and j =k, or if i = k¥’ and j = [’ with by definition 2’ = D — x + 1 for an index z = 1, ..., D.
If imposing an equality between indices is depicted by a line in Figure 2.1, then the two
matrices correspond to inserting portions of loops depicted by their notation, see Figure 2.3.

Each configuration is thus a loop configuration, but with purely local weights for each
tile, i.e. there is no weight given to a whole loop, but only to portions of loops. Moreover,
the loops carry an index 1 or 2, that is changed at each SW or NE corner®. A SE corner

5Speaking of oriented loops and materializing each index with an arrow on each loop is much more
convenient in this particular case, but this terminology is then less adapted to the super spin chains we will
study in the next chapter.
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Figure 2.3: Left: the two elementary portions of loops and their indices, with the notation
i’ = D+ 1 —1i. Right: an example of a loop configuration (each loop has been given a
different colour, but it is not part of the model).

with index 1 (resp. 2) or a NW corner with index 2 (resp. 1) gets a weight w™' (resp.

w). A SW corner with index 1 at the top (resp. 2) or a NE corner with index 1 at the
left (resp. 2) gets a weight w (resp. w™'). It is then seen with the help of a little picture
that a closed loop that does not cross the periodic boundaries gets a total weight w? if its
NW corners have index 1, and w™* if its NW corners have index 2. The indexed loops that
cross the periodic boundaries (horizontal or vertical) an even number of times also get the
same weight (because they are contractible, i.e. they can be transformed into a point by
modifying it locally, so that along a loop there is globally a rotation by an odd multiple of
27). However, the indexed loops that cross the periodic boundaries an odd number of times
get the weight 1 (because they are not contractible, and along a loop there is globally a
rotation by an even multiple of 27).

Loop models are usually defined in terms of unspecified loops that do not carry any
indices. After summing over the indices of the loops, one obtains that Z;, in (2.6) can be
rewritten as

Ziag =Y a™b™ N'E)ghe(6) (2.78)
L

where the sum runs over (unspecified) loop configurations £, x; and x5 are the number of

tiles -/ ~ and \K, [(£) is the number of contractible loops in £, and l,.(£) the number of
non-contractible loops. The parameters N, a and b are

N = —2cos", a = sinh(\ + i), b = sinh A (2.79)
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Boundary conditions and modified trace

To impose a common weight N to every loop, contractible or not, one has to modify the
boundary conditions in both directions. In the L direction (that is, in the direction in which
the trace of the monodromy matrix is taken), one needs to define a twisted transfer matrix
t(\) by

i) = tr, (_e(—)iw _fm) M,(\) (2.80)

with ¢ = /7 so that to compensate an odd number of crossings in the horizontal boundary
condition. This transfer matrix is still integrable and can be solved with the Bethe ansatz;
the Bethe equations (2.16) are modified with a multiplicative factor €™ on the right-hand
side.

However, the M-direction cannot be taken into account in such a way, and one has to
generically introduce a matrix K that gives the desired weight to a given set of index values
in the first and last row of the configuration (those separated by the periodic boundary
condition in the M direction), so that the partition function

is the partition function for loops with weights —2 cos~, contractible or not, with periodic
boundary conditions in both directions:

Zing = Z a1 h*2 NUE)+ine(£) (2.82)
L

This modified version of the trace is called the Markov trace.

Sectors of fixed magnetization

We saw in section 2.1.2 that the transfer matrix conserves the total magnetization S7,,
and that imposing a certain number K of Bethe roots fixes it to é — K. Because of this
conservation, one can define a partition function ZK,, with a trace tr) only over the sector

of such magnetization:
Zin = trO(N)M) (2.83)

which corresponds in the loop model language to sum over a subset of loop configurations
with a certain constraint.

This constraint can be understood as follows. Imposing a magnetization m = % - K
means that at the bottom of the lattice, there are 2m more strands with index 1 than with
index 2, since each index 1,2 contributes to £1/2 to m. Because the index of a loop is
changed along a loop whenever a half-turn is made, these m extra strands with index 1
cannot go in the bulk of the lattice for a while and come back down to the bottom of the
lattice connecting with another extra strand with index 1. Hence they must go through
the lattice and cross the vertical periodic boundary (the one in the M-direction) to connect

with another extra strand with index 1. Clearly, it can also cross the vertical periodic
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boundary an additional number of times. Thus imposing a magnetization m constrains the
loop configurations £ in (2.78) to have m non-contractible strands in the vertical direction,
i.e. strands that can be followed from the bottom of the lattice to the top without crossing
the vertical periodic boundary condition (these strands might form only one loop though).

An important comment has to be made on the twist discussed in the previous subsection,
that gave the correct weight to the non-contractible loops in the horizontal direction. If some
strands are propagating freely along the lattice without forming any loops, then clearly there
cannot be non-contractible loops in the horizontal direction, so that the twist is unnecessary
in that respect. Besides, this twist will give a special weight to the cases where all the freely
propagating strands wind around the lattice in the horizontal periodic boundary condition,
which will favour certain configurations. For these reasons, in presence of freely propagating
strands the twist ¢ = 0 should be set.

Another representation of the transfer matrix

We saw that the partition function of the completely packed loop model can be obtained
from the transfer matrix of the XXZ spin chain. In this language, the non-local weight
for a loop comes from the sum of different configurations of indexed loops described locally
(since each site of the chain knows only about the index of the loop that visits it) and with
local and complex weights. It is naturally possible to write a transfer matrix directly for
the model with unspecified loops, if the Hilbert space encodes the connection between the
strands that visit each site. We briefly describe this representation and will restrict to L
even for simplicity. In particular we will not detail the treatment of boundary conditions,
that are especially relevant for the numerics.

In the right panel of Figure 2.3, a horizontal slice will cross L strands, each of them
being either connected to another strand or not connected to any other strands (if we forget
about the vertical periodic boundary condition), that we will call a free strand. Hence the
transfer matrix on unspecified loops acts on a vector space that is a direct sum E = @y Foy
of vector spaces Fs, each describing a state with L strands among which 2k are free, the
other ones being paired between themselves and without crossings, see Figure 2.4. States
with an apparent crossing in their graphical notation might be obtainable without crossings
on a lattice because of the horizontal periodic boundary condition. The dimension of Fy

is (2’2) (LL/_22—kk) — ( I /Lz:i]il)> At each transfer matrix step, each of these states is mapped

onto all the possible states that can be obtained from it after one row. The loop weight N
can be then directly written in the transfer matrix whenever a loop is formed.

NERE
A N R T N RN VA TR A2 (2.84)
AN

Figure 2.4: The 9 states in £ = E4 & Fy & Ej in size L = 4.
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Crossings

Let us anticipate a bit on the next chapter, and modify the previous loop models by authoriz-
ing the indexed loops to cross each other, see Figure 2.5. This corresponds to considering an
additional possible tile —’— whose matrix representation is nothing but the identity matrix

10 00
0100
+ 10 0 10 (2.85)
0 0 01
and define the R matrix R .o as
Reross(N) = sinh(\ + i)~ - + sinh AN + w—- (2.86)

with w the weight for a crossing. Using the matrix representation for the other tiles / ~and

\\, one actually has

Reross(A) = (sinh(X + i) + w)~ - + (sinh A + w)~\™ (2.87)
if the free parameter = in (2.76) is chosen so that the following equations are satisfied

(sinh(\ + ) + w)w ™2 + (sinh A + w)w?® = 2 sinh(iv)

2.88
(sinh(\ 4 47y) + w)w? + (sinh A + w)w™? = ™' sinh(i7) (2.88)

We remark that it modifies the weight w and the weights for the tiles. Thus the model with
a crossing weight w for the indexed loops is actually equivalent to a model without crossings
for the unspecified loops, but with an effective weight for a loop N':

(sinh(X + i) + w)? + (sinh A 4+ w)? — sinh? iy

N' =
(sinh A + w)(sinh(A + i) + w)

(2.89)

However, this is different from a model where the intersections occur between the unspecified
loops. The definition of such a model requires more degrees of freedom for the indexed loops,
and will be studied in the next chapter.

2.3.2 The Potts model

The previous loop model formulation can be mapped onto the so-called Potts model. To that
end, let us represent a loop configuration on the [0, L] x [0, M] portion of the plane (as in
Figure 2.3 for L = M = 10), and consider V' the set of vertices of coordinates (i, j) with i+ j
even, 0 <i < L,0 < j < M, together with E the set of all the edges ((7,7), (i £1,7+£1)) for
1+ 7 even.

To each loop configuration £ we associate the subset of edges ' C F that do not intersect
the loops, see Figure 2.6. Reciprocally, to each subset of edges E/ C E one can associate a
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1

Figure 2.5: An example of a loop configuration with crossings (each loop has been given a
different colour, but it is not part of the model).

unique loop configuration with the following procedure: at position (i, j) with ¢ + j even is
placed // if ((4,7),(i+1,j+1)) € E', and \\ otherwise; at position (4, j) with ¢ + 7 odd
is placed \\ if (i1 41,4),(i,5+1)) € E', and // otherwise.

One can translate the partition function (2.82) in this language. Given E' C E, we
denote It (E") the number of loops (contractible or not) in a loop configuration built from
E’, k(E") the number of connected components of E’, and ¢(E’) the number of independent
cycles of E' (i.e., the smallest number of edges that must be removed from E’ so that no
cycles remain). We have the following relations

liot(E') = k(E") + ¢(E') , c(E"Y=k(E") — V] —|F| (2.90)

so that the partition function (2.82) with @ = b (and only in this case) becomes

2\ VI
Zin = (%) > NHEIE (2.91)

E'CE

which is (proportional to) the partition function of the Potts model with ) = N? states and
weight o = 1/N for each edge, defined as

79 = 3 Qe (2.92)
E'CE

When (@ is a positive integer, it is not difficult to see that this latter partition function is
actually

ZéQ) = Ze’H, with  H = —log(1 + z) Z 5(0170;') (2.93)

(i,7)EF
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Figure 2.6: An example of a loop configuration (in red), together with its corresponding
subset of edges £’ (in blue). The blue dots are the vertices in V.

where o denotes a configuration of classical spins o; that live on the set of vertices V' and
that can take values 1, ..., Q.

Thus, at Q = 2, or equivalently N = /2, this partition function is that of the Ising
model. The (limiting) case Q = 1 corresponds to critical percolation, i.e. opening a bond
between two sites with probability 1/2, irrespective of the size of the clusters formed. As
for the (limiting) case @@ = 0, because of the Q-dependence of the weight = for an edge,
it corresponds to having only one big cluster without cycles hence is a model for spanning
trees.

2.4 Identifying the continuum limit

2.4.1 Conformal field theory

The ultimate goal of statistical mechanics is to identify the continuum limit of a model; that
is, obtaining a description of the long-range, macroscopic correlations that exist in a large
system from the microscopic interactions that define the model.

The simplest example of a continuum limit is given by a Gaussian Free Field, in which
the macroscopic observables are described by a field ¢(z,y) whose all correlations can be
computed by Wick’s theorem. This is for example the case of the uniform random planar
domino tilings [59]. In the continuum limit, a configuration of the system can be thought of
as a 'Brownian surface’ generalizing a Brownian motion.

The models described by a Gaussian Free Field in the continuum limit have the impor-
tant property of being conformally invariant, that is, if Q and ' are two bounded simply
connected domains related by a conformal transformation w(§2) = Q' depicted in Figure 2.7,
then the correlation functions Gy, ;. (21,21, ..., Zn, Zn) of n fields at positions z;, Z; in 2 are
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related to those in ' by

G2 = 1T (2260 () G o) G, () )

7=1
(2.94)
where h; are the conformal dimensions (or conformal weights) of the fields.
. . . . . . . x+21
Figure 2.7: A grid and its image by the two-dimensional conformal map = :cL+2

Although many statistical mechanics models are not described by a Gaussian Free Field
in the continuum limit, they are still very often assumed (and observed) to be conformally
invariant; it has also been proved for certain cases such as critical percolation [60]. This
assumption directly imposes a general form to the 2 and 3-point functions of the fields:
denoting A; the conformal dimension of the field ¢;, one has

(61(21)6n(22)) = Cro—S21B2__

|Zl — ZQ|2A1

(2.95)

b123
<¢1(21)¢2(22)¢3(Z3)> = |Zl _ Z2|A1+A27A3|Z1 — 23‘A1+A3*A2‘22 — 23’A2+A3*A1

with (2 a constant that can be set to 1 upon a rescaling of the fields, and b;23 a constant
called structure constant.

In two dimensions, the assumption of conformal invariance is particularly powerful and
has stimulated a very large amount of research under the name of conformal field theory
(CFT) [19], impacting statistical mechanics, condensed matter physics, string theory and
mathematical physics. Indeed, in two dimensions the (locally) conformal maps are the
analytic functions, so that the corresponding Lie algebra has infinite dimension. It is given
by the Witt algebra with generators W,, = z!7"9, that satisfy

(W, Wil = (n — m)Woim (2.96)
At the quantum level, a symmetry is a weaker assumption since the states of the Hilbert

space are defined up to a global phase, and turns out to be described by a Lie algebra that
is a central extension of its classical counterpart. The only central extension of the Witt
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algebra is the Virasoro algebra, that depends on an additional number, termed central charge
and denoted by ¢, and whose generators L,, satisfy
n(n®*—1)

Ly, Lin) = (n—m) Ly + 5n+m70TC (2.97)

The central charge, the conformal weights and the structure constant alluded to above are
part of the so-called CF'T data, that is the information necessary to characterize a CF'T. For
example, if there are only a finite number of primary fields with strictly positive h > 0, then
the sole value of the central charge ¢ is enough to characterize entirely the model, that is
then called (unitary) minimal model. It must read

6

SRy (2.98)

with m > 2 an integer, and the conformal weights A must belong to the so-called Kac table

m+1 m 1 TS
hys = 2 2 _ - = 1<r< 1<s< 2.99
’ Am 4(m+1)8 dm(m+1) 2 =T =1 sssr | )

2.4.2 From the cylinder to the plane

A significant part of this thesis consists in determining the characteristics of the continuum
limit of a model from the hints it leaves in finite size. In particular, upon the hypothesis of
conformal invariance, part of the CFT data can be read off from the asymptotic expansion
in L of the spectrum of the Hamiltonian or the transfer matrix in size L. In this subsection
we remind the reader of the origin of this important link between the discrete quantum or
statistical system and its continuum limit, emphasizing the role of the different limits.

To that end, we consider a transfer matrix 7; on L sites with D degrees of freedom
per site that we assume for simplicity to be diagonalizable with orthogonal eigenvectors |i)
with eigenvalues ); 1, and o, a given observable in size L. These objects are thus D* x D
matrices. On an L x M lattice with periodic boundary conditions, the correlation function
of oy, separated by Y rows is denoted G /(YY) and is

tr(TM Yo, TY o)

TuY)= 2.100
L,M( ) tl"(TfiV[) ( )
After inserting the eigenvectors of 77, one has
AMY Glop |k (k|o)i

(YY)
LM ZZ )\%

The correlation of o on a lattice of size L in one direction and infinite in the other is then
obtained with the limit M — oco. Denoting )¢ the dominant eigenvalue of 77, one has

when M — oo: v
A
7ooY) = (0loL|k)? (%) (2.102)

k 0,L
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One would now like to have a field theory description of these correlations when L — oo. To
that end, we associate each vertex of the lattice (7, j) where i = 1, ..., L and j is an integer, to
a point (z,y) = (2ndi/L, j/L) on a cylinder of radius d. The parameter d is a free parameter
that simply permits to rescale arbitrarily one of the axes in the continuum limit L — oo, and
that corresponds to the additional information that is encoded in this description, namely
the distance between the sites. In this limit, the local observable o, is represented by a field
¢(x,y) (the coordinate x on the compact direction of the cylinder depends on oy, in finite
size, but not the coordinate y).

Let us assume that (0|0 |k) converges to a finite non-zero value when L — oo for a k-th
excited state at finite distance from the ground state, denoted C%. Rescaling Y = yL, one
sees from (2.102) that this field theory description is non-trivial only if Llog(Ax /o) has
a non-zero finite value when L — oco. Let us denote this limit by —ay. Then, (2.102) gives

(0(z,0)p(z,y)) = Y Cre (2.103)

Let us now assume that the continuum limit is conformally invariant, and consider ¢ a
primary field with conformal dimensions h = h = A/2. Using (2.94) with the local conformal
transformation w(z) = d - log z that maps the plane onto the cylinder of radius d, one finds
the dominant behaviour on the cylinder:

A
e da¥

(W (=, 0)¥(z,y)) ~ —5x (2.104)

Note that there are no system size L here: these are the correlations on a cylinder of radius
d in the continuum limit. We also note that this exponential decay is not the exponential
decay that characterizes non-critical systems: the former one occurs in the continuum limit
where there is an infinite number of sites between two distinct points, whereas the latter one
occurs in the non-rescaled lattice. It follows that in the CFT describing the system in the
continuum limit, considering the first k& such that Cj # 0 in (2.103), there must be a field
with conformal dimension

A = ayd (2.105)

Stated differently, there must be an excited state of the transfer matrix with eigenvalue A r,
and a multiplicative constant d such that
kL 1 -
—log == = —(h+h)+o(L7! 2.106

BSEE = o4 B) 4 ofL7) (2.106)
where the factor d must be the same for all the fields in the CF'T. This equation is more usu-
ally written for the eigenvalues Lej, of the Hamiltonian that correspond to a very anisotropic
limit in one direction, and with the rewriting d = (2rvp)~! where vp is called Fermi velocity.
Then it reads, with Le” the ground state energy

S 27TUF 7 _
e, — e} = 73 (h+h) +o(L7?) (2.107)
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This equation relates differences between energy levels on the cylinder to the critical expo-
nents on the lattice, and is among the most useful relations in the study of two-dimensional
critical phenomena. As for the finite-size correction to the ground state, it can be shown to
be related to the central charge ¢ of the system through [21, 20]

€8 — 60 = —GL; +o(L7?) (2.108)
Hence a good part of the CF'T data can be read off from the finite-size corrections to the
low-lying spectrum of the Hamiltonian on the cylinder.

As mentioned in [61], equation (2.107) is actually more general than what its derivation
suggests. Indeed, the use of (2.94) is legitimate only for primary fields 1), whether it is
routinely observed in lattice models that the result (2.107) also applies to secondary fields.
Moreover this correspondence between the spectrum on the cylinder and the critical expo-
nents on the plane has been observed in some cases where the above derivation does not

apply [61].

2.4.3 Perturbation by irrelevant operators

In a finite size system, there are clearly always higher-order corrections to equation (2.106).
These corrections can be described in an effective way by perturbing the Hamiltonian in the
continuum limit by irrelevant operators with a coupling constant g, that depends thus on L.
The model in finite size is described in a continuous way by perturbing the limit theory in
infinite size. Let us consider a Hamiltonian H, that describes the system in the continuum
limit, and we perturb it by a field V:

2md
g
H = Hy+ — t)d 2.1
ot 5 | Vit (2109
with g a coupling that satisfies
Yo —Bl9).  Bla) = (2 Av)g— b’ + Og") (2.110)
dlog L ’ v '

where Ay, = h + h is the scaling dimension of V with the assumption h = h, and b a
parameter. At leading order in L, this is solved into

g9(L) = # (2.111)

with a constant a if Ay, > 2, i.e. if the perturbation is (truly) irrelevant, and

1
L)= 2.112
90 = e T (2.112)

if Ay =2, i.e. if the perturbation is only marginally irrelevant.
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Correction to the energy levels

Take now FE,, an energy level and |¢,,) the corresponding eigenstate, ¢,(z, Z) the correspond-
ing operator. At leading order in g, the perturbed energy level ) E,, is

2nd

_ 9
5En — ﬁ 0 <¢n|V(l’,t)|gZ§n>d:L’ (2113>

By definition of |¢,) and (¢,| in terms of ¢, (z), we have
GuV@)[6,) = Tim (0] 0, (1/21 /Y@ 06, )0)  (2114)

In CFT, this three point function is constrained to be

bn
(0[¢n (2)V(y)dn(w)|0) = P S S T (2.115)
with b,, a structure constant. Expanding in z,y = e~*% w one finds
0E, = gb, (2.116)

Hence in the spectrum of the spin chain, the energy levels are perturbed at order L=2V if the
perturbation is irrelevant, and L=2(log L)~ if the perturbation is marginally irrelevant, and
the amplitude is related to the three-point function amplitudes, showing that the finite-size
corrections contain another part of the CFT data.

Correction to the correlation functions

From the energy displacement it follows that the scaling dimension 7, of the field ¢, is
perturbed by ¢ as
bn

27T’UF

(2.117)

with A,, the unperturbed value of the conformal dimension. The correlation function

Gn(x) = (¢n(0)Pn(2)) (2.118)
satisfies the Callan-Symanzik renormalization equation
0 + B( )3—1—2 (9) ) Gn(z,9) =0 (2.119)

At first order in g it gives

i) = Golaw) () exp (=22 [ dtos ) (2.120)
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Whenever g(y) = O((logy)~?), that includes the case of ’truly’ irrelevant operators, but
also some marginally irrelevant operators, the integral inside the exponential is convergent
when x — oo and thus the corrections induced by this term are additive corrections to the
dominant scaling of G,,(x). However, in the case of a beta function 3 o< —g?, the integral is
divergent, which gives a multiplicative correction to the dominant behaviour [62, 63]

1
2280 (log &) bn/ (72vrb)

Gh(x) o (2.121)

Summary

We can summarize these different relations by writing that if one has the following finite-size
corrections to an energy level ey, on the cylinder

2mUE B 2 —1
= | —-——+4+h+h+—— L *(log L 2.122
rm et T (o nr bt ) po o)) 122)
then the correlation function of the field ¢ corresponding to this energy level has the following

large distance decay
1

We emphasize that this logarithmic correction to the power-law comes from the presence of
a marginally irrelevant operator, and is in particular not related to LCFT.

(2.123)

2.4.4 A basic application of conformal invariance

For sake of completeness, in this subsection we give a basic example of application of con-
formal invariance, whose explanation will be useful in the next chapter.

We consider the completely packed O(N) loop model on a square lattice of size (LK) x
(LK), and ask what is the large-x behaviour of the probability G,(0,z) that two points
separated by X = xL are visited by the same loop in the limit L — co, K — 0o ©

To that end, we use the hypothesis of conformal invariance to map the problem on the
geometry of the cylinder, better suited for a transfer matrix approach. On the cylinder, the
probability that two strands are propagating without forming a loop on a certain distance
Y can be written with a similar equation to (2.100)

(T o} Ty of)

oD (2.124)

where o} and aL create and contract a particular marked loop, than cannot be contracted
nor created by T}, the transfer matrix T;, now acting on states consisting on regular loops

6The two limits are required to be on the geometry of the plane, rather than on a bounded region.
Boundary CFT should otherwise be used to solve the problem on this latter geometry.
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and possible marked loops. The action of the Tz/ in between is then identical to the action
of the transfer matrix without marked loop, but imposing that there are 2 free strands
propagating. Thus in the continuum limit on the cylinder the probability that two points
separated by y are visited by the same loop is given by

(¢(0)¢(x)) = Cre** (2.125)
AL
Ao, L
Ty, and Ao the largest eigenvalue of the normal transfer matrix 77, in the sector with 2
free strands propagating. Now, we saw in section 2.3.1 that the ground state corresponds
to the S, = 0 sector in the XXZ spin chain with N = —2cosvy and a twist p = —v/m,
while the configurations with 2 free strands correspond to the S, = 1 magnetization sector
and a twist ¢ = 0. Besides, the finite-size corrections to a state with n, vacancies in the
positive/negative Bethe numbers is

where —ap = Llim Llog with Ao 1 the largest eigenvalue of the normal transfer matrix
— 00

2mup 1 1—n/m 5 (ny —n_+2p)?
e = Nt V) _ 2.126
‘e 2 ( 12 L Vs gy (2.126)
see (4.75). The minimal energy in the S, = 0 sector is obtained with n, = n_ = 0, and

in the S, = 1 sector at ¢ = 0 with ny. +n_ =1,ny —n_ = 0. Hence the following decay
(64, 65]
1

x(l—v/W)—

G, (0, 2) ~ — (2.127)

1—v /7
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Chapter 3

Logarithms in a non-unitary spin
chain

3.1 Introduction

3.1.1 Overview

A system with a large number of components interacting at short distance is generically
non-critical: the correlations decay exponentially with the distance o e™*/¢ with & a certain
correlation length. At the particular points in the parameter space where this correlation
length diverges & — oo, i.e. when the system is critical, the correlations decay much more
slowly and take another form, typically that of a power-law x=* with « a critical exponent.
However, it may happen — and it actually happens quite often — that this power-law is
corrected with a multiplicative logarithm.

The simplest examples of models with such a behaviour are probably disordered magnets
like the random bond Ising model in two dimensions. Whereas the pure Ising model mag-
netization correlation functions at critical temperature famously exhibit power-law decay
(66, 67]

(o)) ~ (3.1)

it was shown by Ludwig that the disorder acts as a (marginally) relevant perturbation that
corrects this behaviour with a logarithm after averaging over different realizations [68, 69,
32, 70, 71]

oo 2\ N(N-1)/8
e ~ 120 32)

However, this is not a specificity of disordered systems and a logarithmic behaviour is
also present in other pure paradigmatic models such as polymers as first shown by Saleur
[34, 72, 73] or in percolation [74, 75|, and even in the pure Ising model itself for more involved
correlation functions [76, 77, 78]. These latter models share the property of involving non-
local degrees of freedom or observables that can be made local at the price of non positive
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Boltzmann weights, often referred to as non-unitarity, albeit through a specific transforma-
tion rather than a canonical procedure — the non-locality is apparent for percolation and
polymers since the elements of a configuration are clusters or loops which are extended ob-
jects, but some observables in the Ising model can be non-local as well, such as the belonging
of two sites to the same cluster of aligned spins. On the other hand, the disorder clearly does
not spoil the locality of a pure system, but it is expected from supersymmetric averaging
over the disorder [79, 32] that they are described by non-trivial ¢ = 0 CFT’s, thus necessarily
non-unitary. Hence it suggests that the true commonality of these particular models with
logarithmic correlations are their non-unitary nature.

We should however qualify this conclusion with the following remarks. Firstly, it is not
clear to which extent the meaning of non-unitarity for lattice models (non positive Boltzmann
weights) and for CFT’s (negative norms) coincide. Secondly, the convertibility of the non-
locality into non-unitary locality is difficult to characterize since it somehow relies on a trick,
such as summing over intermediate configurations, or using supersymmetry, that cannot
always be generalized to related models: for example the weight N = —2 cos~ assigned to
a closed loop in the O(N) model is obtained with a weight e**("*™/4 for each corner in the
oriented loops before summing over the orientation; but as soon as one allows intersections
between the loops the number of corners is less constrained and the trick fails for N non-
integer, although there may still be well logarithms for these values of N. Thirdly, some
models such as the Heisenberg XXX spin chain also exhibit logarithms in e.g. their magnetic
susceptibility [80], or the famous XY model studied by Kosterlitz and Thouless [81], although
unitary and local.

The explanation is that not all the logarithms in the correlation functions have the same
origin from a theoretical point of view. There are two distinct mechanisms to allow their
appearance. The first one is the perturbation of the Hamiltonian by a marginal operator
as explained in Section 2.4.3 [62], and the power of the logarithm that can be any real
number is related to the amplitude of this perturbation. If this perturbation is induced by
the finite size of the system, since a physical realization of a model cannot be but finite,
for all practical purposes this perturbation and thus the logarithm will always be present
and observed. However, by definition the perturbation and the logarithmic corrections are
absent exactly at the RG fixed point where the coupling constant g vanishes, which implies
an unpleasant non-commutativity of two limits.

The second mechanism is more intrinsic and has been termed Logarithmic Conformal
Field Theory [82, 38, 83] (LCFT). It relies on the relaxation of a common hypothesis in
renormalization group lectures, that is the diagonalizability of the linearized RG flow close
to a fixed point. Under this latter hypothesis, the correlation functions are constrained to be
power-laws whose exponents are related to the eigenvalues of this linearized flow. However,
if it is not diagonalizable, the correlation functions can exhibit multiplicative integral powers
of logarithms that corrects the usual power-law. This is conceptually very different from the
marginal operator perturbation, since the logarithms are still present at the fixed point and
are thus a property of the RG fixed point itself rather than that of a perturbation around it.
For this reason the framework of LCF'T is more fundamental, and should be the right one
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to study e.g. percolation.

This chapter is devoted to the study in full detail of particular examples of discretization
of non-unitary models that turn out to mix the two mechanisms described above, i.e. LCFT’s
perturbed by marginally irrelevant operators. These are the orthosymplectic integrable spin
chains, i.e. spin chains built from a solution to the (graded) Yang-Baxter equation that has
the symmetry of the Lie superalgebra osp(r|2s), which is the analog of the o(n) Lie algebra
for graded vector spaces. The cancellation of bosonic/fermionic degrees of freedom actually
makes the model a generalization of the O(N) model to N = r — 2s any positive or negative
integer. The interest of these spin chains lies in several factors. The first one is their non-
unitarity, which forbids the Mermin-Wagner theorem to apply and allows a stable massless
Goldstone phase to appear, also called spontaneous symmetry breaking. The second one is
the fact that they regularize the supersphere sigma models, that are field theories for ’free’
fields with bosonic and fermionic degrees of freedom constrained to lie on a supersphere.
These models involve free bosons and symplectic fermions, which is the simplest and well-
known LCFT [84, 73], and are perturbed in a marginal way as already stated, which makes
them interesting ground for understanding aspects of perturbed LCFT’s and supersymmetric
field theories. Finally, their spin chain discretization is directly related to intersecting loop
models, i.e. the completely packed O(N) loop model where intersections between loops are
allowed [85]. It was understood by Jacobsen, Read and Saleur [86] that this loop model is
somehow the true loop model associated to the O(N) spin model for N < 2, in the sense
that any weak perturbation around the usual O(NN) loop model flows to this intersecting
loop model. Moreover these models are directly related to ’trail’ models, that is bond-
avoiding walks that are alternatives to the self-avoiding walks for polymer universality class

87, 88, 89].

In section 3.2 we study thoroughly the osp(1]2) spin chain and show that in the thermo-
dynamic limit, the low-lying spectrum of the spin chain is that of the osp(1]|2) supersphere
sigma model. To achieve this, we compute directly from the Hamiltonian derived from the
action of the field theory the energy levels at order g and compare them to analytic cal-
culations from the Bethe ansatz of energy levels at order m, together with numerical
calculations with the Bethe ansatz for large spin chains. Even though some energy levels of
these super spin chains were studied numerically in [90, 91], no such an explicit calculation
and correspondence to the sigma model has been carried out before. Besides, we study
for the first time how Cardy’s relation [92, 22] between logarithmic corrections and 3-point
function amplitudes for classical CFT’s generalizes to the logarithmic case; we find that the
correspondence is much more involved because the structure of the 3-point function is not
as constrained as for the CFT case. These discussions are then partially extended to the
0sp(2]2) and osp(3|2) cases in Sections 3.3 and 3.4.

In section 3.5 we apply our results to the so-called watermelon correlation functions in
the intersecting loop models, with the formalism of the transfer matrix. This model was
introduced in [85], and a family of watermelon two-point function with logarithmic decay
was calculated and observed numerically with Monte Carlo simulations in [93]; however,
there are in the supersphere sigma model other whole families of exponents for which no
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observable was known. We establish the precise correspondence between the super spin
chains and this model, and explain and prove some facts that were numerically observed
to hold, like the inclusion of spectra between different models. But we especially establish
a precise correspondence between all the highest-weight state energy levels — including the
families that were not studied so far — and constraints on the loop configuration, that enables
to relate the finite-size corrections to the energy levels to the long-distance behaviour of more
involved weighted sums of watermelon correlation functions, which is a new result.

3.1.2 Definitions
The orthosymplectic symmetry

We give here a brief description of the orthosymplectic symmetry.

We first remind that the superspace R"?* is parametrized by r *bosonic’ variables ¢y, ..., ¢,
and 2s "fermionic’ variables i, 77, ..., nin? that satisfy [¢;, ¢;] = 0, [¢:,nf] = 0, {n},nf} = 0.
The scalar product between two vectors z,y € R"?* is defined by

<ZE, y> = xt : J?"|28 Y (33)
where
o Ir Or><23 o 0 1
JT|28 - (OQSXT Is ® JO2) ) ‘]0‘2 - (_1 0) (34)

with [, the identity matrix of size r x r, and O,y; the zero matrix of size a x b.
The group OSp(r|2s) is the set of linear transformations on R"?* that leave the norm
invariant:

OSp(r|2s) = {M € M, 95,405, VYo €R"* (x Mz)= (z,2)} (3.5)

The Lie superalgebra osp(r|2s) of such a group can be represented as [94]

A X B
osp(ri2s)=¢ | =Y E X' |;AB.CeM,;XeEM,;Y EM, ;EEM,,;E'=—FE
C Yyt —At

(3.6)
In this representation the generators for osp(r|2) will be denoted J,, J, J_, Fy, ..., Fy., Gy, ..., Gy,
Qij, 1,5 = 1,...,7, ¢ > j and are such that

jz/2 fl fn j+
r (51 0 <o G fl
Gl i e i T+ (APt aGo)+> 0@ =| . (3.7)
k=1 i>j I  —Qu1 ... O fn
j* —01 <o —0n _jz/2

The commutation relations of the generators can be deduced directly from this matrix rep-
resentation. For example, for osp(1]|2) one has 5 generators J,, J,, J_, F\, F_ that satisfy
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the following relations
oy Ju] = 4 Je, [Je,J ] =27
Rl =5F, [aGl=—3G, nGl=-F, [ Rl=-G (338
{F\,Fi}=2Jy, {Gy,G}=-2]_, {F,G}=2J,

As for the Casimir, we normalize it in such a way that it is the inverse of the Killing form of
the generators (3.7) (then, the quadratic term in the eigenvalue j of J, is 2;2). For example
for osp(1|2) it reads

1
C=2J4 (JyJ_ +J_J.)+ §(G1F1 — R GY) (3.9)

The representation theory of the osp(r|2s) algebras is a bit complicated, and involves
(except when r = 1) issues of typicality. Rather than give generalities at this stage, we will
recall necessary features in our case by case analysis below.

The supersphere c-model

A simple but non-trivial field theory with OSp(r|2s) symmetry is the theory of ’free’ fields
constrained to lie on the supersphere of dimensions (r — 1|2s), i.e. the subset S7~1I?* C R"I2s
such that Vo € S™"!12% (z,x) = 1. This is the non-linear o-model with target space the
supersphere ST125. We will restrict in the following to the case s = 1, and thus symmetries
OSp(r|2). The action is

o r
S(¢17 ) ¢T7 7717 772) = 47Tg /dl’dt (Z aﬂ¢laﬂ¢z + 2(9#772@”71) (310)
i=1

g

with 9,X9,X = —(0,X)* + (8, X)?, and  a normalization factor to make matching with
existing literature easier.
The constraint then translates into

> ol 2t =1 (3.11)
=1

The model for r < 4 is known to flow to a Goldstone free theory. From integration of the
leading order in the [ function d‘lifg“ - o (r —2s — 2)g2 we find, after properly adjusting
normalizations, replacing the RG scale by the size of the system, and setting g = ¢, for

simplicity [95, 96]

K
~ for L — 3.12
I U " PlogLjLy’ T (3.12)
where Ly is, at the order we are working, an irrelevant length scale we shall take equal to
unity in the following.
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The orthosymplectic spin chain

We will study spin chains built from an R-matrix that satisfies the Yang-Baxter equation
and that belongs to the fundamental representation of the osp(r|2s) superalgebra. Periodic
boundary conditions will be considered.

The vector space V; that describes each site is a Zy-graded vector space with dimension
D = r + 2s. The Grassman parity p, of the a-th degree of freedom is defined as

pa=1 ifa=1,...,s or a=r+s+1,..,r+2s

3.13
=0 ifa=s+1,..,7r+s ( )

The transfer matrix £(\) of the model at spectral parameter A is given by the supertrace of
the monodromy matrix

t(A) = Z(—l)piMn(A)

with  M(A) = Rop(A)Rap-1(A)..Ra1())

(3.14)

M;;(\) denotes the (7, ) component of M in the auxiliary vector space V,. However, the
graded tensor product introduces signs in the tensor products, and for clarity we give the
explicit expression of the components of the transfer matrix

D

ap_1Cr— aic e L: o . ].:11 o
MBS = 2 ROVEERON e RO (1) ()5t o Mot
Cl,...,cp=1
(3.15)
Such an explicit expression can be found e.g. in [97].
The R-matrix we will use have the following properties
1. Tt satisfies the (graded) Yang-Baxter equation
Riz(A)Riz(A + 1) Ros (1) = Ros(p) Ras(A + p) Riz(A) (3.16)

2. It has an osp(r|2s) symmetry: that is, for each generator A of osp(r|2s) (in a certain
representation, not necessarily (3.7)), t(\) commutes with Ay, = Zle A; where A;
acts on the vector space V;.

and it reads [98]

2\
w(A) = My + P, E, 1
Ra(3) bt b+2—7”+28—2)\ ’ (3.17)
where I, is the D? x D? identity matrix, P, is the graded permutation operator
(D =00k, (P)ih = (=1)PPi6,8 (3.18)
and FE,;, the matrix given by
(B)i = (=1)77 (= 1) =016y (3.19)
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with i =D +1—1i,and (—1)*Yis —1 if z > y, 1 if # < y. The Hamiltonian of the chain is
then defined as

d
H= Y log t(A)]a=o (3.20)

The Yang-Baxter equation ensures that the transfer matrices t(A) and #(u) at different
spectral parameters commute, and it has been shown! that the eigenvalues of ¢ can be de-
termined with the Bethe ansatz [99, 100].

We will finally denote Aep, = ef, — €% the energy difference between an excited state ey,
and the ground state e}, as in (2.107).

3.2 0Sp(1]2)

3.2.1 The spectrum from field theory

We start by deriving the expected low-lying spectrum of the non-linear o-model with OSp(1]2)
symmetry at first order in (log L)~

General strategy

There is a common strategy for studying the different models. The first step is to derive the
Hamiltonian in terms of the modes of the fields from the lagrangian. The expectation values
of the Hamiltonian within modes are naively divergent: to regularize them, we express them
in terms of their normal-ordered versions and isolate infinite sums. Every regularized value
for these gives a Hamiltonian with the desired osp symmetry, and they have to be fixed by
an additional condition. Once the expression of the states in term of the modes are derived,
the eigenvalues of the Hamiltonian at order g can then be obtained. This gives access to the
logarithmic corrections by using (3.12).

The action

In the osp(1]2) case the constraint (3.11) can be satisfied by imposing

¢ =1—n*nt (3.21)

The action becomes then

K
S(n',n?) = GE / dxdt(0,m*0,m" — n'n*0,m' 0,m%) (3.22)

LCompleteness is not proven; moreover some eigenvalues may be a bit singular, like the ground state of
the osp(3|2) spin chain for example that is obtained with coinciding Bethe roots that should be normally
excluded.
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Upon the change of variable n'* — \/§771’2 it reads

K
S(n*,n?) = o / dzdt(9,n°0,m" — gn'n*0,m' 0,m%) (3.23)

Here ¢ shall be treated at order 1. Recall that for large L we have from (3.12)

K

" 3logL

g (3.24)

The Hamiltonian

The first task is to derive the Hamiltonian corresponding to the action (3.23). For calculation
convenience we write (3.23) as

S = % / dzdt(—0,m*0n" + 7’0" + gV (n',n?)) (3.25)

with V(n',n?) a generic potential. We take the system to be defined on a cylinder of unit
radius, so that x is integrated between 0 and 27, and ¢ between 0 and an arbitrary final
time 7. The derivatives with respect to fermions are always considered from the right (this
means for example that (d/di?)(n*n') = —n'). In terms of modes

2 (a,t) =Y (e (3.26)
k

the action reads

S =k / dt (Z —K*nint, it + gV) = / dtL (3.27)
k

with £ the lagrangian density, and

V(t) = %/di(m,t) (3.28)

The conjugate momenta to n; and n? are

. AV . AV
T = K02, + R o T = —rnt, + 5 g2 (3.29)
k k

The quantization procedure imposes the following anticommutators at equal times at all
orders in g:

{ny? %} = 6k, (3.30)
The corresponding Hamiltonian is then defined as
H =) (mij — i) = £ (3.31)
k
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It gives, neglecting terms of order O(g?):

H= Z(mk%}kn p FrTimEal) — kgV 4 O(g?) (3.32)
k

We now use the following expression of the time derivative for a quantity X
X =i[H, X] (3.33)

and the relation valid for all (commuting or anticommuting) quantities a; and b (n > 2)

n

[an...al, b] = Z(—l)i_lan...aiﬂ{ai, b}ai_l...al (334)
i=1
to compute
-1 -1_2 d —1 av
N, = —K T, +Kg , 77k—/€ 7rk+/<;g
d dm? (3.35)

-1 2 2 dV dV :
T, = —KkKk™n k,~|—/-fd 7Tk—/€k’77k+l<,gdm%

Now let us define the following charges

niwh — nin |
J—Z AT Je= =Y i, == inim

k k (3.36)
F = Z 7 (G00mo + gninZ) . Gi= Y 7 (000m0 — gnin)

k-+l+m=0 k-+l+m=0

Using (3.30) one can check that they satisfy the osp(1|2) relations (3.8) at order O(g) —
remember that before (3.23) we made the replacement n** — /gn"?. With the formulas
(3.35) one has:

- v o, AV AV 4V,
c%JZ—Xk: 2 (dwk” T g "kdnk dwg”’f)

av av av av
8tj+:;/‘ig(d_kﬂ'l%+nkd > 3tJ=;fi9(d—k7ﬁi+77kd )
(3.37)

OF =) ( g W br00mo — whmutial + 5kt )

k+l+m=0

av -1,2_1 _2

0GL = Z g /‘fd—(;l 00m,0 + KEMN oy — KTl T2,

ke+1+m=0 o

where the following relation has been used (it is an integration by part)

> Kmmmn, = Y kk—k—l—mnminn, = Y —kmmnin,(338)

k+l+m=0 k+l4+m=0 k-+l+m=0
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With the equations (3.37) it can be checked that the following potential implies the
conservation of all these charges:

V(n',n?) = 0’0 un’en’ — n*n'om*om’' (3.39)
or in terms of V
V= Y (—mnmninian, + s niniwt w2 ,) (3.40)
k+l4+m+n=0
Define now the following modes for all k
o= —iknik!/? — g%, k712 = —iknZR'? 4l kT2
. V2 ’ . V2 (3.41)
@El B —iknik/ilﬂ Wkﬁ*1/2 o —ik:?ﬁk/{lﬂ + W;Kfl/Z

k \/5 ’ ¢k_ \/5

{%ﬁ: ¢§} - k(sker,O ) {&]1: &12;} = k(sker,O (3'42)
for k,p # 0, the other anticommutators being zero. The original modes for k # 0 read in
terms of the ¢’s:

They satisfy

12 _ 1,2 712
N k\/—(@bk L ) (3.43)

T = VK20 + 97

The potential then reads

2 2 1
Ve Y o (ovae s B (ivan ¢ ) it 2
k+l4+m+n=0

(3.44)

Normal order

Up to now no normal order has been put on the fields. The elementary annihilation operators
are set to be the 112, ¢)1:2 Wlth m > 0, and the elementary creation operators the same modes
but for m < 0, as Well as 770 . The normally ordered version of an operator X is denoted
:X: and is defined, for every product of elementary operators that appear in the expression
of X, by putting all the annihilation operators to the right of their creation operators,
multiplied by the corresponding fermionic sign. Equivalently (this is much more convenient
for practical purposes), it amounts to forbidding contractions between modes that compose
the Hamiltonian. Indeed, the only difference between the Hamiltonian and its normally-
ordered version is the contractions that appear whenever an annhilation operator is moved
to the right of a creation operator. For example if one computes the expectation value

(07 (Z :wiwik:) ¢410) = (07 (Z v — ) Yl r + %%) )
k (3.45)

k<0 k>0
= (0]97 (—vl97) ¥1,]0)
=1
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one actually contracts the 17 inside the Hamiltonian with the 1!, outside the Hamiltonian,
without touching the !, inside the Hamiltonian (but counting the — sign that comes when
going through it).

The normal ordering is known to remove ’infinite quantities’ from the expression of the
fields. These are actually sums of anticommutators {n}, 7.} = i. While no expectation
value is taken, one may equally consider that {n;, 7.} =i - 1) where 1, = 1_4 is a bosonic
variable that commutes with everything, and that could be treated on the same footing as
the fermionic variables n’s. This way these 'infinite quantities’ are of the form ), _; 1, which
are regular elements of the algebra we are using. The only point is then to define a vacuum
expectation value for this element of the algebra. Let us define thus

=3 dn, =) %m (3.46)

m>0 m>0

The bosonic charges are not altered by the normal order:
J, =, Jy=:Jy, J_o=:J_: (3.47)

However the fermionic charges change. With an implicit sum over k + 1 4+ m = 0 (that is
explicitly written for m in case of constraints), we have

Fy =ng + gr2ning,

. 2 7,2
ig m Ui
= g + g7 W + _/—2I€7Tzk77l1 (_ - )
P ig 2 1w 2 1 ¥in
= Fy: —ignt + — E - ’_m_E T M, .
. 229 /k]2
= F: —igny — E ( 770 + 770)

=:Fy: —igng — Z,Cmofo + gk 1%&1

To go from the second line to the third line, we noticed that 72,7} only involves ', ' that
anticommute, so that the only ’ill-ordered’ case that can occur is when a creation operator
2 12 with m < 0 is at the right. Similarly:

G1 =:Gy: +igng + igngéo + gr ™' & (3.49)
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As for the potential, it reads with an implicit summation over k +1+m +n =0

m<0 m>0 m<0
n<0 n>0 n>0
7Y et U2, — 5T il s+ E > (il R it 02,))
n<0 n>0 n<0
m<0 m>0 m>0
i _ _
=Vi——= > > (0 — 0L} — i+ 02 i) L
KV 2k k. m>0

=V +in 2 (e + memh)éo
k

(3.50)
Here, to get to the second line we had to treat separately the 6 different cases where at
least one of the fields in (2!, + 9%, 1l) is a creation operator. The n?n} part is then
already normally ordered, since the only possible ill-ordered case is when & = —[, but then
the ordering of the 1 part inside n?n} for k > 0 cancels out with the ordering of the v part
for £ < 0.

The whole Hamiltonian is

H =Y (R0h — ol + G0 — B,) + 20008 — 35— kg oV
k<0
(3.51)
—in g Y (i + mim)éo
k

with the central charge ¢ = —2 obtained with a usual zeta regularization, namely assigning
the value ((—1) = —1/12 to the formal sum "), k" by analytically continuing the zeta
function ((x) =}, ,n~" to the negative axis. The normally ordered Hamiltonian corre-
sponds to the first line. Although the total Hamiltonian commutes with the osp(1]|2) charges,
this is not the case anymore when normal order is imposed. One thus has to work with the
total Hamiltonian, taking into account the £’s for which a prescription of expectation value
has to be given. Note that any (complex) value of the £’s preserves the commutation relations.

Building the states

Let us define the states on which we will compute expectation values. We define the confor-
mal variables z = ¢ %7 and z = ¢ with 7 = it. A state |¢) for a field ¢(z,t) is defined
by
[9) = ¢(z = 0)]0) (3.52)
For example one has
") = n5|0) (3.53)
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The derivatives with respect to z such as |9,n') deserve some comments. Because of the
definition of the modes v, we still have at all time

ke — Ut =0 () s
nl(x,t)zzk:n,i(t)ek :n(l)—kzg% k k\/ﬁk e’ (3.54)

Without interaction we simply have 1}(7) = 1}(0)e™*". But with the interaction the time

evolution of the v’s is not trivial anymore, and involves a term of order g with a product of
three v¢’s. The expression of n in terms of z, Z, and even more for 9,7, is not valid anymore.
In particular one cannot build the states as usual:

|0.n") # —ivL,]0) (3.55)

contrary to the case g = 0. The left-hand side now involves a term of order g. Precisely,
using:

1 1T—T 1 1T—T
0, = —5;¢ Oy + 5€ 0, (3.56)
we get
_ AV .
ont(z, 1) = —_ ( L)+ H\/E— T ) gt e (k) =7 3.57
1) = =3 (v + o 5 ) (357)
Taking z = 0 selects k = —1 because of the factor e**+1) hence
—1 av
oty = ——y1 0y —iZ2 20 3.58
') = <10 — i 10 (3.5%)
that is p
[0:1") = —i(1 + Smp1)¥L4]0) (3.59)

2

Remark moreover that one has indeed Fy (14 £ngng)vL,|0) = 0 and Jo (14 Zngng)v,]0) =0
and this state is indeed highest-weight.
However, if we look at terms involving a 7 times a derivative, since we have

b (3.60)

we do have
In'0.n")y = —ing!,|0) (3.61)

without any corrections in g.

For terms such as |n'd,n'...0""n') the corresponding calculations happen to be not as
easily tractable, but the state njy!,...01  is indeed annihilated by F} (and J,). Similarly,
00" ...07'n") is not as easily computed, but (1+mning)il, .41, is annihilated by F; and

..
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Regularization

Any complex values for the {’s give a Hamiltonian that commutes with the charges (that also
depend on §), and thus that has the osp(1]|2) symmetry and the classical non-linear sigma
model as classical limit. However, since some of them appear in expectation values, one has
to fix their value with an exterior argument. This is the only additional information that
we need to quantize the model. Here we choose to fix the zero mode of the Hamiltonian. It

reads
12 1

Hy = =7 (1 — gngng ) momg — &~ ig(mam + mymg o (3.62)
This zero mode should give the Laplace-Casimir operator of the algebra, see [101], thus be
proportional to (1 — gngng)mama — ig(namé + namy). Hence we impose the value

(0&00) = -1 (3.63)

As for the value of (0]¢_1|0), it does not enter the Hamiltonian nor the construction of
the states, and thus has no influence on any expectation values.

Equivalently we could impose that the fermionic charges (and the bosonic ones) are not
modified by the normal order. This constrains &, to take the value —1 and £_; the value 0.

Correction to the energy levels

To evaluate the corrections at order g to the energy levels, one has to compute the matrix
elements (¢1|H|p2) where ¢; and ¢o are eigenstates of the unperturbed H with the same
energy. In the following we will compute the action of H on some state |¢). Consider one
term in the Hamiltonian (3.51) and denote n and 7 the sum of the indices of the ¢’s and
Y's that compose this term. In general we have n — 7 = 0, but not necessarily n = n = 0
separately. Thus a state |¢;) with a certain value of n — n is mapped by H onto another
state with the same value of n — n. Since |¢1) and |¢py) have the same energy, they must
have the same value of n + 7, hence the same value of n and n separately to have a non-zero
matrix elements by H. This way one can consider only the ’conservative’ part of H, i.e. its
terms with n = n = 0. It corresponds to summing the indices of the ¥’s to zero, and to
summing the indices of the 1’s to zero separately as well. Note that in the term 1?72 + nini,
the only ’conservative’ term is the zero mode nimg + ngmp.

e |0). We have
H|0) =0 (3.64)

that will be the reference state (in all finite sizes L) for our computations.

e |n') o< $]0). We have
V:nl0) =0 (3.65)

thus
Hngl0) = —k~"gng|0) (3.66)
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and a correction —k~'g = —1/3log L. Note that it is below the ground state of the
zero magnetization sector.

The other states in the multiplet are (1 — gn2n)|0) and 7Z|0), i.e. the states obtained
from n}|0) by applying the lowering operators J_ and F_. They indeed have the same

correction: - -
H(1— 9770770)|0> =0- 9H770770|0>
= —r'gl0) + O(g*) (3.67)
= —r'g(1 = gngm)|0) + O(g?)
and
Hugl0) = —k~" gn3|0) (3.68)
hence N
€y, 1
— 3.69
2ron Ky (3.69)

Intont...omont....0mnt) oc nit bt bt |0). We have
Vet i 0)

_1 N _1;2 /) Shs 1’22 wl 1.1 1 71 1
T <Z NN S S Sy el TSR
n=1

Lm.wg_'lﬁl. mm,@/’n wlk—21, 1,1 171 71
+2R2 —(—inp) olthZZw 2 V_nt | Moy 5 |0)

n=1 n=1 k=1
=ﬁ<‘zf‘22#z‘zf‘zz nnk> MOS0 V)
n=1 n=1 k=1 n=1 n=1 k=1
1 _

(3.70)
Indeed in :V:, every v with k£ > m or ¢? with k£ > m anticommutes with all the fields
in the state and annihilates |0), hence the restriction over the summations.

Thus

Hugpt bl bt 1 |0) = (m(m+1)—(2mm+m+m+2)g)’ﬂéwl1---1/flm1511---1/7<1m\0;
3.71

hence

LQAGL
27TUF

Note that the correction is not the sum of left and right contributions, but involves
also a cross-term mm.

=imm+1)+imm+1)— (mmn+ 22+ 1)k g (3.72)

For symmetric states m = m we find

L2A€L

2mup

=mm+1)—(m*+m+1r"g (3.73)
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while when m = 0, the logarithmic correction becomes linear

L*A
L _ Imm+1)—(Z+ 1)k g (3.74)

2mUp

e |Ont..0mntont...0mnY) o< (1 + mgnnd)t ..t Wt .t .
Here the computation for the part involving the v’s is similar to the previous case. As
for the n2ni part, only the unperturbed Hamiltonian acts on it. Combining the two
parts, one finds
LQAGL

ron m(m+1) —m(m — 1)k g (3.75)

Note that the other states in the multiplet for m = 1 are (ni¢?; + ¢! n2)|0) and
(1 + 4ngng)w2,10) and give the same correction as expected, hence the importance of
the factor mgn2n{ that comes from the discussion below (3.59).

3.2.2 The spectrum from the spin chain

In the remainder of this section we provide two alternative means of deriving (3.73), or at
least special cases thereof. The first of these relies on the Bethe-ansatz diagonalization of the
spin chain Hamiltonian, and the other on the computation of three-point functions—either
directly, or using a trick reminiscent of Wick’s theorem. While both of these methods are
of independent relevance, the reader interested mainly in results for other models may chose
to skip directly to section 3.3.

Bethe equations

Let us first describe the corresponding osp(1]|2) spin chain. Like the sigma model which
involves as a basic degree of freedom a field in the vector representation of the algebra,
the spin chain involves a tensor product of fundamental representations of osp(1]2). In
contrast with the other superalgebras we will encounter in this paper, osp(1]|2) has a simple
representation theory. Its action on the spin chain is fully reducible, and the Hilbert space
decomposes onto a direct sum of ’spin j’ representations, with dimension 45 4+ 1. Here j is
the eigenvalue of the J, generator on the highest weight state, and j = 1/2 corresponds to
the fundamental.

The spectrum of the Hamiltonian is described by one family of roots A; satisfying the
Bethe equations [99, 102]

N2\ NN N =N —i/2
i —i/2 _j#Ai—Aj—z' Ai—Aj+i/2

(3.76)

An eigenvalue of the Hamiltonian for one set of solutions A1, ..., A\x to these equations is then

1 & 1
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The spin j (ie, the eigenvalue of J,) corresponding to a solution with K roots is linked to K
through
K=L-2j (3.78)

Moreover the osp(1|2) Bethe states are highest-weight states.

This kind of relation, that links the number of Bethe roots to the value of the charges
of a state, can be simply deduced from a direct diagonalisation of the Hamiltonian in small
sizes. But in some cases it can be obtained analytically from commutation relation between
the total charges and the monodromy matrix components.

Bethe root structure

The first task when studying a spin chain with the Bethe ansatz is to find the structure of
the roots that correspond to the energies (at least the low-lying ones). There is no generic
way of determining this structure from the Bethe equations, implying that a numerical study
is an inevitable step.

We observe that on the lattice in size L, the field n'dn'...0™n'On'...0™n" is obtained with
L—1—m—m real Bethe roots, with m positive vacancies and m negative vacancies. The field
on'...0mn'ont...0™n' is obtained with L — 2m Bethe roots, among which L —2m — 2 are real
and symmetrically distributed, and 2 form an exact 2-string at 4+i/2, i.e. a pair of complex
conjugate Bethe roots whose values are exactly #i/2. The field dn'...0™n'0n...0™n" when
m # m is obtained with L. — m — m Bethe roots, among which L —m — m — 2 are real with
m positive vacancies and m negative vacancies, and 2 form an approximate 2-string at +i/2
with large real part, on the side where there are the most vacancies. See Figure 3.1 for a
plot of some root structures.

100 100

0.75 0.75

050 050 +

0.25 0.25

0.00 + I e i i i e o o S T R S + 0.00 + + + 4 AR+ + +

—0.25 -0.25

—0.50 —0.50 +

-0.75 -0.75

—1.00 T T T T T -1.00 T T T T T
-1.0 -05 0.0 05 10 -1.0 -05 0.0 05 10

Figure 3.1: Bethe roots in the complex plane for the lowest state of magnetization 1 (left)
and 0 (right), for L = 26.

The results for the gaps Aey, of the ground state of the sectors of magnetization j reads
then

(3.79)

L?Aey, B g2 — % — (j2 + %) Kk lg, if 7 is half-integer,
2mup JG+1) -4 —1r1g, if j is integer
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in agreement with (3.73) after identifying j = m + % for half-integer spins, and with (3.75)
where j = m for integer spins, while the value of the Casimir on these states is

C=j(2j +1) (3.80)

See below for a discussion of the symmetries at finite and vanishing g.
Note that all these corrections previously derived from field theory can be computed
analytically within the Bethe ansatz; see Chapter 4.

Numerical results

We present here the numerical verification of the logarithmic corrections, carried out with
the Bethe ansatz. Because of the logarithms, large sizes are needed to get a good precision,
but it is still not enough to be in the asymptotic regime where the (log L)™' can be observed.
Thus a fit as a quotient of two polynomials in (log L)™' is performed. Precisely, we used the
function

I)— ao +ay(log L)™' + ... + a,_1(log L)1
JnlL) = 14 bi(log L)~ 4+ ... + by(log L)~

and fitted the parameters ag, ..., a,_1, b1, ..., b, for a value of n depending on the state.
2 < >
From the Bethe ansatz one computes Z;""" = (2£_UF<€L — %) — (h+ h))log L, where €7’
is the energy of the ground state and e, the energy of the state studied (here, the one with
m positive vacancies and m negative vacancies; a 1/2 vacancy on both sides counts for an

odd number of total vacancies), and looks for its limit value, see Figure 3.2.

(3.81)

3.2.3 Relation with 3-point functions

We discuss in this section how the logarithmic corrections can be related to the 3-point
functions on the plane. Our calculation parallels the work by Cardy for quasi-primary fields
[92], but applies here to the logarithmic case.

Fields with logarithms

The derivation in Section 2.4.3 of the relation between the logarithmic correction and the
three point function does not apply to the logarithmic cases discussed above. Indeed, n! and
n? are not quasi-primary: their correlation involves log that is not a scale covariant function,
and the three point function is not constrained as before in Section 2.4.3. It thus needs a
more detailed study. The purpose of the subsequent sections is to study the link between
the correction to the energy levels for the states |n'0n'...0™n') and the three-point function
between them and the perturbative potential.

Denote ¢! (2) the field n'(2)dn'(2)...0™n' (2) and ¢?2,(2) the field 0™n%(2)...0n*(2)n*(2).
They have scaling dimensions m(m+1)/2. The corresponding state |¢. ) is given by the con-
stant coefficient in ¢} (2), and is o< piept,...0p1 . The state (¢2 | is defined as the conjugate
of [¢L), thus ox 12,427}, Tt is given by the coefficient log |z|22=™(™*+1) in ¢2 (2), denoted
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coeff 1,4 |,j2,-men+1) ((0]67,(2)) (one could give an integral formula for this, but it is unneces-
sary). Note that in absence of log, this matches the usual definitions. One can express these
as

|6m) = 0m(0,0)[0), (9] = coeff 1o 222 -mimsn) ((0l67, (2)) (3.82)

The Hamiltonian is perturbed by —rg/(27) [ V(x,t = 0)dx. Since the perturbation x*gdé
to the energy level of state ¢,, is given by

. K2 1
% = —TGiony Pnl

one sees that it can be expressed in terms of the 3-point function G (22, 2, 21) where

/0% V(z,t = 0)dz|¢l) (3.83)

Gx (22,2, 21) = (0| XT(2)V(2) X (21)]0) (3.84)
for a field X (z). Precisely:
) K?
0é = —mcoeﬂ log |22|222_m(m+1)><20 (G(ZQ, Z, 0)) (385)

An explicit calculation of the 3-point function (n*Vn!)

The fields are assumed to be radially ordered |z1| < |z| < |z2].
Let us first compute explicitly the 3-point function G, (22, 2, 21):

G2, 2,21) = (0ln*(22)V(2)n' (21)]0) (3.86)

at points z = e~“*7. The potential V(z,t) is

V(w,t) =V(z,t): +ik & > (mp(t)me_,(t) + ni(t)mh_, (£))e™ (3.87)

P,k

Within the correlator (3.86) the part with the normally ordered potential :V(z,t): is zero
since there are four fields to contract with only two fields at our disposal. Thus we have

Gylz2,2,21) = —(0l1°(22) (i/€2§o PUAGLANORS ni(t)ﬁi_p(t))e"m> n'(21)[0)  (3.88)

We can now use (3.35) to express each of the 1,%(t) and 7,%(t) in terms of z = e~™+7 =
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e~ tit We find

—n

2 ¢2 7n
G222, 21) = = 50| (770 - Z—log | 22| +ZZ w2 2K )

i - eI
D op Uk ke T il 2T = Lt 2 gL
k.p

—1/1131/111«4; — Vet p? L U ktp? 2PE 4+ 2 )
(U —@bl_mflm
("Oﬂ—bgfzﬂmz L

m#0

(3.89)
where we use the shortcuts ivyy®/(0v2k) = no? % i(2k) ‘7o' log|z|? and )3 /0 = 0 to
simplify the notations. One has

Gn(’227 Z, Zl) -
_ o N
— 5% log |2 (Olmmiedng|0) — Sfilog 2o D {0lmimusz5210) =72 — 5ilog |z Y (Olmimge?, 2210) 7
p>0 <0
2
_3 2 wl_n 1 . _3 ?L ¢_ }n B ~
_ HT Z <0|%__n¢3m%”|0>z2 "Z’H‘mzl mo_ HT Z <0|¢71’Z}1—n__7:%’0>22 nzn—i-mzl m
n#0,m n#0,m
_3 2 gl o Pt L 2 52 i B B
_ HT Z <0|w7n7_n¢¢2nj|0>z2 n,mnz mzin + £ Z <0|%¢£n% — |0>22 n.nx mzin
n#0,m n#0,m
— 4 _ 72
+ KTJ Z <0|¢_: fsz ¢m|0>z LM ”zfm _ NTg Z <0|7/J::1/}711¢_—£ ¢m|0>z‘2"zm2*”z;m
n#0,m n#£0,m
- Pim 2, oL,
£t 3 (0] e 2 By gz noman it $7 (0]l E B ) zynznomam
n#0,m n0.m
(3.90)
Evaluating each scalar product gives
Gn(227 Z, Zl) —
’%3 log |2s|* + %3 log | 25| Zz_pzf + % log |22]? Z 5P
p>0 p<0
— 5 log 2?27 — i log |2 ) | HPET
p>0 p<0
_ 14,4;3 Z Z;”anmzfm + Z;nzn;mz;m _ K,T_3 Z Z;nznifmzflm _ Z;nznfr:milm (3‘91)
n>0,m<0 n>0,m>0
n<0,m<0 n<0.m>0
— mQj ZQ_ZZn + ,.%3 Z zgi*n
n>0 n<0
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or in a simpler form

-3

K z z K3 2 z
G2, 2,21) = ( + — )log|z —z*+ < +—— )log]z— 22

4 \z—29 Z—129 4 \z—2z1 Z—2
(3.92)
Formula (3.85) gives here, with (¢}|¢2) = (2k)~!
0= —K*Xx 2k x B0 x 2 =—1 (3.93)

which is indeed the correction computed in (3.74).

2-point functions

If we were to compute the 3-point function (0|0n*n*Vn'dn'|0) with the same method as in
the previous example, one would have to take into account the term :V: and the computations
would become quite cumbersome. Actually, such a computation can always be recast into
a product of 2-point functions, like a Wick’s theorem. Indeed, since the anticommutator of
two modes is a complex number, to evaluate the 3-point function (3.84) one has to contract
every mode of the middle field ¥V with modes of the right and left fields, and then contract
the remaining modes between them. The 2-point functions that appear in the result involve
the following fields and their derivatives:

1 01 2 Yaz " YpET" _ 01 2 wz + ¢z
77()—%“2 ogla>+i ) S o ) =g — it log e +i Y
81» Z = z -n 7’L7 ax — P -n 27—77,
m \/2/@ nz#ow 7 \/2/<; %ﬁ%@b
7T _7T0 \/72,¢2 —n 2——n7 \/721#1 —n_i_wl——n
n#0
(3.94)

The 2-point function between these fields are known or computed without problems [84].
For example

—n —m ——n ——

2600 ()" (w)]0) = ~ilog [P0l 0}~ S0 T powduhloy — 30 T 0lgh o

n>0,m<0 n>0,m<0
27" z
=log|e? =) —

n>0 n>0

= log |z|? + log(1 — w/z) + log(1 — w/%)

(3.95)
hence

(Oln*(2)n* (w)|0) = % log |z — w|? (3.96)
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Similarly

(Ol ()07 ()10} = — (Ol (=)0 (w) |0} = o~ < ot _m)
<O’771(2)7T1(w)‘0>:<0\772(Z)7T2(w)’0>:z(zw + )

2

For instance, these formulas enable us to reexpress the previous 3-point function as

Gyl22,2,21) = =k 4i(= (0 (z2) 7 (2)) (0 ()" (21)) + (7 (z2)n' (2)) (7 () (1)) (3.98)

where we use the simplified notation (X) for (0|X0).

Because of the fields 7 that involve log there is no scale invariance and the 2-point function
of the fields ¢! is not as simply constrained as usual. In particular there are sub-leading
corrections to the dominant terms. In the following we will denote by ~ an equality up to
sub-leading terms. The computation of the dominant behaviour of the 2-point functions of
the fields ¢. is classical. We have

(0167, (22) 8, (21)]0) = (010™ 1 (22)...00" (22)0* (22)0" (1)’ (21)-..0™ ' (21)]0)
~ i log |22 — 21 [2(010™ 7% (22)...0n% (22) 0" (21)...0™ 0" (21)0)

1 2 0' A k 2 (k)1
~ 5 loglm — 2 > (- E 010 7 (22)8°®n* (21)]0)

UEGm

(3.99)

i N (e T S e o) —
Nﬁlog|zg—zl| Z ]I[l

ZQ _ 21 k-i-a(k)QKU
UEG"L

IOg |ZQ — 21‘2
(ZQ — Zl>m(m+1)(2/€)m+1

det((—1)* " (k+p— 1)),

where in the second line the dominant term is given by contracting n' with n? (otherwise
the power-law is the same but without log, thus sub-dominant). This gives the norm

(G640 = (20) ™ et {(—1)F L+ p— DT = (20) (=12t T] (k12

(3.100)
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Dominant behaviour of the 3-point functions (¢2 V¢! )

Using the 2-point functions one can compute all the (¢ V¢l ). For example one has

(00 (z2)n*(22)V(2)n' (21)00' (1)) =

%lOg‘Zz—ZF 12" + 22 log |z — 41| -
(22 = 2)*|21 — 2 ® (22 — 2)*(21 — 2)
—%log|22—z|2( - + — ,2 + © )
(z1—2)(z2—21)%2 (21— 2)(z2—21)% (20— 21)(21 — 2)?
—4 ‘Z|2 —4 z —4 z

LR s T e B =y T S

+ (Zl — 22, R9 — 21)

(20 — 2)(21 — 2)(22 — 21)

(3.101)
The dominant behaviour is given by
2 2
G ~ £l Nog |zp—2[? il £ Jog |2 —2[? il 3.102
onle 2 2) S los a2 e e, 1)
Formula (3.85) gives for the full correlation function
o4
66 = —k* X (2K)* X 5 X3= —-3/2 (3.103)

However formula (3.85) does not capture only the dominant term in (3.101), but also the

sub-dominant term — log |2, — 2|2 (zrz)(ZZTm)Q + (2172)(522721)2). The dominant term comes
from the normally ordered part of the potential :}: whereas the second term comes from the
regularized part & (n?m? + n'ml). Both contribute to the displacement of energies, but only
the first one is visible at leading order in the 3-point function. Note that this sub-dominant

term is not even the next-to-leading order term.

Let us evaluate the dominant term in the 3-point function Gy, (22, 2,21). Let us first
remark that in V the regularized term will always contribute one power less than the normally
ordered term, so that the dominant term is given by :V:. We have thus

G, (22,2, 21) ~ (0100 (22)..* (z2) :(*0' Oum®Dum’ + 720" ' w?) (2): ' (21)...0™n* (21)]0)
(3.104)
A priori, the dominant term will be given by contracting the four n together, yielding a
log |21 — z|?log |29 — 2z|%. However we have the relations, using the abbreviated notations dn
for 0,m:
(0l (2)0"n' (w)|0) = —#(00:n*(2)0"n' (w)|0)
(0] (2)0"n*(w)|0) = (0]0un’" (2)8*n* (w)|0)
valid for all &k > 1. Thus

(3.105)

010™0(22)...00%(22) :(0um* Ot + k27w (2): ON*(21)...0™ 0 (21)]0) = 0 (3.106)
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and the log”® term vanishes. Similarly, if one contracts only n?(z;) with n'(z), then one has
to contract 9,n*(z) with n'(z;) and 7!(z) with n'(z,) since the relations (3.105) are verified
for all k but k = 0 (otherwise the terms in 9,1* and ! will cancel out). Then:

i
Gy, (22,2, 21) N(QK)_?’ log |29 — z|2%<0|3m772(22)...8772(22) :7727r2(z): 8n1(z1)...8m771(zl)|0>

41z

ER A *(22)...00% (22) 't (2): ' (21)...0™ 0" (21) 0)
(3.107)

+ (2k) 3 log |21 — z|

Contracting the remaining fields in the normal order, one gets

(010™0%(22)...00" (22) :°w*(2): On' (21)...0™n" (21)]0)

m

Z LMPEH0[0% 1 (20)m2 (2)|0) (017 (2) 07 (21)]0) (O H 0"n*(22) H 9" (21)[0)
p=1 a=1,#k b=1,#q
L iz El(p— 1)1(2k)~™ a1
2 B G (e — (e = ey ST b= Do

(3.108)
Denote H,, the m x m matrix whose (a, b) coefficient is (—1)*"!(a+b—1)!. Using the relation
between the adjugate matrix adjH,, and its inverse, adjH,, = (H_!)! det H,,, we have

(=Dl (p — DIH, )

2] _ |2
G¢m(227z,21)w(2ﬁ)*m*3|2| Og|z2 Z| _

=2 2det H,, kpzl (22 — 2)M1(21 — 2)P~1(2g — 27 )M+ D—k—p
+ (Zl — 22, Z9 — 21)
(3.109)
This is the full dominant terms in the 3-point function. As already said, formula (3.85) also
counts a sub-dominant term in the 3-point function that is obtained by taking the regularized
part of the potential. This term is

(010" (21)..1%(22) m'm': (2)0" (21)-..0™ ' (21)]0) (3.110)
~ log |25 — 200" (21)-7 (22) () (21)-- O™ (21)]0)

If one contracts w*(z) with a 9*n*(z1), the resulting power of z, will be —m(m + 1)+ k when
the power of z is zero and z; = 0, and will contribute to formula (3.85) only if £ = 0. Thus
the only term that counts is (2x) ™™ log |z — 2|2 (7! (2)n' (21)) det H,, (20 — 21) ™M+ Tt
contributes to —1 to Jé.

To apply now formula (3.85) to the 3-point function (3.109), let us expand
(=)l (p — DIH, )y

m

(22 — Z)k+1(0 - Z)p_l(ZQ - O)m(m+1)—k—p
(k+q)!

= (1) M = DI stz Y G )

q>0

(3.111)
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Only ¢ = p — 1 contributes to dé. This gives

1 m
be=-1-7 S (=D k4 p— DUH ok

k,p=1
_ 1\ ol (3.112)
=—1- 9 Z (Hm)k,p( m );mk

k,p=1
=—1—-trH,H '

hence m
6é:—1—5 (3.113)

recovering the previously derived correction (3.74).

Conclusion

We conclude that in case of non-quasi-primary fields the relation between the logarithmic
corrections to the energy levels and the three-point function is more involved than in [92]. In
particular the three-point function exhibits m? many equally dominant terms (i.e. with the
same total divergence power, see (3.109)), that all contribute to the scaled gap. It moreover
involves sub-dominant terms that contribute to the energy (although in a way independent
from the magnetization).

3.3 0S5p(2]2)

3.3.1 The spectrum from field theory
The action

For the osp(2|2) case the constraint (3.11) can be satisfied by setting

¢1 = (L—n’n')cos¢, ¢y =(1—1"n')sing (3.114)
so that the action reads
K 1
S = % dxdt (56,@3,@ —+ 8M7728Mn1 o n1n28u7718#772 o a,u¢a,u¢772771> (3115)
Rescaling all the fields ¢ — (/g¢, n™? — /gn"? yields
K 1
S = % / dxdt (§8u¢8u¢ + 8“7728.“7]1 _ g,r]17728“n18u772 - gap¢au¢n2771) (3116)
with here p
g = Slog L (3.117)

Note that the boson ¢ with original radius 27 becomes a boson with radius 27/,/g.
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The normally ordered Hamiltonian

To find the Hamiltonian, we write the action as

K .9 . 1 1,
S =5 / dadt (—axn%ml ' = 5(0:0)" + 5% + gV(n' o, ¢))

With the modes ‘
$la,t) = dr(t)e™

k

it reads

S = m/dt (—k%inlk it — SR Okd e+ SOk k + gV)

The conjugate momentum to ¢y, is

- av
ﬂ,f = KO_ + mgﬁ
k

The quantization procedure imposes at equal times
[(bku ﬂ-;:] - Z.(Sk,p

The Hamiltonian is then

1
¢

H = sk ninty, + 5~ tmirly + §k’2¢k¢—k + Tﬁgﬂfk — KkgV

The o0sp(2|2) charges are

1.1 .22
P SO R R
Fy = cos(v/go)k(1 — gnimk)m2, — /ane sin(y/go)im®
By = sin(v/go)i(1 — gning, )7, + v/ani cos(v/gd)im?
G = cos(v/go)(1 — gniny) L, + V/gni sin(v/ge)im? .
L 4

(3.118)

(3.119)

(3.120)

(3.121)

(3.122)

(3.123)

(3.124)

The temporal derivatives can be computed as in the osp(1]2) case. For example at order g

one has

0S KZ —
O Fy = O F) p(12) +g (—iqﬁkqﬁmﬂnmz — K 177,};7rfl7rfm + /ﬁn,}:(blgbmm2 4+ k—

if one decomposes the potential V as V = Vo) 4 V.
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We now impose the following perturbation

V(n',n? 6) = (0:0) " n" — (0up)*n’*n' + n’*n'0en®Oun’ — n’n' O’ dm’ (3.126)
that gives
V = —klgwdminn, — k7wl i, — mamginingn + & it (3.127)

This ensures the conservation of the osp(2|2) charges.
Define now the modes

. qj _ . _
0 — —ikopr? + 7% kK 1/27 i — —ikp_pk'/? + 7wk (3.128)
V2 V2
that satisfy
[ak, a_k] =k, [dk, d_k] =k (3.129)
The former modes read
1
b = (ap —a_y), w0 =/K/2(a+d_) (3.130)

k2K

and the potential can be rewritten

y— L (—ix/ﬁng . %) (-@-mng N u) (U200 02, O i man)

2kK2 [
(3.131)
The bosonic part is already normally ordered, and the fermionic part is the same as in the
0sp(1]2) case. Hence

V =V: +ik 2 (nimr + npm)éo (3.132)
The total Hamiltonian reads then

H = %Z(aka—k + Gpd—k) + ag + Z(@Dg@bl_k — L0 + bl — OLR) + 248y — 1—02 — kg :V:

k<0 k<0

—igk~ (mpme + mame)éo

Construction of the states

Once again derivatives 9,n' involve terms (1 + g/2n2n), that vanish when a n! is already
present in a state. The highest-weight state of J,-charge m + 1/2 and @),-charge n is

| cos(2n\/gd)n' On'...0Mn'On'...0Mn") = cos(2n\/gdo)ngt 1. bt 0t a0t 10)  (3.134)
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Regularization

As in the osp(1]2) case, we need a regularization, i.e., fixing the value of &. In this case
we did not write the osp(2|2) charges in terms of their normally ordered version. They
also would depend on the ¢’s, and any value for the £’s would give a Hamiltonian with the
0sp(2]2) symmetry and with the classical non-linear sigma model as classical limit. In the
0sp(1]2) case, the regularization that we chose corresponded to imposing that the charges are
not modified by the normal order. Here we can impose a similar constraint by constraining

1610}, 71510), cos(y/g¢o)(1 — gngng)|0) and sin(y/geo)(1 — gngny)|0) to belong to the same
representation, and thus to have the same energy at order g. We have

Hngl0) = g "&mp|0),  Hnil0) = gk~ &mg|0) (3.135)

and

H cos(/56u) (1~ grinb)|0) = 5 (9 — 29) cos(/56u) (1 — grind IO}
L (3.136)

~7 cos(/géo) (1 — grind) |0)

Thus we impose
1
(01&010) = —5 (3.137)

Corrections to the energy levels

As soon as the states involve bosons only through cos(2n,/g¢) the bosonic part of the
potential (3.131) does not play any role at order g, and the fermionic part is the osp(1]2)
case. Only the unperturbed part of the Hamiltonian plays a role for the bosons at order
g. Thus the bosonic and the fermionic part are actually decoupled at order g and the
calculations for the fermionic part are identical to the osp(1|2) case. With

ag cos(2n+/ggo)|0) = 2k~ n?g cos(2n/go)|0) (3.138)
we get

H| cos(2n+/gp)n*on'...0Mn'on'...0Mn")

= (m(m+1) — (m(m + 1) + 5 — 2n*)x "' g)| cos(2n/g@)n'On'...0™n' On"...0™n") (3-139)
hence
L;ﬁjf =m(m+1)— (m(m+1)+1—2n")r"'yg (3.140)
Similarly for non-symmetric states | cos(2n,/g@)n*on'...0mn'on'...0™n") one has
L?Ae;, _ m(n;—i—l) i m(ﬁ;—H) — (i + m_;rm 1 % o 2n2)/£_1g (3.141)

2mUR
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Density of critical exponents

The previous formula gives an infinite number of fields with the same conformal weight
h =m(m + 1) when L — oo, thanks to the bosonic degree of freedom n. In finite size, the
degenerescence is lifted with a 2671gn? = n?/log L and one actually sees a continuum of
conformal weights starting from m(m+ 1). The question is to find the number of states that
are there between h and h + dh in finite size L. Denote C7*(h) the number of such states for
magnetization m. This number is for large L

n2

m(h) = > <
Cr'(h) #{n_o,h_logL

< h+dh} (3.142)

if we assume that the higher-order correction terms to the conformal dimensions behave as
n*(log L)™P with k < 2p (this is true in the XXX case for example, see [103]). #S denotes
the number of elements in the set S. At first order in dh/h these n must satisfy

VhlogL <n <+/hlog L(1+ &) (3.143)

1 flogL
Cp(h) = 5/ Oi dh + O(dh?) (3.144)

Introduce now the variable s by h = s2. This gives the density of states p™(s) for the variable
s for magnetization m

Hence:

p"(s) =1 (3.145)

in the sense that there are p™(s)y/log Lds states with magnetization m whose s is between
s and s 4 ds in size L. This is the dominant behaviour of the density as L — oo. The

corrections in finite size may contain a more complicated behaviour such as the black hole
CFT [104].

3.3.2 The spectrum from the spin chain
Bethe equations

In the 0sp(2]2) case, typical irreducible representations are characterized by a pair of numbers
q,7 (and denoted g, j| in what follows) which are the eigenvalues of the generators ), and
J, on the highest-weight state. Here ¢ can be any complex number, while j = 0,1/2,....
These representations have dimension 85 [105], and Casimir

C =2j*—2¢ (3.146)

Note that in contrast with osp(1|2), the tensor products of the [0,1/2] representations
at each site of the chain involve not completely reducible representations. The simplest
example of this is the tensor product of [0,1/2] with itself which is a direct sum of the
eight-dimensional adjoint [0, 1] and of an indecomposable mixing the atypical representations
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[£1/2,1/2] (both of dimension 3) and two copies of the identity [0,0]. For example, the
ground state in even sizes is 8 times degenerated, has a Bethe state with charges ), =
1/2,J, = 1/2, and decomposes into [1/2,1/2], [-1/2,1/2] and two copies of the identity
[0,0]. The Bethe state with charges Q. = 3/2,J. = 1/2 belongs to a 8 X 1 = 4-dimensional
irreducible representation [3/2,1/2] = (3/2,1/2) & (1,0) & (2,0). Another Bethe state with
charges @, = —3/2,J, = 1/2 belongs to a similar 4-dimensional irreducible representation,
making this energy level 8 times degenerated.

The 0sp(2|2) spin chain is described by two families of roots A; and p; satisfying the
Bethe equations [99, 106]

pi +1i/2 i — Aj 4+
<Mz‘—i/2> H i A

An eigenvalue of the Hamiltonian for one set of solutions Ay, ..., Ak, ft1, ..., tg, to these
equations is then

(3.147)

1&g 1&g
=N N 3.148
L;)\?Jrl/él L;u§+1/4 (3.148)

The spins j and ¢ (ie, the eigenvalue of J, and @), respectively) corresponding to a solution
with K9 roots A, ii; are given by

=L/2-(+q), Ky=L/2—(j—q) (3.149)

Note that if another grading is chosen, i.e., another choice for the fermionic sign in (3.13),
the Bethe equations would be different. As far as the eigenvalues are concerned, the two
gradings are equivalent, see appendix A.1.

In the osp(2|2) we observe that the Bethe states have same charges J, and @, as the
highest-weight state of the multiplet they belong to.

Root structure

On the lattice in even size L, the field cos(2n/ggo)n'dn'...0"n'dn'...0™n" is obtained with
L/2—(n+m+1/2) roots A and L/2—(m—n+1/2) roots . They are real and symmetrically
distributed. See Figure 3.3 for a plot of some root structures.

The gap computed previously for the ground state of the sector ), = ¢, J. = j reads,
when 25 and ¢ are integers with same parity:

L2A 1 1
€r — j2 - <]2 _ 2q2 + 1) /{_lg (3150)

2mup 4

Like for osp(1]2), we see that the vector representation is degenerate with the ground
state in the limit ¢ — 0 since 52 = 0 for j = 1/2. We also see that the order g corrections
vanishes when j = 1/2,¢ = +1 / 2 this is compatible with the fact that the corresponding
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Figure 3.3: Bethe roots in the complex plane for the ground state (first family A; in blue,
second family p; in orange), for L = 36.

representations are “mixed” with the identity in a bigger osp(2|2) indecomposable represen-
tation.

Numerical results

We give numerical evidence in Figure 3.4 for the formula given in (3.139), with Zg’j denoting
the measured Z%7 = (-£~(e;, — €) — (h + h))log L in finite size L for the state [g, j]. Here

27T’L)F

e} denotes the state [—1/2,1/2].

3.4 0Sp(3)2)

3.4.1 The spectrum from the spin chain

The Bethe equations

Irreducible representations of osp(3|2) are characterized by a pair of numbers ¢, j correspond-
ing to the spin of the underlying o(3) and sp(2) bosonic sub-algebras. Here ¢ = 0,1,... is
integer, and j = 0,1/2,... is half-integer. The five-dimensional fundamental representation
is [0, 1/2] and the twelve-dimensional adjoint representation is [0, 1]. The (quadratic) Casimir

eigenvalues are

€= (2~ 1)~ gala+1) (3.151)

The 0sp(3|2) spin chain is described by two families of roots v; and p; satisfying the
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Figure 3.4: In reading direction: plots of ZL_3/2’3/2, ZL_5/2’5/2, ZL_l/2’5/2, ZL_3/2’7/2,

Z;5/2’1/2,Z;9/2’1/2, as a function of 1/log L, together with their extrapolated curve with
functions fi2, fi2, fi0, fi0, f12, fio. The theoretical results are, respectively, 1, 3, —3, —4, 6,

20.
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Bethe equations [99, 91]
<ui +i/2>L B ﬁ Vi — i+ /2
VZ—Z/Q j:lyi_’uj_i/Q

Kl
T i =V +0/2 3 ey —1/2
leﬂi—’/j_Z/Q i fi — py +i/2

(3.152)

1=

As already explained, the Bethe equations depend on the choice of the grading, see appendix
A.1. Tt turns out that they are more convenient in another grading. We write A\; and u; the
roots of the Bethe equations in this second grading. They read

(i) -l

1:HM1 AH/QHMZ pj+i/2 iy =
A —i/2 frj — /2 i — gyt

(3.153)

j:1

For each solution (v;, u;) of the equations in the first grading there exist a solution (\;, 1;)
of the equations in the second grading, and vice versa. The p; stay the same (as anticipated
by the notation), and the roots \; and v; are related by the fact that together, they form all
the roots of the following polynomial

P(X) = (X +i/2)* H(X — iy —1i/2) — (X —i/2)* H(X — i +1/2) (3.154)

In the second grading an eigenvalue of the Hamiltonian is given by

1&g
SR N 3.155
‘L L;)\?+1/4 (8:155)

The spins j and ¢ (ie, the eigenvalue of J, and @, respectively) for a solution with K7 roots
A; and K5 roots pu; are related to M; and Ky through

Ki=L—q, FKy=L-2j—gq (3.156)

However an important remark has to be made. It is known that for the XXX spin chain,
the Bethe vectors are highest-weight vectors with respect to J,, meaning that they are
annihilated by the total J,. It turns out that it is not the case for osp(3|2): some Bethe
vectors are indeed annihilated by the raising operators of the sp(2) and o(3) subalgebras,
but not by the raising operators of the full osp(3|2) algebra. To see this, one can go to the
g-deformed version where most of the osp(3|2) degeneracies are lifted. In this case there are
states with similar root structure as in the ¢ = 1 undeformed case, but with additional roots
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with imaginary part iw/2. When g — 1, the energy of theses states converge to the same
multiplet with the same energy in finite size, since the extra roots at im/2 have no effect
in this limit. For example there is one state at ¢ # 1 that has one extra root A\, = im/2
compared to the ¢ = 1 case, that falls into the multiplet when ¢ — 1. In its multiplet at
q # 1 there is the state that becomes annihilated by all the raising operators of osp(3|2)
when ¢ — 1, which is the highest-weight state. The important point is that the charges of
this state with an extra root has a @), decreased by 1 and a J, increased by 1/2 compared
to the state that can be built with the Bethe ansatz at ¢ = 1. Therefore the charge of the
multiplet of the Bethe vector has actually a @, decreased by 1 and a J, increased by 1/2.
This is important for the bosonic part of logarithmic corrections to match the value of the
Casimir, but it will also be important in section 3.5.4.

This created some confusion in [91]. To make contact with their® notations (ppu, grm)
for labelling the Bethe states (but not the multiplets), we have ppy = 25 and gy = ¢/2. As
for the notations (pyay, gvas) in [107], we have pyq; = q and gvay = J.

For example the first excited state belongs to a 12-dimensional multiplet and the Bethe
state has charges (Q.,J.) = (2,0). In [91] it was interpreted as the irreducible represen-
tation qvay = 1,pvas = 0 of dimension 12 in [107], whereas it is actually the irreducible
representation qyqy = 1/2, pvay = 1 of dimension 12 as well. It is a reducible representation
for 0(3) ® sp(2) that reads (1,1/2) & (0,0) @ (2,0) in terms of @., J.. Only the state with
(@, J.) = (1,1/2) is annihilated by the raising operators of the whole osp(3]2) algebra.

Root structure

A particular feature of this model is that the energy of the ground state €% is independent
of L. In terms of Bethe roots it is given by L coinciding roots p at zero, see [91]. Note
that in the O(1) model a similar phenomenon inspired the Razumov-Stroganov conjecture
concerning the entries of the eigenvector associated to this particular eigenvalue [108, 109].

The first state whose Bethe state has charges j integer and ¢ even is given on the lattice
in the second grading by L/2—(q/2+ j) strings composed of 2 roots \; whose imaginary part
is approximately +3/4 and 2 roots p; whose imaginary part is approximately +1/4, plus 2j
real roots \; taking a large value, lying outside the strings. This is illustrated in Figure 3.5.

2The subscripts are the author’s initials [91, 107].
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Figure 3.5: Bethe roots in the complex plane for the states j = 0,q = 2 (left) and j = 1, = 2
(right), for L = 54.

The presence of strings is a complication, both numerically and analytically. The typical
deviation of their imaginary part from 4i/4 or £3i/4 is observed to behave as log L/L with
the size of the system.

Numerical results

We observe numerically the following behaviour at large L, in terms of the charges j and ¢
in (3.156) of the Bethe states

‘LQerL
QFUF

— i+ (J6+D - a0 - D) g (3.157)

In terms of the charges j and g of the multiplet it belongs to, it reads

L?Ae 5 1 o 1 1 _
L:]2___(]2____q(q+1)),€ g (3.158)

The bosonic part corresponds to the Casimir (3.151), but not the fermionic part.

Here we see the importance of considering the charges of the multiplet and not those of the
Bethe state. To our knowledge it has not been noticed before for this model. It is observed
only for osp(3|2) and not osp(1]2) nor osp(2|2), and in some other spin chains with Lie
superalgebra symmetry their highest-weight property has been proven [28], suggesting that
it is peculiarity of this model rather than a common feature. However one can ask if this also
happens in the higher-rank superalgebras studied numerically in [90]. From our experience
it seems that studying the g-deformed version of the spin chain helps understanding these
aspects: most of the osp(3|2) degeneracies are then lifted and more Bethe states can be built
that fall into a same multiplet as ¢ — 1; but with different charges, and in particular with
higher J, charge than that of the only Bethe state that can be built at ¢ = 1. A

In Figure 3.6 are shown the numerical verifications of formula (3.157), where Z7¢ denotes
the measured Z3? = (52— (e —e9) — (h+ h))log L in finite size L for the state whose Bethe

2mvp
state has J, = j, Q. = q, where €7 is the reference state j, ¢ = 0,0.
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Figure 3.6: In reading direction: plots of Z%Q, Z2’4, 22’6, Zi’Z, Zi’4 — 22’2, ZE’Q — Z%Z, as a
function of 1/log L, together with their extrapolated curve with functions fs, fs, fs, f5, f5,
fs. The theoretical results are, respectively, 1, 6, 15, —1, 3, —6.
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3.5 Physical properties of fully packed trails

This section is devoted to the application of the previous energy calculations to "'watermelon’
exponents in intersecting loops, also called fully packed trails.

We begin with some results on the osp(r|2s) spin chains by showing that they describe
intersecting loop soups with loop weight N = r — 2s [85]. We then show for the first time
that the spectrum of the osp(r|2s) model is exactly included—in finite-size—in the spectrum
of all the osp(r + p|2s + p) models, as observed but not understood nor proved in [90]. We
finally establish a correspondence between sectors of fixed charges and specific properties of
loop configurations. This enables us to compute some watermelon 2-point functions that
exhibits logarithmic behavior, which is the main new result of this section.

3.5.1 A model for loops with crossings

Let us first explain why the osp(r|2s) vertex model can be reformulated as a model for
intersecting loops with weight N = r — 2s. The mere observation that the R-matrix (3.17)
is built from elements of the Brauer algebra [85, 110] is a bit unsatisfactory, since it does not
explain how to treat the boundary conditions and the special weight that comes with them,
and also because in this context the role of the graded tensor product is not clear.

In this section we prove the equivalence of the osp(r|2s) model with a model of intersecting
loops, starting directly from the expression of the transfer matrix (3.15), where from (3.17)

2\

RN = A0ij0 + (—1)PPi 6,85, + S ——

(=) (= 1) =550 (3.159)

We recall the definition of the conjugate index, ¢/ = D + 1 — i, for any ¢ = 1,..., D with
D = r + 2s. We will work at constant spectral parameter A and will sometimes omit the
dependence on A in order to simplify the notations. Define the partition function Z of this
model on an L x M lattice as

7 = tr(t(\)M) (3.160)

where ¢(A) is the transfer matrix given by (3.14)—(3.15). It is thus

L j—1
amtlem _gmtlom amtlem Yo (Pam+p_m41) 22i21 Pam
Z = E , | | Rc{'L’aTLRCTLOé%ﬁ 1"'R05}’a§”1 (_1)%{”(_1) T ' (3'161)

with the identification M + 1 = 1 due to periodic boundary conditions. We will use the
same convention as in Figure 2.1 for the graphical depiction of each R term. The three
terms in the R-matrix are generators of the Brauer algebra [85, 110] and can be represented
diagrammatically as in Figure 3.7.
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Figure 3.7: Graphical representation of the three possible ways to match the four indices,
corresponding to the three generators of (3.17).

The graphical representation of Figure 3.7 naturally induces a representation of the par-
tition function as a sum over dense intersecting loops, each vertical (resp. horizontal) edge
carrying an index « (resp. ¢). In this representation L is the horizontal length, and M the
vertical height of the L x M lattice.

There are three issues to be resolved in order to define a proper model of intersecting
loops:

1. There are all the fermionic signs that seem to weigh each configuration with an arbitrary
sign.

2. The loops are not all equivalent since they carry an index ¢ = 1,..., D that must
eventually be summed over. Moreover this index changes to its conjugate value along
a loop at the SE and NW corners.

3. The weight of each fixed-index loop is one, but the proper weight after summation over
the index will have to be worked out by taking carefully into account the boundary
conditions.

All these issues are of course related, and analysing them properly will lead to the resolution
of the problem. The crux resides in a proper understanding of the fermionic signs. This
relies on the following lemma, the proof of which is relegated to Appendix A.2.

Lemma 4. If the index a of a loop in a configuration is changed so that p, changes, all other
things being equal, then the weight of the configuration is multiplied by (—1)>*1 where b, is
the number of times the loop crosses the top and bottom boundaries (i.e., those corresponding
to the direction of length M ).

Proof. See Appendix A.2. O

One sees that the number of times a boundary is crossed in the vertical or horizontal
directions plays a different role. We will say that a loop is non-contractible in the vertical
direction (or simply non-contractible loop) if it crosses the whole lattice in the vertical
direction, i.e. if it is possible to follow the loop from top to bottom without crossing the
vertical boundary conditions. We say that a loop is contractible if it is not non-contractible.
We will denote by even/odd non-contractible a non-contractible loop that crosses the top
and bottom boundaries an even/odd number of times (without saying anything about the
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right and left boundaries). In the subsequent subsections we will also represent by a diagram

like [I or X the sum of all configurations of loops which possess a certain number of
non-contractible loops linked from top to bottom as indicated by the diagram. We refer
the reader to Figure 3.8 for illustrative examples on a 2 x 2 lattice with periodic boundary
conditions.

From this lemma comes the theorem:

Theorem 2 (Intersecting loop soup model). Z = tr(t™) is the partition function for a model
of intersecting loops with loop weight v — 2s for contractible loops and r &+ 2s for odd/even
non-contractible loops.

Proof. If a configuration contains only loops with bosonic indices, all the (—1)?* are +1 and
the weight for a loop (with an index) is +1. But if a loop [ is contractible, because of lemma
4 its weight is 1 if it is bosonic and —1 if it is fermionic, thus after summation over the
indices the weight is r — 2s. If the loop is non-contractible the fermionic weight is £1 if it is
odd/even, thus a weight r 4 2s after summation. O

We note that if the transfer matrix were defined as the trace (and not the supertrace)
of the monodromy matrix, i.e. if in (3.14) there were no (—1)P, then one would have a
weight r + 2s for the odd non-contractible loops in the horizontal direction as well. On the
contrary, to give the same weight r — 2s to all the loops (contractible or not), one would
need to modify the trace in (3.160) and define Z = tr(KptM) with K a matrix that will
assign the desired weights according to the sector, as already explained in Section 2.3.1.

PRSI

AN

Figure 3.8: First figure: two contractible loops. Indeed, you cannot follow any of the two
loops from top to bottom without crossing the vertical periodic boundary. Second figure:
two odd non-contractible loops, and one contractible loop. Indeed, the horizontal line at
the bottom is a contractible loop, and the two other loops are non-contractible and cross
the vertical periodic boundary exactly once. Third figure: one even non-contractible loop.
Indeed, there is only one loop that crosses the vertical periodic boundary twice.

If we now denote with a diagram like ][] the connections between the four beginnings of
strands e at the top and the bottom of the lattice, then the strands in the first figure are

connected like . , in the second figure like ]] , and in the last figure like ¥ .

3.5.2 Inclusion of osp spectra

To prove the inclusion of the spectra for the osp chains, another lemma is needed:
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Lemma 5. If A and M are square matrices of size n and n + m such that
VkeN, Vije{l,..n}, (M"),;= (A", (3.162)
then the spectrum of A is included in the spectrum of M (with the degeneracies).

Proof. Writing M in block form
A B
M = ( C D) (3.163)

VkeN, BDFC=0 (3.164)

Let now A € C not in the spectrum of D. Since D — A, is invertible one can use Schur’s
complement to write

det(M — M,y ) = det(A — M, — B(D — A,,,)"'C) det(D — AI,,) (3.165)

the condition (3.162) implies

From Cayley-Hamilton theorem, (D — AI,,)~! is a polynomial in (D — \I,,,), thus in D, so
that with (3.164) we have B(D — \I,,,)"'C = 0. It follows that

det(M — M,y ) = det(A — AL,) det(D — Al,,) (3.166)

Since the function A — det(M — Al,,,,) is continuous in A and since the spectrum of D is
finite, the previous equation is true for all A € C. Thus whenever )\ is an eigenvalue of A,
det(M — A1) = 0 and it is also an eigenvalue of M. Moreover since det(D — AI,,) is a
polynomial in \ there cannot be poles and the eigenvalues of A in the spectrum of M have at
least the degeneracies they have in the spectrum of A. (However in general the eigenvectors
of M corresponding to the eigenvalues of A cannot be expressed simply: in particular they
may have non-zero i-th components for i > n.) [

One can now prove the theorem:

Theorem 3 (Inclusion of spectra). The spectrum of the osp(r|2s) spin chain is included in
finite size in the spectrum of the osp(r + p|2s + p) spin chain for all even p > 0.

Proof. Denote t the transfer matrix of the osp(r|2s) spin chain, and T the one of the osp(r +
p|2s + p) spin chain. Let J be a subset of 2p indices among which p are bosonic and p are
fermionic, and I = {1,...,7 + 25+ 2p} \ J. The indices of ¢ are identified with I.

(T )th{'aﬁ“l is the partition function of the model on a L x M lattice with fixed
boundary 1conLditions at the top and bottom boundaries. Inside the configuration, every loop
whose index is in J has to be contractible, since at the up and down boundaries the indices
must be in I. As J contains as many bosonic as fermionic indices, lemma 4 implies that these

configurations add up to zero. Therefore all the loops can be considered having their indices
M+1

M+1
in I, which is exactly (tM )Zi ai”% . Then lemma 5 applies and proves the theorem. O
1L

Note that taking the supertrace of the monodromy matrix is crucial to have this property.
Otherwise the non-contractible loops in the horizontal direction would not cancel out. Notice
also that integrability does not play any role here, so it is true for arbitrary weights in the
R-matrix. Recall that such an inclusion is observed for gi(r|s) models as well [111].
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3.5.3 Charges and loop configurations

While most of our discussion about critical exponents has been based on studies of the
integrable Hamiltonian, it is usually the case that the same universal properties would be
obtained by focussing instead on the transfer matrix. Indeed, taking the Hamiltonian limit
amounts to taking the continuum limit in the (imaginary) time direction, something that is
not supposed to modify the continuum description of the lattice model. The transfer matrix
language is on the other hand more natural to describe loops, especially when the spectral
parameter A = 1, corresponding to an isotropic loop soup on the square lattice. We have
checked that the log of the largest eigenvalues of the transfer matrix have the same behaviour
as those of the Hamiltonian, simply with the Fermi velocity vy replaced by a sound velocity
sin(Avg), that is 1 at the isotropic point.

This means that the finite-size corrections to the first excited states of the Hamiltonian,
among which are the lowest eigenvalues in a sector imposing specific values of charges, corre-
spond in the transfer matrix point of view to finite-size corrections to the largest eigenvalues
of the transfer matrix ¢ in a sub vector space with specific values of charges. We recall that
the partition function in (3.160) is given by the trace of the M-th power of t = t(\) the
transfer matrix, that is dominated when M — oo by the largest eigenvalue of ¢. Similarly,
the trace of the M-th power of t over a sub vector space where the charges take specific
values, is dominated by the largest eigenvalue of ¢ in this sub vector space.

The question is now to understand the kind of constraint that is imposed on the inter-
secting loop soup when this trace over a sub vector space where the charges take specific
values is performed.

Let us treat the case of osp(2|2), the simplest example with a ’fermionic charge’ J, and
a ’'bosonic charge’ @),. In the grading given by (3.13), they are represented by

100 0 00 0 O
000 0 01 0 0

=10 00 o] 2%=|00 -1 0 (3.167)
000 —1 00 0 O

When one traces over the vector space where (), is equal to ¢, one considers only the
configurations where at the bottom (and at the top) of the lattice, there are 2¢g more strands
with index 2 than strands with index 3. As already said, along a loop an index i is replaced
by its conjugate i’ (i.e., 1 <> 4, 2 <» 3 ) every time a NW or SE corner is encountered.
It implies that a strand carrying a 2 at the bottom cannot directly (without crossing the
vertical boundary) join another strand carrying a 2 at the bottom. Then the 2¢ extra 2’s
at the bottom and at the top of the lattice have to be connected between themselves by
going through the whole lattice in the vertical direction. Since the loops with bosonic index
(whether contractible or not) are always given the same weight equal to 1, it follows, after
summing over the indices, that the boundary condition imposes to have (at least) 2¢ loops
that propagate through the lattice in the vertical direction that are given weight 1. Note
that an extra strand with index 2 at the bottom can be connected to any extra strand with

index 2 at the top, with the same weight 1. For 2¢q = 2 these configurations are [] + X .
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If one traces over the vector space where .J, is equal to j, the same reasoning shows that
the configurations are constrained to have 25 more strands with index 1 than index 4 at
the bottom, and that those at the top and the bottom of the lattice have to be connected
between themselves. However since the index is fermionic, the weight of such a loop is 1
(resp. —1) if it crosses the top and bottom boundary an odd (resp. even) number of times,
from lemma 4. The total weight given to these loops is then exactly the signature of the
permutation that maps the bottom 2j extra 1’s to the top 2j extra 1’s they are connected
to. For 27 = 2 these configurations are ]] — X .

If one traces over the vector space where both J, and @), are fixed as j and ¢ respectively,
then the configurations are constrained to possess 2j strands with index 1 and 2¢ strands
with index 2 to propagate through the lattice from bottom to top. The total weight given to
these loops is then the signature €(o;) of the permutation o, that maps the bottom 2j extra
1’s to the top 27 extra 1’s they are connected to, without considering the 2¢ bosonic strands.
Let us now denote P, (o) the sum of all the configurations on a L x M lattice with 2j 4 2¢
non-contractible strands, where the 25 'fermionic’ strands are at the left of the lattice at row
1, and where the 25 4 2¢ strands are permuted by o at row M. Since a fermionic strand
has to be connected to another fermionic strand through the periodic vertical boundary, this
permutation has to be decomposable into o = 0,0, where o; acts trivially on the bosonic
strands and o, trivially on the fermionic strands. Then, denoting by tr;, the trace over the
sector J, = 7, Q). = q, one can express the trace of the M-th power of the transfer matrix ¢
as

(") = D e(05) Zeaa(050,) (3.168)

0j:9q

where the sum runs over the permutations o; and o4 of 2j 4 2¢ elements, that leave invariant
the last 2¢ elements (respectively the first 2j elements). We recall that €(o;) is the signature
of the permutation o;. Here are some examples:

trio(t") = Zrar((12)) — Zin((21))
tro) (1Y) = Zm((12)) + Zra((21)) (3.169)
tri (M) = Zoa((1234) — Zpp((2134)) + Zrar((1243)) — Zpa((2143))

where we write (4; ... 7,) the permutation that maps 1 onto iy, etc, n onto 4,,. The configura-
tion of strands connections to which these three traces correspond are respectively [ — X ,

I+ X and [III = XII + 11X — XX.

Equation (3.168) is reminiscent of the Young symmetrizer for the Young tableau

11...]2¢q

(3.170)

2j
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which here takes the form of a ’supertableau’ applying independently a symmetrizer to the
2q bosonic strands and an antisymmetrizer to the 25 fermionic strands. Compared to the
usual Young supertableux, e.g. in [112], there is an empty box at the top left merely because
we shifted the first row, to make explicit the fact that each box must be counted either in
the column or in the row.

An unpleasant aspect of formula (3.168) is that it depends on the position of the fermionic’
strands, whereas we would like to have a geometrical meaning for strands without specifying
their ’bosonic’ or 'fermionic’ nature. This important issue will be addressed in the next
subsection.

These considerations can be generalized without difficulties to osp(r|2s) for arbitrary r
and s. There is only an additional important remark to make on the case r odd. Indeed in
this case there is an index 7 which is not associated to any charge, for example for osp(1|2)
the index 2 does not affect the charge J,. Then the number of extra strands associated to
the charges can be odd (whereas in the case r even it is necessarily even): in this case for
even L there will be one extra strand with this index ¢ that acts as a bosonic strand with a
weight 1. For odd L the same observation holds for an even number of strands associated to
the charges.

3.5.4 Transfer matrix eigenvalues and loop configurations

On an L x M lattice with M — oo the trace of the M-th power of the transfer matrix in
size L over the vector space with given charges behaves as oc A} where \; is the maximal
eigenvalue of the transfer matrix in this sector. Denoting by Ay the maximal eigenvalue of
the transfer matrix, the quantity (log \; —log A\g) ™! gives the correlation length on an infinite
cylinder of circumference L for the property of the configurations induced by the sector of
)\1.

In the limit M — oo some remarks have to be made on (3.168). On an infinite cylinder
there is no periodic boundary conditions to impose that a bosonic (resp. fermionic) strand
falls back on a bosonic (resp. fermionic) strand, i.e. that bosonic and fermionic strands are
permuted among themselves after a certain number of applications of the transfer matrix.
In (3.168) for M large, imposing the decomposition o = o0;0, instead of taking a generic
permutation ¢ only changes a multiplicative factor that is independent of M, and thus does
not affect the free energy that is in both cases —logA;. Any permutation o should be
possible in (3.168) in this M — oo limit, not only those that can be decomposed into ;0.
Thus on an infinite cylinder we have

0€62j 424

with Fy(j,¢) — —log Ay when M — oo, and where Z;, () is the sum of all the configura-
tions where 25 4 2¢ strands (with the 2j fermionic ones at the left at row 1) are permuted by
o after M rows, on a L x M lattice without periodic boundary condition in the M direction.
€9;(0) is the 'partial signature’ of the first 2 elements of o, i.e., attributes a factor —1 to
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each (i1,49) with 7; < iy < 2j such that o(i;) > o(iz). The sum now runs over all the
permutations o of 25 4+ 2¢ elements.
For example, for j = 1, ¢ = 1/2 there are three strands, with 2 'fermionic’ strands at the

left. It gives the configurations [J] — Xl + IX + X - X - X.

The advantage of (3.171) is that although the summands still depend on the initial
position of the fermionic strands, it can be easily transformed into a version that does not
distinguish between bosonic and fermionic strands, by summing over all (2];;2‘]) ways of
attributing 2j fermionic and 2¢g bosonic labels to the 25 + 2¢ strands. The fermionic signs
are then attributed as before. Thus one gets

2y 2]+ 2 ~
e MPutia) = 3 (( i+ q) - 2L2j(0)> Zu (o) (3.172)
27

0€62;124
with Fi;(j,q) — —log Ay when M — oo, and where t2j(0) is the number of subsets of 2j
strands among the 25 + 2¢ strands permuted by o, that intersect between themselves an odd

number of times. A formal mathematical definition of t5;(o) is

tj(0) = # {I C {1,...,2j + 2q} such that #I = 2j,and #{(i,j) € I’ / i < j,o(i) > o(j)} is odd}
(3.173)
Note that with this definition (3.172) no longer refers to bosonic/fermionic strands, but sim-
ply to a total number of 2j + 2¢ unspecified strands. Clearly, to(c) = ¢1(0) = 0. Moreover,
12(0) is exactly the total number of intersections between the strands (in a graphical rep-
resentation where two strands intersect 0 or 1 time and do not wind around the horizontal
periodic boundary). And ¢3(0) is the total number of intersections between the strands,
where each intersection between strands i < j is weighted by 25 4+ 2q — |i — j| — |0 (i) — o (5)]-
For instance, one has the following correspondences on the infinite cylinder between the
Young tableaux and the loop configurations:

epl— M+ X+ X+ +X+ X (j=0,9=3/2)
S KX X - X (1=3/2.4=0) (317
—>31n+x1+1x->s<—>e<—3>1< G=1.q=1/2)

These combinations now refers to three generic strands, without the need to specify which
ones are fermionic, contrarily to (3.171) where the different strands are either fermionic or
bosonic.

Note that due to the horizontal periodic boundary, there can be a permutation between
two strands without crossings. The fermionic signs also count these situations.

When the circumference of the cylinder itself becomes large, a conformal transformation

onto the plane gives access to the critical exponents of the corresponding watermelon expo-
nents on the plane. To use the Bethe ansatz to compute these corrections in large sizes L,
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one needs to find which eigenvalue is maximal for each sector. A possible source of difficulty
is that the sector associated to other conserved quantities in which this A; lies may change
with the size of the system. For example for osp(1|2) the state with integer magnetization
7 > 0 with minimal energy in the thermodynamic limit does not have symmetric Bethe roots,
but in small sizes nothing prevents the state with equal magnetization but with symmetric
Bethe roots from having lower energy. The determination of the finite-size corrections to
these states close to the thermodynamic limit nevertheless permits to determine which one
is the lowest.

In the following, we explicitly check the correspondence between the constraint encoded

by a tableau and the eigenvalue of the transfer matrix, with a numerical code for

loops with crossings. That is, we start from an eigenvalue of the osp transfer matrix, find its
Bethe roots, deduce the corresponding charges from them, and then compare to a numerical
transfer matrix that implements (3.171) on an intersecting loop soup with fermionic/bosonic
strands, and (3.172) on a generic intersecting loop soup, and verify that it gives exactly the
same eigenvalue.

0sp(2|2) case

In Table 3.1 we give the explicit correspondence between some eigenvalues of the transfer
matrix of the osp(2]2) model in size L = 6, and the Bethe roots and the kind of constraints
that it imposes on the loop configurations.

| Eigenvalue | Bethe roots {A}, {u} | J..Q. | Constraint on the loops |
167.295 | {0.02897, —0.02897,0}, {0.0180, —0.0180} | 1/2,1/2 | no constraint, or
95.732 | {0.5992, —0.5992,0.1471, —0.1471}, {0} | 1/2,3/2 BEEIE]
1
63.761 {0.3281, —0.02861}, {0.3281, —0.0286} 1,0 g
1]2]
44.140 {—0.5774, —0.1355,0.1584}, {—0.1182} 1,1 1]
2
1
1
29.63 {-0.147,0.147}, {0} 3/2,1/2 -
3
22.750 | {0.8660,—0.8660,0.2887, —0.2887,0},{} | 1/2,5/2 BHBEIGE
1
2]
3.482 {—0.1340}, {—0.1340} 2,0 0
4

Table 3.1: Correspondence between some transfer matrix eigenvalues, Bethe roots, charges,
and loop configurations for the osp(2|2) case in size L = 6 at the isotropic integrable point.

Note that the Bethe roots for integral charges are associated to non-symmetric states,
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given in (3.141) with m = m — 1. Note also that the equivalence between the absence of
constraints and on the infinite cylinder is very specific to osp(2|2) in even size where the

weight of a loop is zero, since in both cases it amounts to forbidding the contraction between
the two strands.

0sp(3|2) case

The same work can be done for osp(3]2) where the weight for a (contractible) loop is 1. Here
we notice the importance of the remark of section 3.4.1, that gives the true charges of the
multiplet a Bethe vector belongs to, and that has direct consequences on the configurations of
loops associated to it. The J, and @, indicated in Table 3.2 are those of the highest-weight
of the multiplet the Bethe vector belongs to (note that with the conventions of osp(3|2),
(). = q imposes ¢ bosonic strands and not 2q).

| Eigenvalue | Bethe roots {A}, {u} | J.,Q. | Constraint on the loops |
656.84 degenerate roots 0,0 no constraint
{—0.14 £ 0.75i, —0.14 £ 0.757, +0.75i}, 1]
08497 {—0.14 £ 0.25i, —0.14 £+ 0.257, +0.25:} 1/2,1 [1]
{0.0645 £ 0.7501¢, —0.0645 £ 0.75014}, 1
32340 {0.0645 + 0.249i, —0.0645 + 0.249i} 1/2,3 [1]
1
{—=0.555,—0.057 £ 0.7494,0.057 + 0.749:, 0.555 }, 1]
175.96 {—0.057 £ 0.2497,0.057 + 0.249i} 3/2,1 %
T | o
. 1]2]3]
{—0.883, +0.7500¢, 0.883}, 1]
07.27 {+£0.2499i} 3/2.3 2]
1
{—0.883, —0.308, +0.75007, 0.308, 0.883 } 5
—0.883, —0.308, £0.75001, 0.308, 0.883}, 2
1939 {£0.2499:} 5/2,1 %
5]

Table 3.2: Correspondence between some transfer matrix eigenvalues, Bethe roots, charges,
and loop configurations for the osp(3|2) case in size L = 8 at the isotropic integrable point.

0sp(1]|2) case

The same exercise for osp(1]2) is a bit formal since it gives a weight —1 to each contractible
loop, that cannot be interpreted as a probability. However the correspondence between
eigenvalues of the transfer matrix and specific configurations of loops still holds, see Table
3.3.
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| Eigenvalue | Bethe roots {A} | J. | Constraint on the loops |

254.23 {—0.558,—0.227,0,0.227,0.558} 1/2 .
225.95 | {—0.449,—0.126,0.5i, —0.5i,0.126,0.449} | 0 no constraint
95.23 {—0.616, —0.262, —0.028, 0.200} 1 %{
1]
44.54 {—0.233,0,0.233} 3/2 el
3]
1]
7.59 {—0.265, —0.018} 2 -
4]

Table 3.3: Correspondence between some transfer matrix eigenvalues, Bethe roots, charges,
and loop configurations for the osp(1|2) case in size L = 6 at the isotropic integrable point.

Tableaux with odd number of boxes would appear for odd sizes only. The fact that there
is one 'bosonic’ strand for half-integer spin (denoted by a grey box) is explained in the last
paragraph of section 3.5.3.

Imposing a constraint can increase the 'partition function’ only because some Boltzmann
weights are negative in the osp(1]2) case. Remark also that since there is only one fermionic
charge in osp(1]2), one cannot get configurations like and we are almost restricted to
purely determinant-like combinations of probabilities. This is reminiscent of the correlation
functions for the spanning trees and forests model that also exhibits an osp(1|2) symmetry
[113, 36]. However these combinations should appear in the osp(3]4) model.

3.5.5 Watermelon 2-point functions for loops with crossings

We here collect our results for the logarithmic scaling of two-point functions in fully-packed
trails, or intersecting loop models.

In the geometry of the plane in the scaling limit, for a permutation o € G,,1,,, of n +m
elements, we denote by P’ (x) the probability that n + m strands emanate from some
small neighborhood and come close together again in another small neighborhood, separated
from the first one by a distance x, with their ordering having been permuted by ¢ in-between
the two neighbourhoods, see Figure 3.9.
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Figure 3.9: Example of a 4-legs watermelon 2 point function.

In this section we use all our previous results to determine the generalization of these
power-law decays to the intersecting loop models. The same reasoning as in Section 2.4.4 of
the first chapter can be used to translate an intersecting loops configurations on the plane
such as Figure 3.9 to configurations of loops on the cylinder, where a certain number of
strands propagate without forming loops, and undergoing a given permutation.

We saw that on the cylinder, the largest eigenvalue of the transfer matrix in a given
sector is related to loop configurations through (3.172). Following this relation, we define
the weight

Wrm =1 — ?;'153)’ (3.175)
which is merely the same weight as in (3.172) after a normalization. We recall that t,,(co)
is the number of subsets of m strands among the n + m strands that intersect between
themselves an odd number of times (in a graphical representation where there is no winding
around the two end points), defined in (3.173). We gave an example with the permutation
o = (4132) in Figure 3.9. We have in this figure 1o = ¢t; = 0, 15 = 4, 13 = 2, 14 = 0,
so that W40 =1, W3l =1, W22 = —1/3,W}!3 = 0,W%* = 1. Note that we always have
w0 =Wwn-bl =1,

Even number of legs

Equation (3.172) then directly translates into relations between the P?*(z). The cases of
loop weights N = 1,0, —1 are related to the osp(r|2) models with r = 3,2, 1 respectively.
The results can be read off from egs. (3.158), (3.150) and (3.73), by taking into account
(2.122) and (2.123) that link the two terms in the expression to respectively the power law
and logarithmic exponents. In the following, ~ gives the asymptotic behaviour in x up to a
constant multiplicative factor.

Loop weight 1 :

m2—1 m?—1
Z wrmpntm () ~ x~ 2 (logw) 2 4D - for n and m odd (3.176)

U€6n+m

The case m = 1 where W™! =1 is consistent with Monte Carlo simulations in [93].
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Loop weight 0 :

m2 ’rn2 TL2
Wn,mpn-l—m xr 2 (10g ZE) 4 2 )
o o (@)~ _m-1 m_27ﬁ+l
0EGn+m 2 (logz)4 274 for n and m odd

for m > 2 even and n even,

(3.177)

Loop weight —1 :

One has access with osp(1|2) to much less information. Keeping in mind that P is not a
probability in this case but only a ratio of two partition functions, one can still write

0 ~ m(m+2) m(m—2)
Z W mP™Mx)~x" 2 (logz)” 6 , form even,
c€G,
. s (3.178)
Z wrmpltm(zy ~z~ 2 (logz) 6 , for m odd
0E€EC14+m

One leg

The information on the watermelon exponents for an odd number of legs is contained in the
spin chains of odd size L. In particular the one-leg case corresponds to the order parameter.
For a loop weight 0, it corresponds to the case m = 0,n = 0 in (3.140), and from (3.117)
this gives a gap

LQAGL 1

=—- 3.179
2muE 4log L ( )
corresponding to the following behaviour of the order parameter
1
(¢(2)9(0)) ~ (logz)2 (3.180)

For a loop weight 1, the Bethe roots associated to the ground state of the osp(3|2) model in
odd size L are composed of (L — 1)/2 strings, that happen to give exactly the same energy
er, in all odd sizes, as in the even size case. Thus the energy gap is exactly 0 and one gets

(¢()(0)) ~ 1 (3.181)

For a loop weight —1, the ground state in odd size corresponds to m = 0 in (3.73), that
gives a gap

L2A€L 1
2mup " 3logL (3.182)
hence )
(¢(2)9(0)) ~ (logx)3 (3.183)
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For these three cases we observe the behavior

N-1

(¢(x)¢(0)) ~ (logz) N-2 (3.184)

3.5.6 Away from integrability

The integrable spin chains previously studied correspond to a crossing weight w equal to
(2 — N)/4. For these values—and by using the Bethe-ansatz— we showed that the leading
logarithmic corrections are indeed described by the supersphere sigma model. If there is
universality, this correspondence has no particular reason to hold only at the integrable
point: the supersphere sigma model should be relevant to describe the long distance physics
of the dense loop soups for all finite crossing weights w > 0. Of course, away from the
integrable point, this might be much more difficult to check, since then only direct numerical
simulations are available. In Figure 3.10 we show as an example the measured logarithmic
corrections corresponding to the 4-leg watermelon 2-point function, for different values of
crossing weight w, for vanishing loop weight N = 0. The leading correction studied in this
paper corresponds to the purple line. While the Bethe ansatz results show it does indeed
give the correct results in the L — oo limit, it is clear that for the sizes studied using direct
transfer matrix diagonalization, next order corrections play an important role. It seems
however that these corrections can be captured quite easily. The full solution to the RG
equations for the sigma model coupling constant is

1 1 2— N
_:_+
g 90

log(L/ L) (3.185)

Setting Lo = 1 (i.e. measuring lengths in units of the lattice spacing) gives

K 1

_2—N10gL+m

g (3.186)

Meanwhile, we find that for N = 0 the numerical results can be collapsed approximately on
(3.186) with % ~ mw. In other words, we have, to a very good approximation, gg ~ 5.
Hence, we see that w plays the role of the inverse bare coupling constant

This observation suggests that at large w the corrections to the gap can be obtained with
the same formulas we have derived earlier in this paper, but by using, instead of the running
coupling constant g < 1/log L, the bare constant gy < 1/w. Conversely, we can also imagine
solving the problem at large w by elementary means, hence 're-deriving’ the formulas for the
corrections.
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Figure 3.10: Left: measure of L;Tlr—ngLAe 1, for the 4-legs watermelon 2-point function with loop
weight 0, as a function of w for different sizes. The limit value predicted by the supersphere
sigma model is indicated in purple. The integrable point is w = 0.5. Right: the same data
as a function of w/log L.

To this end, we fix the weight for a loop to N > 0 and denote T the transfer matrix on
a cylinder of size L. x M. This transfer matrix acts on L strands that are either connected
to another strand, or are free, see Figure 3.11. The states are described by a vector space
E which can be decomposed into a direct sum E = @, Ey, where Ej is the vector space
generated by the states with k free strands among L strands, thus of dimension (i) (L—Fk)N.

NRRE
SN I N N N N N N2 (3.187)
AN

Figure 3.11: The 10 states in £ = E4 @ Fy & Ey in size L = 4.

An important observation is that the transfer matrix, after building a row with L tiles
chosen from the three possible tiles in Figure 3.7, cannot create new free strands, i.e. TE) C
@<k L. Hence, the transfer matrix 7' is block-triangular and to find its eigenvalues one
can work in a specific sector with a fixed number of free strands k. We will denote by T}, the
restriction of the transfer matrix to E} the sector with k free strands.

Let us now study the limit of large crossing weight w — oo. In this limit the transfer
matrix T} is dominated by choosing a crossing at each site, see Figure 3.12. It creates a loop
in the horizontal direction and acts as the identity on the strands. Thus at leading order

Ty = Nw* + O(w*™) (3.188)
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Figure 3.12: The only dominant term in T} at order w”: there are only tiles with crossings.

The next order is obtained by choosing a left or right corner among the L sites, see Figure
3.13. It does not create any loops and acts as the identity on the other strands. Then

Ty = Nw” + 2Lw" ™! + O(w"™?) (3.189)
7 N
[ Al

L-1

Figure 3.13: Two examples of terms at order w in T}: there is only one tile without

crossing.

Denote now wl~2R;, the transfer matrix that corresponds to the next order, i.e., that
creates only two corners among the L sites, see Figure 3.14. Since it commutes with the
dominant order, one simply has to compute its dominant eigenvalue. Whatever is the con-
nection between the strands, there are 4 - (g) possibilities of placing the corners, but 2 - (g)
of them (when the two corners are in opposite direction as in the two cases at the bottom
in Figure 3.14) will connect 2 of the k free strands, which must not be counted; and among

L—k

the other possibilities, 2 - =5~ will create a loop. Thus the sum of the entries of each column

of Ry is always equal to 4 - (g) -2 (g) + (N — 1)(L — k). Since the entries of Ry are
nonnegative (N > 0 case), one can conclude that the dominant eigenvalue of Ry is exactly
4-(5y—=2-(5) + (N = 1)(L — k). It follows that the dominant eigenvalue of Tj, at order w*~2

is

A = Nwh 4 2Lw ™ + wh 2 (4 : <§) -2 (S) + (N —1)(L — k)) +O(w"™3)  (3.190)

2

Figure 3.14: Four examples of terms at order w’ =2 in T},: there are two tiles without crossing

among the L tiles.
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This expansion has been checked numerically. It can also be continued at order w*=3. At
order w*~* complications appear since at each transfer matrix step the number of possibilities
depends on the state; and from order w”~° on, the interaction between different orders counts
and probably cannot be simply taken into account.

Assume now N = 0. We have

k(k —2)

~log(Ae/ho) =~ ﬁ—l—O(wQ) (3.191)

corresponding to a gap
L2Aek _k(k—=2) 1
2mvp 2 27w

(3.192)

This matches the result equation (3.150) with j = 1/2,q¢ = (k—1)/2 (that corresponds to
1 fermionic box and k — 1 bosonic boxes in the Young tableau, equivalent to k free bosonic
strands on the infinite cylinder), and the coupling constant must be put to x'g = ﬁ,
in agreement with our earlier discussion. We conclude that, remarkably, the weak-coupling
sigma model provides a very accurate description of the loop soup at large w with the very
simple correspondence g o 1/w. See Figure 3.15 for further numerical evidence with other
sectors. For reasons we do not quite understand, this simple correspondence seems to be

true only for N = 0.

6 1.0
L=6 + L=4
+oL=8 L=6
5+ + L=10 0.8 + L=8
H —— 6(1 + n(w/loglL) ! ' + L=10
¥ 4 —— (1 +n(w/logL))™*
+ <
) T 0.6
=
=
=
o~
5
304
D
0.2
9 0.0
.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
w/logL w/logL

Figure 3.15: Left: measure of L;l—ngLAeL for the 6-legs watermelon 2-point function with

loop weight 0, as a function of w/log L for different sizes. Right: measure of %A’ er,
with A’ey, the difference between the (q, 7) = (1,1) sector and the (g, j) = (0, 1) sector, with
loop weight 0, as a function of w/log L for different sizes. The limit values predicted by the
supersphere sigma model are indicated in purple.
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Let us nevertheless give some comments on the N # 0 case. One can compute the large
w regime of the eigenvalues as well:

k(k+N—-2) 1 .
which corresponds to a gap
L?Aet k(k+N-2) L
o _FEENZ2D L o (3.194)

2mvE N 2mw?

However the presence of the factor L and the behavior in w™2 suggest that the coupling

constant g at N # 0 could behave as o< (log L + ... + C x w?/L)~" where the dots indicate
a term subdominant in w, and C' a constant. When w — oo the w?/L part dominates and
one observes the behavior (3.194). However it turns out that the finite-size corrections are
not as easily captured as in the N = 0 case. Note finally that the expansion (3.194) for the
energy gaps is valid for the singular case N = 2 as well.
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Chapter 4

Excitation spectrum computation

4.1 Introduction

In this chapter we study the calculation of the excitation spectrum from the Bethe ansatz,
and derive formulas (4.75) and (4.123) for the values of the finite-size corrections up to order
L~2(log L)~! for any state® close to the ground state that can be recast into real roots plus
a perturbation by a generic odd function. No such a systematic calculation has been carried
out before, especially for the logarithmic corrections. Besides, we use a new approach that
differs from the existing ones.

We will use the following convention for the Fourier transform of a function f(x)
fo)= [ faeda (4.1)
and for the convolution between two functions f(z) and g(z)

e = [ " Fwgle —y)dy (42)

4.1.1 Historical review
Root density approach and Wiener-Hopf equation

The first works on finite-size corrections in Bethe-ansatz solvable models date back to [114,
115, 116] where saddle-point approximations were used to obtain the corrections to the
ground state of first gapped and then gapless systems. This approximation turned out
to not work to compute the excitation spectrum, and the problem was then formulated in
23, 117, 118] in terms of root densities and Wiener-Hopf equations. The idea is the following.
Denoting Sp(A\) = %Z,f:l d(A — Ax) — or(A\) where Ay are the Bethe roots and o () the
density in finite size L (i.e., the derivative of the counting function z () — see the subsequent

1Only symmetric states are considered for the logarithmic corrections.
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sections for the definitions), one can use Euler-MacLaurin formula to write for a function

¢(A)
o —A o0 _ / e

(4.3)
with A the largest Bethe root. The validity of this formula actually depends crucially on
the way ¢(\) behaves at infinity. In particular, if one applies it directly to the definition
of the root density in finite-size (that involves a sum over the Bethe roots) the correction
terms are not negligible at order O(L~?), and one has to manipulate the equation so that
to involve the so-called dressed functions. However, even after this operation, it was argued
by some authors [24] that the correction terms are still not negligible in some cases, and
that one has to verify that the remaining terms do not impact the end result. This equation
was anyway used to obtain in the asymptotic regime A — oo a Wiener-Hopf equation for
f(z) =or(x+ A) , ie. an equation of the type

o0

F)+ / " ) K (- y)dy = g(a) (4.4)

where g(z) is a source term, K a kernel, and f(z) the unknown function. Here, g(x) also
depends on the unknown root density o, ().

This equation has a long history, and techniques to solve it were first developed by Wiener
and Hopf [119] to study the Sommerfeld diffraction problem [120], that is the amplitude of
a wave diffracted by a half plane. Let us explain briefly how this method works [121, 122].
The difficulty in solving (4.4) is the lower limit of the integral, that makes it unsolvable
by a mere Fourier transform that would suffice if it were —oo. To go around the problem,
one introduces functions fi(z) that are equal to f(z) for = positive/negative, and vanish
otherwise, so that the integral term is then a convolution between K and f., yielding

fr(@)(1+ K@)+ f-(w) = §(w) (4.5)

The Fourier transform fy(w) of fu(z) is not particularly related to that of f(z), but it has
an important property: it is analytic on the upper/lower half-plane, since the integrand in
the definition of the Fourier transform remains integrable in this region. Let us assume now
that we have a decomposition of the kernel into a product of functions K4 (w) analytic on

the upper/lower half-plane:
1

If one decomposes
G K_(w) = Q4 () + Q_(w) (A7)
with @+ (w) analytic on the upper/lower half-plane, we obtain
T = 04(0) = Q) - - (K@) (4.9
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which implies that both sides have to be analytic on the whole plane. By studying the
behaviour at infinity, one typically finds that they are a polynomial in w, depending on
additional constraints of the problem. Then one can deduce the value of fi(w), and thus
f(@).

There are two decompositions to perform in this method, an additive one (4.7) and a
multiplicative one (4.6). The additive decomposition can be done by merely separating the
poles of the function; however, the multiplicative decomposition is a stronger assumption.
When f(z),g(x) are 1-component functions and K a 1 x 1 matrix, this decomposition can
be generically written by taking the logarithm; but if they are n-component functions and
K a n x n matrix for n > 1, because of non-commutativity, one cannot reduce the problem
to an additive decomposition of the logarithm of 1+ K (w) and no generic solution is known
[121, 122].

Coming back to our problem, one finds then the value of o7 (A), and after several calcu-
lations the correction terms to the ground state energy. Adaptations to excited states are
possible, but require a significant amount of additional work [24]. In case of approximate
strings, although it was shown that the deviation of strings could be computed within this
framework [123], no derivation of the finite-size effects to the ground state energy exists. As
for higher-rank systems where (4.4) is now a vectorial equation, the difficulty of factorizing
the kernel could prevent in principle the extension of the method.

Non-linear integral equation

Another method was then developed in [25, 124, 125, 126], where the problem is formulated
in terms of Non-Linear Integral Equations (NLIE). The starting point is to identify domains
in the complex plane where a set of functions (the eigenvalue A(A) in terms of the spectral
parameter A, the source term ®(\) in the Bethe equations, the polynomial ¢(\) whose
roots are the Bethe roots) are analytic and non-zero. This property can be then extended
to auxiliary function(s), and allows to compute Fourier transforms by different ways by
deforming the integration path. For example for the XXZ chain, it leads to an equation on
a(x) = 1/p(x —ivy/2) where p(x) is the Bethe ansatz function (equal to —1 on a Bethe root),
that reads

o0

loga(x) = Llogtanh g—$+/ (F(y)log(14+a(x—y))—F(y+ie—ivy)log(14+a(x—y)))dy (4.9)
with F(z) a known function. Remarkably, this equation holds for all finite size L: no
asymptotic expansion has been carried out to obtain it. Since the system size L is merely
a parameter in this equation, it can actually be solved numerically for a priori arbitrary
sizes L (whereas the direct numerical solution of the Bethe equations can be done up to
103, 10* sites). We should also mention that a bit later [127, 128], the same non linear
integral equations were shown to be obtained by observing that a sum over Bethe roots can
be expressed as a contour integral

d .
o0 =5 74 H(r) = log(1 + €5 (4.10)
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with z7(A) the counting function, when the Bethe numbers are half-integers, and where the
integration contour must encircle the Bethe roots.

From (4.9) and another equation that expresses the energy in terms of a(x), one can then
perform an asymptotic analysis to find the leading corrections in finite-size, that result from
dilogarithm identities. This permitted to settle the debate on the amplitudes of logarithmic
corrections that cannot be suppressed by simply solving the Bethe equations [23, 129, 130,
131]. With some additional work, the non-linear integral equations can be adapted to excited
states, for primaries or descendants, leading to the computation of the full spectrum of the
six-vertex model [26]. Contrarily to the root density approach, it was also shown to be
applicable to higher spin X XZ model with approximate strings [26, 132, 133, 134]. It is
also widely used for finite-temperature studies, see e.g. [135], where the peculiar structure
of Bethe roots prevents any use of root densities. For these reasons this approach is very
efficient and powerful, and is now more considered to be the standard than the historical
root density and Wiener-Hopf equation approach.

However, the method relies on analyticity properties of auxiliary functions that have to
be constructed for every model, without general known construction method. For example,
no non-linear integral equations are known for the su(5) integrable spin chain, apart from
some conjectures [136]. Moreover, every modification of the Bethe root configuration still
requires an additional amount of work to derive the corresponding finite-size corrections, see
e.g. [26] for the corrections to the descendant states.

Another approach

For these reasons I tried to understand if there could be another way to derive these cor-
rections, that could be more easily adapted to different root configurations. The initial
observation is that the finite-size corrections to sums over Bethe roots must be somehow
directly visible in the counting function 2, since it is itself expressed as a sum over Bethe
roots; after identifying the general structure of the finite-size effects, one can sum the count-
ing function over the Bethe roots (which is a known quantity since it is directly related to
the Bethe numbers) to get a ’self-consistent’ equation on the finite-size corrections [47].

The method is more easily adapted to special root configurations; in the following we
derive the finite-size corrections with a generic additional source term that takes into ac-
count boundary condition effects or isolated Bethe roots. Its efficiency is also seen with the
corrections to the descendant states, that require absolutely no more work than for the pri-
maries. We show that the same technique can be extended to approximate strings case, up
to now impossible to study with root densities. Moreover the same procedure is applicable
to higher-rank systems whose Bethe roots are real.

Nevertheless, it still requires a certain number of technical steps. For this reason, I advice
the reader to first understand the method in the case ¢(A) = 0 and ¢ = 0, which lightens
the notations without changing its spirit.
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4.1.2 FEuler-MacLaurin formula

The central tool to compute finite-size corrections is the Euler-MacLaurin formula, that
gives the finite-size corrections to the Riemann sum of a function f, n times differentiable
on [0, 1]

~

-1

k! L*

Sl

1 n (k—1) _ f(k-1)
gy - [ F)dr+ 3 By WSO oy (1.11)
0 k=1

b
Il

0

where ¢ is a complex parameter, and By(t) the Bernoulli polynomials with exponential gen-
erating function

0 I‘k re®t
Bi(t)— = 4.12
S Bty = 25 a2
k=0
For instance, the first two polynomials are
Bi(t)=t—1, By(t)=t*—t+13 (4.13)

Note that (4.11) can be applied at order n to a sequence of functions fr, if the sequence is
uniformly convergent at order o(L™").

4.1.3 An introductory example: the free fermions

An important laboratory of quantum statistical physics is the XXZ spin chain at anisotropy
parameter A = 0, called free fermions, because the Hamiltonian can actually be reformulated
in terms of fermionic variables through a Jordan-Wigner transformation. Under this form,
it can be diagonalized explicitly. Not surprisingly, its Bethe ansatz formulation is equally
simple. The Bethe equations decouple and read for K Bethe roots

()’

which is directly solved into
I;

A; = argth tan LW (4.15)
with [; an integer (if K is odd) or a half-integer (if K is even) between —L/2 and L/2. An
intensive energy level ey, of the Hamiltonian is then given by a set of distinct (half-)integers
{I,..., Ik} between —L/2 and L/2, and reads

1 K 1 9 K
20w

S — 2 cos 2 4.16

PR W S A A (4.16)

where it is seen that the lowest energy level is obtained with L/2 roots whose Bethe numbers
are between —L/4 4+ 1/2 and L/4 — 1/2. The momentum reads

K
2
prL = I Z arctan tanh \; (4.17)
i=1
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The direct application of Euler-MacLaurin formula with f(x) = cos(—7n/24+27x) and t = 1/2

gives for the ground state

e =——— 7

2 T
m 32

+O(L™?)

(4.18)

In this case there are three types of excitations above the ground state, illustrated in

Figure 4.1.

e the magnetic excitations, that correspond to changing the value of K by removing or

adding a root in such a way that no internal vacancy (i.e., a vacancy between two
Bethe integers) is created.

e the so-called Umklapp excitations, that correspond to removing one root with positive

Bethe number and adding a new one with negative Bethe number (or the opposite),
without creating internal vacancies.

e the descendant excitations, that correspond to shifting one root so that it creates an

1.0
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0.0
-0.5

-1.0
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—-0.5
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1.0
0.5
0.0
-0.5
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+ e ees »
-1 0
e e eene
-1 0

1.0
0.5
0.0
—-0.5
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internal vacancy, without changing the number of positive or negative Bethe numbers.

Figure 4.1: In reading direction: original root configuration; after a magnetic excitation;
after an Umklapp excitation; after a descendant excitation. The dots indicate the position
of the roots, and the crosses the vacancies.

Let us consider a state obtained from the ground state after a finite number of such ele-
mentary excitations, and denote by ny the number of roots with positive/negative Bethe
numbers removed from the ground state, and Ji the total number of times the roots with
positive/negative Bethe numbers have been shifted one step away from the ground state
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configuration. Then, directly from (4.16) and (4.18), expanding cos around £7/2:

2 s 47r

k’fl

which gives

€L:———|——

2 Am 1 1
12

1
~gg b g = T ) O (420

As for the intensive momentum py, it reads

K
2m ng.—n_ 27 (1
= ﬁ i:E 1 [z = —WT -+ ﬁ (§(n+ -+ n,)(n+ — TL,) + J+ — J) (421)

The Fermi velocity being defined as the proportionality constant between the energy and
the momentum for a descendant excitation de;, = vpdpr, we get vp = 2, and equation (4.20)
allows to identify the central charge ¢ = 1 and conformal dimensions with formula (2.122).

The goal of the next sections is to generalize formula (4.20) to interacting theories solvable
by the Bethe ansatz.

4.2 A glance at the interacting case: revisiting the free
fermions

The free fermion case is particularly simple because the Bethe roots can be computed exactly,
and the derivation of the finite-size corrections (4.20) were based on this property. In the
general interacting case, no closed form expression for the roots can be obtained, and thus
(4.20) should be obtained by rather different means. For this reason, we rederive here
(4.20) without determining explicitly the Bethe roots, making the demonstration more easily
adapted to the interacting case.

We first define the counting function zp(\)

1
2 (A) = s(\) = — arctan tanh A (4.22)
T
such that zp(\;) = If for all the roots )\;, that we will assume to be half-integers, re-

using the notations in (2.20). The derivative of its limit function z/_(A) gives the density
of Bethe roots, namely the function such that an interval of length dx around x contains
asymptotically 2/_(x)dzL roots in the limit L — co. We introduce the real number vg such
that this density behaves as

2 (x) ~ evrlel (4.23)

00
|z|—o00
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The notation clearly anticipates the fact that vg is indeed the Fermi velocity, as will be
shown later.

A first simple observation is that the momentum p;, can be directly obtained by summing
the counting function over the Bethe roots:

K K

=Ty 00 = a0 = T3 ] (4.24)

=1 =1 i=1

without a priori knowledge of the explicit form of the roots, because the counting function
evaluates very simply at them; the expression then simplifies like in (4.21).
As for the energy e, it reads

7 &
er=—"1 ; s'(\i) (4.25)

However, the derivative of the counting function 2} (A;) does not evaluate simply at a root.
The general idea to go around the problem is to observe that the excitations mainly modify
the largest roots in absolute value, and for large A, s'(A) = 2} ()) is close to —vpsgn (A)zL(A),
so that the energy should be obtained by summing vz sgn (A)zr(\) over the Bethe roots. To
formalize it, let us introduce the following distribution S that applies on test functions ¢(x):

S0 = 7300 - [ o)@ds (4.20

The distribution S clearly depends on L, but we did not write an explicit dependance in
order to simplify the notations. The dummy index x merely indicates the variable of the
function on which it applies. Note that we subtracted the limit value of the Riemann sum
in the definition, so that S,[¢(z)] — 0 when L — co. We have

o If ¢(x) is infinitely differentiable with compact support, then since z, is a sequence of
increasing functions it converges uniformly on any bounded segment (Dini’s theorem),
and so (4.11) can be applied to get

S.[p(z)] = / " ()2 (x)dr — / " (@) (o) (4.27)

up to an exponentially small correction in L (by ’exponentially small’ we loosely mean
negligible in front of any powers of L™!). Indeed, since ¢ is infinitely differentiable with
compact support, all the derivatives in the Euler-MacLaurin vanish at the boundaries.
Using then (4.22), one gets S,[¢(x)] = 0 up to exponentially small corrections.

o If ¢(x) is infinitely differentiable and decays faster than any exponentials at infinity,
then it can be approximated by a function with compact support on a segment [A_, A, |
where AL are the largest/smallest Bethe roots: since they grow as log L from (4.23),
the approximation holds with exponentially small corrections, so that S,[¢(z)] =0 as
well.
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bz when

o If ¢(z) is infinitely differentiable and decays exponentially fast ¢(x) ~ ae™
r — 00, then its Fourier transform qg(w) has a pole at w = —ib with residue ia.
Introducing f(z) a function such that f(w) has zeros at —ib and similarly at the other
poles of ¢, one gets that the Fourier transform of (¢ * f)(x) has no poles, and thus this
function decays faster than any exponential at infinity. It follows that S, [(¢xf)(z)] =0

and so since this is valid for all test functions ¢ with this behaviour, one gets
S-f=0 (4.28)

which means that the support of the distribution S lies within the zeros of f , and so
S:[¢(x)] can only depend on the residues of the poles of ¢ (and so only on the behaviour
at infinity of ¢(x)). It follows:

= A,Res,(¢) (4.29)

where w runs over the poles of ¢. A, are numbers that depend on L, but not on ¢.
The dominant part of this sum is obtained for the poles with the smallest (in absolute
value) imaginary part.

e If there are discontinuities in ¢, then there are accordingly additional terms in (4.27)
that come from the Euler-MacLaurin formula for ¢ = 1/2 since the Bethe numbers are
half-integers. In particular if there is a discontinuity in ¢ and in the derivative of ¢ at
zero, then at leading order

Sa[6(x)] = ¢'(0 5 42) L2 +ZA Res,, (¢ (4.30)

e For very specific functions, the definition (4.26) enables to compute directly the value

of S on them n n
Sx[1x>0] - _fa Sz[1x<0] = _T_ (43]—)
Since the leading decay of —s'(\)/vp and sgn (A)s(\) are the same, the part in (4.53) in-
volving the residues is the same for both functions at leading order. However, there is
an additional discontinuity of 2s(0) in the derivative of this latter function at zero, and

additional limit values +s(400) at infinity. Thus we get at leading order

S.[sgn (z)s(z)] = == [S 9+ Sy [1s05(+00)] — Sa[lpcos(—o0)] + %EOO))LQ (4.32)
and so ne y
S[s'(x)] = —vpS,[sgn (z)s(x)] — vr +4L — + 1222 +o(L7?) (4.33)

Now, using (4.22)

K
1 1
Sa[sgn (= E |21 ( ’—— Iz > |1l 16 (4.34)
=1
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so that

1 2 4+n2
Sufs'(@)) = — 7% <_E + % Ty J) (4.35)

recovering (4.20) with e;, = ey — 27S,[s'(x)].

4.3 Finite-size corrections in the interacting case

4.3.1 Presentation

In a general interacting case, the excitations above the ground state involve the three types of
excitations already encountered in the free fermion case, as well as other types of excitations
such as exact or approximate strings, or isolated Bethe roots, see Figure 2.2. These can often
be taken into account by introducing an additional source term in the Bethe equations. For
example, in the XXZ spin chain, if there is an exact string +iv/2 in the Bethe roots, then
the other roots Ay, ..., A\x_o exactly satisfy the following equations

(sinh()\i + i’y/2)>L sinh(\; — 47y/2) sinh(\; — 3i7/2) Ii—f sinh(X\; — A\; 4+ 77)

sinh(\; —iv/2) ) sinh(\; 4+ i7/2) sinh(\; + 3iy/2) sinh(A\; — A\; — )

(4.36)

J=1,#i

Modified boundary conditions often result in such an additional source term as well. Besides,
certain physical applications require to use a twisted transfer matrix, or to introduce twisted
boundary conditions in the Hamiltonian, that results in the presence of an additional source
term in the Bethe equations. For these reasons, we will consider the following Bethe equations

K
L 1
)+ LA - 4.
s(\) ;lem ;) (4.37)

where ¢ is a real parameter (the twist), and ¢(z) a continuous function assumed to be odd
(the additional source term). Similarly to the free fermion case, the Bethe numbers I; are
integers (if K is odd) or half-integers (if K is even). Upon introducing a twist ¢ = 1/2,
one will actually always consider that the Bethe numbers are half-integers. We will denote
aL — (ny + n_) the total number of Bethe roots, % — n, the number of positive Bethe
numbers and % — n_ the number of negative Bethe numbers. We will assume that a = 1
(0sp(1]2) case) or o = 1/2 (su(2) case)?, and that the largest roots are not bounded and go
to infinity when L — oo. We will moreover assume that the root density defined below as

the derivative of (4.39) decays exponentially fast at infinity.

Tfa = % for example, there could be different effects depending on L modulo 4.
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The energy e; and momentum p;, are defined as®

27 2
‘L="7 ; s'(\i), L =7 ; s(Ai) (4.38)

As in the free fermion case, we introduce the counting function

zp(\) = s(\) + @ + = - % ZT(A —\j) (4.39)

J=1

=16

such that z,(\;) = I;/L. Its derivative in the thermodynamic limit 2/ is the root density,
that can be computed exactly with Fourier transform through a classical calculation [137, 13§]
whenever the support of the roots extends to 00 when L — oo, and that yields

~

— Sl 1
= —= L) = in the XXZ 4.40
2! R 2L (A) 27 cosh (T in the case (4.40)

See Figure 4.2 for an illustration of this density. Again, we define vy the number such that

2l () ~ e vr (4.41)

o0

that is 7/~ in the XXZ case.

150 4 0.2 1
125 -
0.1
100
0.0 -
75 4
50 | -0.14
25 1 021
0 - T T : . . T .
-15 -10 -05 0.0 0.5 1.0 1.5 -15 -10 -05 0.0 0.5 1.0 15

Figure 4.2: Left: histogram of the number of roots in slices of length dx = 0.05, in size
L = 4000 for the XXZ spin chain at v = 7/5 (blue), together with the root density z/_(z)dzL
(black). Right: counting function z.(x) for the ground state in size L = 4000 for v = 7 /5.

3We decided to write the energy under this generic form, but some models such as the Lieb-Liniger model
have their specific expression of the energy in terms of the Bethe roots. Moreover the energy of the XXZ
spin chain is usually defined with a multiplicative sin~y factor, which has the only effect of multiplying the
Fermi velocity by sin~.

111



4.3.2 Properties of the distribution S

Following the free fermion case, we define the distribution S that applies on test functions

o(x) as
1 & 00 ,
S.[o(0)] = 7 3" 600 - / o) (2)da (4.42)

It has the following properties

o If ¢(z) is infinitely differentiable with compact support, then since zy, is a sequence of
increasing functions it is uniformly convergent on any bounded segment, so that the
Euler-MacLaurin formula applies. The properties of ¢ imply that all the terms at the
boundaries in (4.11) vanish, yielding

S, [6(z)] = / " ()7 (v)dy — / " o)7L (w)dy (4.43)

with exponentially small corrections. Using (4.39) gives

Slo@l =1 [ oWy - [ oSy -aldy @4

that is, with 0 the Dirac delta distribution

S0+ (0+N@) =1 [ o)t Wy (4.45)

Since this is valid for any ¢, it gives the equation between distributions

/

S*(0+1") = tz (4.46)

that becomes, after Fourier transforming

~

/

S-a+m=" (4.47)

whose solutions are %f’ /(1+17") plus Dirac deltas at points where 1+ 7/ vanishes*. We
define the dressed function ¢q4, as

¢

_ 4.48
o (4.48)

¢dr =

4There can also be derivatives of § if the derivatives of 1+ r/ vanish as well. For the XXZ case when ¢
is not a root of unity this does not happen, which is dense in the possible values of v. We still treated the
case €7 root of unity in [47].
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Since ¢ has compact support, ngS has no poles and thus the zeros of 1 + r/ are exactly
the poles of ¢q,. It follows that these solutions are exactly

S0 = 1 [ 0@ty (a)dr + 3 ARes.(Gar) (4.49)

where A, are numbers depending on L but not on ¢, and where the sum over w runs
over the poles of ¢q;.

o If ¢(x) is infinitely differentiable and decays faster than any exponentials at infinity,
then it can be approximated by a function with compact support on a segment [A_, A, ]
where Ay are the largest/smallest Bethe roots. Since they grow as log L from (4.40),
the approximation holds with corrections smaller than any inverse power of L, so that
(4.49) holds as well.

o If ¢(x) is infinitely differentiable and decays exponentially fast ¢(z) ~ ae™®® when

x — 00, then its Fourier transform gg(w) has a pole at w = —ib with residue ia.
Introducing f(x) a function such that f (w) has zeros at —ib, one gets that the Fourier
transform of (¢ * f)(x) has no poles, and thus this function decays faster than any
exponential at infinity. Following the same arguments as for the compact support
case, one finds that the distribution S when applied on test functions with the same
exponential decay as ¢, must satisfy

N

S-f+m=7 (4.50)

whose solutions are %f’ /(1+1") plus Dirac deltas at points where f - (1 + 1) vanishes.

Since the zeros of f are the poles of ngS, one gets exactly the same solutions as in
equation (4.49) with the same dressing (4.48). Moreover, since the largest Bethe roots

grow as 1%/3 from (4.41), an exponential decay e @ contributes to a correction of

—1-|35

order O(L ~ 'vr').

It is seen that the previous properties generalize the free fermion case in a simple way:

the test functions ¢(z) are replaced by their dressed version ¢g,(x). However, there is an

important change in the interacting case: because of the dependence of the roots on the

other roots, z;(0) (i.e., the real A such that z(\) = 0) is not necessarily equal to 0, and

this occurs in particular whenever ¢ # 0 or n, # n_. To understand the consequence it

has on the roots, let us consider \; a root that is O(L™!), thus with a O(1) Bethe integer I;
associated to it. We have

I

M= () =2 0+ 7o

+o(L7) (4.51)

+o(L7Y)




where we see that the Bethe numbers close to 0 are effectively shifted by d7 (that is inde-
pendent of i) defined by
Wy

2. 10) = — T2 (0) +o(L7h) (4.52)

Thus the two last properties of S in the free fermion case are modified as follows in the
interacting case:

e If there are discontinuities in ¢(z), then the corresponding terms in the Euler-MacLaurin
formula must be added in (4.43). If these discontinuities occur at 0, because of our
choice of considering half-integer Bethe numbers, and because of the shift 67, the ¢ in
(4.11) that must be used is t = 3 — 6I. However, in the following the discontinuities
will occur at a point between the roots with positive Bethe numbers and those with
negative Bethe numbers, that is z;(0) = —7 (0) Relatively to this point, the Bethe
numbers are not shifted, and ¢ = 1/2 must be used as in the free fermion case. Thus,
in case of discontinuities at z;'(0):

suoto) = O T O ™ ol (eyie s Y Aes. () (459

e As in the free fermion case, the value of S on some specific functions can be computed
directly with its definition (4.42):

oL e
Sx[1x>zil(0)] = QT —/ 2L (x)dx

_2__ & -1 (4.54)
—ny — 0l
_ ”+L +o(L7Y)
Similarly:
—n_ 401 _
Sx[1x<le(0)] — T + O(L 1) (455)
Summary

We can summarize the previous properties in the following equation, valid for a function

f(z) with limits f(4o00) at 400, such that its dressed function fg. decays (to its limits

f(£o0)
1+27(00)

) exponentially fast as ase™*! at +o0; and with a possible discontinuity of Af’ in
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the derivative of f at z;'(0):

O L L
L™ 1(00)(f(00) + f(—00)) 8Tt (0)(f(o0) — f(—00))
+ —/_ J(2)ty,(z)dr — L(1 + 2r(o0)) N L2z _(0)
N
o o)
+o(L7?)

(4.56)
with A4, numbers that are O(L?) and that depend only on b. It is obtained by decomposing
f(x) = (f(x) — f(+oo)1x>z 1(0) —f(= Oo)lm<z;1(0)) + f(+oo)1x>z;1(o) + f(_oo)lx<z;1(o) and
applying formulas (4.54) and (4.55) on the two last constant terms. This formula is not
complicated: the first line gives the corrections coming from the behaviour of f at infinity
(its limit value, and its exponential decay), the second line the corrections coming from
the perturbation ¢()\), and the third line the Euler-MacLaurin term coming from a possible
discontinuity in the derivative at zero.

Let us write this formula in two particular useful cases, where we assume now that the
function f(z) is odd. Denoting for convenience

O(z) = sgn (z — 2'(0)) (4.57)
we have
S.[f(2) = —f(00) 2 o (1.59)
and
S0t / o) (@anlw)der = L2(t1<io)2{“((00))) — (o) Zn_ N 12z{I(((2)))L2
“*ﬁi@ﬁ e (.59

4.3.3 Computing the shift 6/

Formula (4.56) depends on the shift §7. To determine it, we start by rewriting the counting
function as

20(A) = 2oo(A) + ==+ = = S, [r(A — )] (4.60)



by using the definition of S. Then, we evaluate it at A = z;'(0):

t(z'(0) o

= ZOO<ZL_1(0)) + + 5 - SI[T(ZZI(O) — )]

L L (4.61)
ol -1 |
:—f—i—z‘f'Sac[r(x)]—’_o(L )
0L  pr(o)(n—ny —200)
S — +o(L7)

where we used the oddness of r and t to get the third line, and used (4.58) to get the last
line. This equation can be solved for 61

ot (n- —nu)r(co)

ol 4.62
1+ 2r(o0) (4.62)
See Figure 4.3 for a numerical verification of this value.
-0.30 -0.130
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-0.32
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0.00 002 004 006 008 0.10 0.000 0.001 0.002 0.003 0.004 0.005 0.006
Figure 4.3: Left: measured 61 in size L as a function of L=2, for v = 7/5, ny =2, n_ =0,

Jp=J_=0,¢=0and t(\) = 0. The exact value is —0.375 and is in the bottom-left
corner; a linear fit on the last two points gives —0.376. Right: measured 6/ in size L as a
function of L', fory =7/3, ny =1, n_=1,J, =1,J_ =0, p = —1/(27) and ¢(\) = 0.
The exact value is &~ —0.1194 and is in the bottom-left corner; a linear fit on the last two
points gives —0.1197.
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4.3.4 The momentum

As in the free fermion case, the momentum is more easily computed than the energy. It is
obtained by summing the counting function z; over the Bethe roots:

P 1
L Z
% - _L SO\i)
=1

RS 1« = 1
ZZL i _ﬁzt Zl—kﬁZr(Al—)\J)
1*1 i=1 i=1 i,
:i s /Oo a:——S[()] Pl —ns—n)
Lz g . 12 + -
n_—n+ 1 2 1 ¥ -2
=a—r— L( +J+ J_)+ ﬁt(—l—oo)( —n,+251)—ﬁ(&L—n+—n,)+o(L )

(4.63)
where in the third line we used that r(z) is odd to get >, ; 7(Ai —A;) = 0 whatever the roots
are, and in the fourth line that #(x) is odd. Hence

ny—n_+2
pr=—ma T D b )y — o+ 20) +

2m 2T
=)+ ﬁt(+oo)( —n_ 420
(4.64)

4.3.5 The energy

The computation of the energy ey, needs a bit more work. Similarly to the free fermion case,
this quantity is obtained by summing the absolute value of the Bethe numbers |I;|.

Computing Zfil | 1|

We have
1 — 1 &
ﬁ; ;] = i3 Zz; 22.(Ai)]
| XK
= > 0 z(N)
1 o & p p (4.65)
¥
= 2300000 75 D0 + 5 300 - ¢ Z r(h = )]
i=1 i=1 i=1 i—1
1 & 1 & 1 & n n
I , N ‘ A , o i
=7 ; O(Ai) 200 (M) + I ; OEN) — ¢ ; OO)Salr(\i — o)) + o=
where we evaluated Ii O(X\;) = —n. + n_ the difference between the number of positive
=1

and negative Bethe numbers.
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The first term in (4.65) is

0 (4.66)
612
O = + 8,00 (a)]
where we used the definition of S in (4.42) to write the first line; and then we integrated the
first term to get the second line.

The second term in (4.65) is

%29 /°°e 2o (2)dz + S, [0(2) 200 ()]

= > 00N = L[ o + s
- %/_Oo 0(x)t(x) 2 (2)de + % N e(x)t(x)t(h(x) _ % : it(;zlo) B t(oo)(nL+2+ n_)

(4.67)
where we used again the definition of S to write the first line; then we used formula (4.59)
at order L™! to get the second line at order L~2.
The third term in (4.65) is

——Ze [r(\ — )]

_ / T 0(y)Salr(y — )2 (9)dy — S, [0()Salr(y — 2)]

—00

=S, U_ O(y)r'(y — ﬂf)zoo(y)dyl =S, [r(00)a — 2r(2'(0) — 2)2u(21,(0))]

=8, [/oo O(y)r'(y — x)zoo(wdy} + T(O;)a(m +n_)+ 2—5[(522_ ?)
ot i 4255
=5, | [~ 0y - )] + T 0 ) 2O
=2t ony (s + o) + ) < 1 f(;f()oo)) - = / Z 0(2)(r * ) (@)t (2)da

(4.68)
where the first line is the definition of S; in the second line the first two terms come from
an integration by part on the first term in the first line, and the third term is a rewriting
of the last term of the first line using the oddness of r %; to get the third line we evaluated

5This transformation avoids the undefined limit of z — y when =,y — occ.
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the second term of the second line at order L2, and evaluated the innermost S with (4.56)
at order L~! to get the last term; finally to get the last line we evaluated the outmost S in
the last term with (4.56), and used again the oddness of r to rewrite the integral term as a
convolution.

From these three pieces we have the combination:

/OO 0(x)t(z)t)y, (v)dx — /00 O(z)(r tly,)(z)t,(z)dx = /00 0(x)tq (2)tl, (z)dx

e - *mt(oo) ) (4.69)
_ 0
B (1 + 2r(oo)) oL
using, by definition, t(x) = tq,(z) + (' x ta.)(z).
Evaluating now:
1 & o’ a I, 9 Ji+J-
ﬁZM\ =7 ~opne T )+ o(ni +nl) - = (4.70)
i=1
equation (4.65) yields
./ @) = —alny +0) o - 2 [ 0@ (e)da
1 (n%+n? 2
+ I3 (T +2r(c0)(ny +0I)(n_ —0I) —6I° 4+ (201 + ny —n_)y (4.71)
+t(oo)(n+ + n_) + % + J_|_ + J_)
with
F) = (0 +7)  (020)) () (472)

that is such that fq.(z) = 0(x) 2z ().

Recovering S,[s'(x)]

The function f(x) has a discontinuity in its derivative of 22/_(0) at z;'(0), has limits (1 +
2r(00))a at too, and its dressed function fg,(x) is fdr( ) = 0(2)ze0(x) = 0(z)Sar(z). Thus
its dominant exponential decay at +oo is exactly —; - times that of sy, (z). It follows that
at leading order

Sl = 24 e b [ - T
(4.73)

and so one can deduce S,[s'(z)]. Integratmg by part the f(x) part in the integral in (4.73),
with [ f(z)ta(x)de = [ fa(z)t(x)dz, and using the expression for 67 in (4.62), after a bit
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of rearrangement of the terms in (4.71), it yields

(ny —n_ +2¢p)?

S.[s'(z)] = I /s’(:c)tiir(x)d % (—% + %T@O)(mr +n_ )%+ 11 1 21(00)
+t(o0)(ny +n_) + 1 f; ] +Jy + J_>
(4.74)
Thus one concludes that e, = —2% SE LS () s
e = —27 /Oo s'(z)z2 (z)dx — 2% h t'(z)zL, (z)dx
2mup 1 1+2r(co) s (ny —n_ 4 2p)?
B <_E T ) T ) (4.75)
+t(o0)(ny +n_) + . <;:2 ] +Jy + J)
+0o(L7?)

Comparing this formula with (4.64), one sees that vg is indeed the Fermi velocity®.

If there is no additional source term ¢(A), (4.75) shows that the finite-size corrections are
those of a boson with Luttinger parameter K = (1 + 2r(o0))™! = (2(1 — v/m))~! for the
XXZ spin chain.

Let us illustrate the utility of the additional source term. If there are L/2 Bethe roots
and no twist and no ¢(\), then it is seen from the expression of the counting function
zr,(A) that the Bethe numbers cannot exceed +£L/4. As a consequence, one cannot form the
descendant and Umklapp excitations as usual, since it requires to increase one external Bethe
number by 1, and these excitations must be obtained with another root configuration. For
instance, the Umklapp state is obtained with L/2 roots with L/2—1 real roots symmetrically
distributed, and one root A = imw/2. This can be understood in the previous setup by setting

t(A) = ~£1lo —% and having n, +n_ =1 and n, —n_ = 0, and finally adding

—w to ey, to form é; (since the root we removed must be counted in the energy

separately). With t(co) = /7, one finds

2muEp 1 1
e =€+ — | —+——— 4.76
o=t T (13 3 m) 1o
which indeed corresponds to the values ny +n_ =0 and ny —n_ = 2 of an Umklapp state

with a usual root configuration.

6 As already mentioned, the most common definition of the energy comes with a multiplicative sin~y that
results in multiplying vg by sin~.
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4.4 Strings

4.4.1 Definitions and notations

In the previous section we computed the conformal L =2 correction whenever the root config-
uration can be recast into real roots with continuous functions s(A) and r(\), perturbed by
a twist ¢/L and an additional odd source term ¢(\)/L. This includes for example an exact
(or exponentially approximate) isolated string.

However, there is one case that is regularly encountered in more exotic spin chains and
that does not fulfill these conditions. It is the case of a ground state (and excited states)
given by a thermodynamic number of approximate strings. The simplest example is the
spin-S > 1/2 X XZ spin chain, that is given by L/2 strings composed of 2S roots, and
whose thermodynamic limit is described by a level 25 su(2) Wess-Zumino-Witten model.
As explained in the introduction, the finite-size corrections have been calculated with non-
linear integral equations [125, 132, 133, 134]; however no derivation without this formalism
exists, and in particular it is not understood how to derive it with root densities.

The problematic point is not the fact that the roots are complex per se (the usual spin-
1/2 chain with imaginary twist is described by the previous corrections although it has roots
with non-zero imaginary part), but rather that they come close to a logarithmic singularity
in 7(A). Indeed, the Euler-MacLaurin formula (4.11) can be applied to functions with dis-
continuities (by slicing appropriately the domain of application), but clearly not to functions
with divergent singularities, since the correction terms in (4.11) involve the value of the
function at the boundaries of the interval where the function is regular.

To be concrete, we consider the Bethe equations for the spin-S X X Z spin chain

(4.77)

(sinh(/\,- + ivS))L B ﬁ sinh(\; — \; +i7)
sinh(\; — i7.5) Pyt sinh(\; — \; — 77)
Inside a string, the roots are separated by = iy and are symmetrically distributed with
respect to the real axis, see Figure 4.4.

0.2 0.5 1.0
0.1 ® s eeeee °® 0.5 ® e eveee ¢
0.0 * S esse s @ 0.0 0.0 . IR .

-0.1 s ®oecee 4 -0.5 e ®eseee

-0.2 - - T -0.5 - - - -1.0 - - -

-0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5

Figure 4.4: Configuration of roots for the ground state of the XXZ spin chain with v = /5
in size L = 16, for spin 1/2 (left), spin 1 (middle), and spin 3/2 (right).
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We introduce the counting function

(V) = s(\) — % =) (4.78)

with
i 1 __sinh(A 4 1v5)

A)=— _———
s() or 8 sinh(\ — iv.9)
i sinh(A i . 4.79
r(\) = 27 log _sinigi—izi if [SA[ <v/2 ( )
zlogTnny i 19N> 7/2
The function 7 is such that
r(iy+£oo) =Fy/m,  r(—iy+oo)=Fy/7 (4.80)
and is singular around =+iv: _
, ?
r(A £ ivy) o Tor log A (4.81)

This way, the Bethe numbers I; for the ground state (the only state that we will consider)
range from —L/4 +1/2 to L/4 —1/2 and each of them is 25-fold degenerate: all the roots
in a given string have the same Bethe number. The inverse of zy(\) is thus a multivalued
function; we will denote zg’}](:v) the branch that has values with imaginary part close to iq-y.
As in the real root case, we define the shift 41, by

51,

oL (4.82)

2q(0) = =
In this case, we will see that the shifts are purely imaginary and are the deviations of the
strings with zero real part from their imaginary part in the thermodynamic limit. This is
illustrated in Figure 4.5 where we plotted the real and imaginary parts of z;: the fact that
the imaginary part is not constant means that there is a deviation and that it depends on
the root. The thermodynamic densities can be computed from (4.78) assuming that the
deviation of the strings vanishes in this limit. One gets that z/_(igy + x) is independent of
q, and an explicit (non relevant) expression of its Fourier transform can be obtained.

We define as in the real root case the distribution S as

K S—1/2 0o
SN DI LD S B Ce R EX AR (L)
i=1 g=—S+1/27 7>

where we subtracted the limit value when L — oo for the ground state.

It is shown that this functional S enjoys similar properties as in the real root case, but
with some local changes due to the fact that there are multiple types of roots distinguished
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0.10

0.0 0.00 {
—0.05 -
021
- . - -0.10 - : .
-0.5 0.0 0.5 -0.5 0.0 0.5

Figure 4.5: Counting function zr(x +1ivy/2 —01,/2/L) in size L = 16 for the spin-1 XXZ spin
chain at v = 7/5, real part (left) and imaginary part (right).

according to their imaginary part. For instance, the dressed function ¢q4, associated to ¢ is
defined as the solution of

5-1/2

Sar(w)+ D / ) Gar(® —y —iqy) 25 (iqy + y)dy = ¢(x) (4.84)

qg=—S5+1/2" "~
One has the analog of (4.58) for an odd function f(z):

S-1/2

SU@ =2 Y flootigy)d+ (L) (4.85)

g=—S5+1/2

4.4.2 Riemann sums with logarithmic singularities

In the following lemma we show how the corrections terms to the Riemann sums of logarithms
are modified:

Lemma 6. Let f(x) be a function such that f(x) —logz is reqular (continuous and differ-
entiable), t a purely imaginary complex number’ and € > 0. The finite-size corrections to
the Riemann sum

1
7 2 (4:56)
k=—eL
involve the usual Euler-MacLaurin terms for f, plus Ay/L given by
A 1
1L(t) =7 (sgn (St)im (t — 1/2) + log(2sint)) + o(L71) (4.87)

"The formulas also hold for a generic complex ¢, but up to multiples of 2iw that come when using
log(z2') = logz + logz’ + 2imn with n € {—1,0,1}. However, this dependence does seem to be easily
described and is anyway irrelevant for our purposes.
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The finite-size corrections to the following double Riemann sum for St > 0

eL—1 eL-—1

1 _

72 E E sgn (k +1/2) f(*=22) (4.88)
k=—eL p=—¢€L

involve the BEuler-MacLaurin terms for f, plus Ao/ L? given by

Aq(t) 1 (z Liy (e*™)

_ L g - -2
77 = 13 o imt® + 5 tlog(2s1n7rt)> +o(L77) (4.89)

where Liy is the dilogarithm.

The proof of this lemma is relegated to appendix A.3.

Let us treat the following example to illustrate the lemma: the function f(z) = logsinh(z),
which is equivalent to logx for x close to zero. The Riemann sum of this function cannot
be directly computed like the Riemann sum of log. However, the lemma gives the following
finite-size correction to the Riemann sum if &t > 0O:

L-1 1
1 k+t t—1/2 Aq(t
Zk:E_Llog sinh Z = /_llog sinh xdx + L/ (logsinh 1 — logsinh(—1)) + lL( ) +o(L7h)
! log (2 sin
= / log sinh zdz + M +o(L71)
-1
(4.90)

which is composed of the usual Euler-MacLaurin term, plus the correction A; coming from
the logarithmic singularity.

4.4.3 Computing the shifts 0/,

In this subsection are computed the deviation to the strings, using Lemma 6, yielding the
same result as in [123] where they were computed with contour integrals.
As in the real root case, we start by writing

21(N) = 2(N) = Sulr(A — ) (4.91)

and then apply it to \; with Bethe number I; = 1/2 and imaginary part = igy. We get

1
ZL()\Z') = 27
= Zoo(Ni) = Sz[r(Ni — 7)] 492)
1 SI 61, -1
_ 2 a ' -
= + S [r(—iqy + Lz{,c(i¢127) + )]
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L
5
There are two pieces in S,[r(—igy + LZI Gy +@)]: the one coming from the limits at oo,
and the one coming from the logarlthmlc singularity at i(¢=£ 1)~ that is accounted by (4.87).
Thus one has
1

. 01—
Salr(—iqy + gy + @]

< | 21, i
= Z —T’(Z(p — CI)'Y + OO) I + ﬁAl(d 5Iq_1) — 27]'_LA1(5L] — 5Iq+1)
p=—S+1/2
(4.93)
if ¢ # £(S —1/2), and
§Iy—
Se [ ( 1qy + T (,]2) +$)]
S22 21, (4.94)
= Z (_T( (p—q)y+00)—— 7 ) + ﬁA 1(61g — 014s1)
p=—S+1/2

if ¢ = F(S —1/2). We now look for a solution such that (6,41 — §1,) < 0. By symmetry,
we have moreover 01, = —0/_,. Using r(iqy+ c0) = —v/m if ¢ # 0, and r(c0) = 1/2 — v/,
one finds

1 3005 1/ +0lg_ i :
il 1/22 3/2 o log(2sin7(61g—1/2 — 01g_3/2))
1 ol 201, + 01, '
5= g+1 T 5 g T 0dg1 + %(log(Q sin(61, —01,-1)) — log(2sinm (61, — d1,41)))
T
for —S+1/2<qg<S—-1/2
1 301 + 01 i ,
1T S+1/22 5+3/2 _ Py log(2sin (01 _g11/2 — 61 _g13/2))
(4.95)
These equations were already solved in [123]. The solution reads
: wa+1/2
i cos § qs+1
0y = grlos — (4.96)
27511

2)/(2n) for

This gives for example 61y, = —i(log2)/(4n) for spin 1, and 6I; = —ilog(E
spin 3/2.

4.4.4 The energy

Computing >, ||

As in the previous cases, to evaluate the energy e; we compute the sum of the absolute
value of the Bethe integers. We are going to get an equation very similar to (4.71). The
major difference with the real root case is that when computing %ZZ zr,(\;) expressed in
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terms of r, we encounter double Riemann sums of the type (4.88) because of the logarithmic
divergence in 7, that will contribute with the terms (4.89). Indeed, defining

0(z) = sgn (R(x)) (4.97)

1 1

ﬁ ; ‘L’ = z Z ’zLO‘
= 2 Y00z ) (4.98)
_ %Ze(ms( ) Ze (A = A)

then in the last term we encounter double Riemann sums Wlth a singularity like % > kp 581 (k+
1/2)log “=2* with ¢ = 01, — 61,41 for ¢ = —S +1/2,...,S — 3/2 multiplied by 5=, and with

t =01, —dl,_y for ¢ = =S +3/2,...,S — 1/2 multiplied by —3-. Using the oddness of r,
there are globally Riemann sums with a singularity like 75 > kp Sen (k+1/2)log % with

t =01, — 0l for g =-S5 +1/2,...,S — 3/2 multiplied by *. Lemma 6 applies and gives

if we write

. S—1/2—-1
1 1
DML Ze =D DI CYEP RS W CIC A Y
i i, q*—S+1/2
1 . S—1/2—-1
LZ@ LZ@(Ai)Sx[f()\i—x — > Ay(6I, = 6lgp)
i q—fS+1/2

(4.99)
where the tilde 7(x) indicates that logarithmic singularity at zero has already been taken
into account in the finite-size corrections to the Riemann sums. In further appearance of
7(x) we shall thus ignore its logarithmic singularity at zero. Equivalently, we could add and
subtract a tiny part of width e around zero to r(x) and keep track of all the € terms that
shall vanish in the end.

The end of the calculation is then rather similar to the real root case. The first term in
(4.99) is
1 5-1/2
P00 = Y [ blet il +imedle+ in)de + 8,000 (o)
i qg=—5+1/2
5-1/2
= > (2ligy+00))* = (zuliqy + 21,4(0)))” + Su[0() 200 (@)]
q=—S+1/2
5-1/2
S
-5

qg=—S+1/2

(61,)*

+ 8o [0(2) 200 ()]
(4.100)
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where we used the definition of S to write the first line, and integrated directly the first term
to get the second line.
The second term in (4.99) is

Ze P\ — )]

S—-1/2
-y / 0o + i) + ia)S, [ + iy — )l = S,[0(2)S, 7z — )]
g=—5+1/2
S-1/2
= Z Sy {/ (T +iq7) 200 (T + iqy)T (x + iqy — y)d:p]
g=—5+1/2
5-1/2
=2 ) Sylasliqy + 00)i(iqy + 00) — #(z 4 (0) + igy — )20 (iqy + 24 (0))]
qg=—S+1/2
= S, [0(2)Sy[7 (2 — y)]]
S—1/2 S—1/2 (01,2
= > s, U (2 +1q7) 200 (T + i) (z + igy — y)dw} -2 T3
q=—S5+1/2 q=—5+1/2
S-1/2
—01, 461,
-9 (g — P24
> r(ilg = p)y + o) T I
q,p=—5+1/2
S—1/2 S—1/2 (01,)?
— Z Sy {/ (T + 1Y) 200 (T + iqy)T (x + iqy — y)dm] — Z Lq2
q=—S+1/2 q=—5+1/2

(4.101)
where we used the definition of S to write the first line; then we performed an integration by
part on the the first term of the first line to get the first and second terms of the second line;
to get the third line we evaluated in the second line S,[7(y — iqy)] = — Zj,_:l_/;+1/2 2r(oo +
i(¢ —q)v)0l, = —61,; and then the last line follows from the values of (oo + ig7y).

Besides, we have

L/4—1
|Ik 25 S
LZ _ Z |k+%’:§ (4.102)
k_—L/4
From this we conclude
5 S—1/2 . S—-1/2—-1
Slf@) =1 > | — > A(81,— 6I) (4.103)
q=—5+1/2 q*—S+1/2
with
S—1/2
flz) =6(x + > / 0(y +197) 200 (y +iq7)7' (y — = +ig7)dy (4.104)
qg=—S5+1/2
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that is such that fq.(z) = 0(x)ze0 ().

Recovering e,

As in the real root case, we have s/ (v) = 2. (z), so that the exponential decay of fy4,(z) =
0(z)z00 () is exactly —1/vp times that of s (). The function f(x +ig7y) also has a discon-
tinuity in its derivative 2z (igy) = 22._(0) for each of the 25 values of ¢, due to the part
0(x)zeo(z). There is no logarithmic singularity to evaluate since it was already taken into
account in 7. Thus

B Se[s'(x)] 25
so that
9 5g S5—1/2 ; S—1/2—1
F 2
e = oot - | —75 2 > (01,)* - - > Ay(6I, = 6lyen) (4.106)
g=—S5+1/2 q=—5+1/2

We now use the following Lemma:

Lemma 7. With Ay(t) given by (4.89) and 01, given by (4.96), one has the equality:

. S—1/2-1 S—1/2

7 25 1 38

- > Ay(6I, — 6lgpn) = B tesait 2 > (01,) (4.107)
q=—5+1/2 q=—S+1/2

the proof of which is relegated to appendix A.4. This permits to conclude

27TUF 3S
= €oo — 4.108
L= T T 12(S+ 1) (4.108)
and to identify the central charge
35
= 4.109
RS (4.109)

which corresponds to that of a level 25 su(2) Wess-Zumino-Witten model.

4.5 Logarithmic corrections

4.5.1 Presentation

Higher-order corrections to the excitation spectrum, for example in the XXZ spin chain,
although remarkably predicted with field theory in [103], are not known from a Bethe ansatz
approach. If they are admittedly of lesser importance than the L=2 corrections since they
do not form part of the excitation spectrum in the thermodynamic limit, they are still pro-
portional to the couplings of the irrelevant operators that perturb the theory in a continuum
description [22] as explained in Chapter 2. Hence they are not universal in general, but
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ratios between them should contain universal quantities such as the structure constants of
the underlying CF'T.

Among these higher-order corrections, logarithmic corrections [92] play a particularly
important role for several reasons: e.g. they modify the correlation functions with a multi-
plicative logarithm as in (2.123), and they can also be universal corrections that reveal the
presence of a continuous spectrum in the thermodynamic limit [139, 140, 141]. Although
some of them were computed in particular cases such as the ground state and magnetic ex-
citations of the XXX model [23, 142] with Wiener-Hopf equations, and sometimes corrected
later with non-linear integral equations [80], no systematic study of their dependance on the
Bethe equations has been carried out. This is the purpose of this section.

At a generic value of 7, the higher-order corrections to formula (4.75) come from sub-
leading exponential decays of the functions we encounter in its derivation. As explained
above, since the largest Bethe roots grow as %, an exponential decay e~®* contribute to

a correction of order O(L_l_‘ﬁl), which are (generically non integer) powers of L™!.

However, in the limit v — 0 the functions s and r, instead of decaying exponentially
fast at infinity, decay algebraically as A\='. These algebraic decay contribute to logarithmic
corrections of order O(L™!(log L)™!). Such an algebraic decay at infinity for a function ¢(x)
translates in discontinuities (in the function or in its derivatives) of its Fourier transform ¢.
In the study of the properties of the distribution S in section 4.3.2 leading to equation (4.49),
the distribution S should thus be understood in a generalized way where the test functions
can have discontinuities (the usual distributions applying only on infinitely differentiable test
functions). This generalization has been studied in [143] where one has to take into account a
new distribution 5(¢) which gives the discontinuity of ¢ at zero. Without entering a detailed
exposition of it, it is seen that if a distribution 7" satisfies T'- f = 0 with f a function having a
discontinuity at zero, i.e. T'(¢(x)f(z)) = 0 for all infinitely differentiable test functions ¢(x),
then T'(¢(x)) can contain a term that gives the discontinuity of ¢(x)/f(x) at zero (since
¢(z)/f(z) - f(z) do not have discontinuities). Hence, the generalization of (4.49) when 7
may have discontinuities (i.e. when r has an algebraic decay at infinity) is

S,[6(x)] = 1 / " o)t (@)dr + 3 AuResu(ba) + 3 BHouk: + Br oy (4110)

n>1

where {f}£ denotes the term in A= in the algebraic decay of f()\) at 00. B are numbers
that depend on L but not on ¢, and are O(L™(log L)™™).

In the following, we will consider only symmetric states for which the number of holes
in the positive/negative Bethe roots is the same and for which the twist ¢ = 0 vanishes,
implying B} = —B, = B,. Moreover, we will study only the first logarithmic correction
B;.
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4.5.2 Computing B,

To compute B, we should evaluate S on a function that has an algebraic decay and for
which the value at a Bethe root is known. This is almost the case of m (where
we recall that +a/2 is the limit value of z,(x) at +00): we know its value at a Bethe root,
and in the limit L — oo it decays as (vpz)~! at infinity, since z..(z) converges to a/2 as

e UFl*l However, in finite- size there are 1/L corrections to the algebraic decay, because of
the additional source term Y that prevent to approximate 2y, by 24 at order L~!(log L)~*
We thus use the following trlck We add an ’odd’ twist ¢ to the Bethe equations by defining

the counting function z.()\) as

) 1y v
zp(A) = s(A) + - ]5:1 r — sgn ()\)Z (4.111)
and the Bethe numbers I; (half-integers) by
L2 if ;>0
\i) =< L ‘ 4.112
ZL( ) {L’er if I; <0 ( )

so that the roots \; are exactly the same as for the original counting function z.,(\) (the one
without ¢) and the original definition of the Bethe numbers.

We can now choose ¢ so that 1/L correction in terms of A vanishes when A — co. At
order L™!(log L)™' we have

21 (A) = 2eo(A) + @ — %/_OO r(A — z)tg(x)dr — sgn (A)% +o(L Y (log L)"') (4.113)

because B]” = —B; by assumption, and because r is odd. Thus if we set
t(o0)
= — 4.114
¥ 1+ 2r(o00) ( )
then we have 21 (\) = 250 (A\) + @ +o(L*(log L)™1), with w(\) — 0 when A — 4o0. Hence
S { La0 } =S { Lo 1 +o(L ™ (log L)) (4.115)
" llog(§ —z(x)) ] [log(§ — zee(x))

We now use the following corrections to the singular Riemann sum

Lemma 8. We have

1 a2 g t— = n—|—t—%
L '(log L) 4.11
Z kit /0 log = Llog(oz/Q) * Llog L +o(L™ (log L)) (4.116)
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which is proved in appendix A.5. This yields

1:1:>0 ¢ 1 By -1 -1
S, = - — L (log L
Log(% - Zoo(x))} loala/2) L~ vr(1+2r(0)) e (4.117)
W1 nte B _ '
~ log(a/2) L * Llog L +o(L7 (log L)™)
Hence
B = —vp(1+ 27“(00));11—;; (4.118)
We note that because of the shift ¢, in this symmetric case n, = n_ = n, formula (4.56)
becomes ) )
S [f(@)] = —F(00) " (o)t ooy
1 [~ , _ t(o0)(f(o0) + f(—00))
‘a / Sty - I )
Af
UTERONE
+o(L7?)

Note that in case of non-symmetric root configurations, the term %Zjil r(A — Aj) in
(4.111) involves L' (log L)~* corrections since Bf” # — By, that cannot be canceled out by
introducing a twist and shifting the Bethe numbers because this trick works only at order
L~'. This term prevents from writing (4.115) and conclude. We were not able to find a way
to go around the problem, but from the symmetric root case we guessed a likely formula in
the non-symmetric case that matches the numerics reasonably well.

4.5.3 Logarithmic corrections to the energy

Let us now come back to the different steps in section 4.3.5 for the computation of the L=2
correction to the energy levels, and take into account the corrections coming from B;. We
introduce 1 and 7; the real numbers such that for A — oo

() = (o) =1 +oA), HA) =t(o0) = T +0(A7) (4.120)

e In (4.66) there are no logarithmic correction since no evaluation of S is performed.

e In (4.67) there is a logarithmic correction to £S,[f(z)t(z)]. The function 6(z)t(z) de-

cays as ¥ when x — £o00, hence the dressed function (0¢)4.(z) decays as T irartone
Bint

2 52T

when x — Z4oo. It follows that there is a logarithmic correction —

n+
2UF7]t LZlogL"
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e In (4.68) there are logarithmic corrections only to the term S,[1,~0S;[l.<or(y — x)]] in
the symmetric case. This term requires particular care since the decay of the innermost
function x — 1,-or(y — x) depends on y. There are three types of corrections: the
terms coming from ¢(\), which are bulk contributions, and those coming from the limit
value of r(z) and its 1/x decay, which are large Bethe roots contributions. Each of
the L=%(log L)™' correction to Sy[1,50S:[lz<or(y — x)]] comes from one of these three
terms for each S. The correction coming from the 1/x decay of the innermost S and the
limit value in large y in the outmost S both correspond to large Bethe roots of order
O(log L), positive for y and negative for x; hence the decay in 1/z is effectively 5L, and
the total logarithmic correction is mBl (n + ). The correction coming from

the t(A) term for the innermost S, and the 1/y decay for the outmost S is mn

where 7 is the 1/y decay of ffoor(y — x)th,(x)dz, equal to —11';(;?:0)0). The correction
coming from the 1/x decay of the innermost S and the ¢(\) term for the outmost S is

n 1 oo _ Bin t(oo) 1
T 1+2r() Bt fo ar(@)dz = _1+211(oo) 142r(cc) L*

Hence the global logarithmic correction L™2(log L)™' to the right-hand side of (4.68) and
then (4.71) is

vpn(n+ 1) + 2vp(n + ) (0 — nasks) (4.121)

Then, using the value of ¢ in (4.114), we conclude that the asymptotic expansion of the
energy ey, at order L™2(log L)™' is given by

> 2 > 2
er = —27r/ s'(x)2 (z)dx — % t'(x)zl (x)dx + EZF €L (4.122)
where
! + fec +n?(1 4 2ry) + 2nt
=——+—>24n Too Nt o
R S
(4.123)

2
Uf 2 2foo too too
- 2 —np—— =3 ([ —2— ) 2
log L (77” * (”t 771+2rm>” ”<1+2roo) AT o

which is with (4.75) one of the two main results of this chapter. We recall that this analytic
derivation applies to symmetric cases n, = n_ = n only.

For the generic case ny # n_ and with a twist ¢, together with the L=2 correction
in (4.75), we conjecture the following plausible formula in reasonable agreement with the
numerics:

1 t2 (ny +mn_)? (ny —n_+2p)? 1
= — — o 1 200 tOO -
€r, 12+1+2'roo+ 1 (14 2ry) + 1 1+2rm+ (ny +n_)
v t t 2 t
F 00 e o)
— o g V=3[ == oy —— 2
- (n(mﬂo)(n o+ (m =) b =30 () ntH%)
(4.124)
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4.5.4 Examples and numerical checks

In this subsection are given numerical checks of formula (4.123). The Bethe equations are
solved numerically for sizes up to ~ 1500, and the results are extrapolated to the thermo-
dynamic limit using a ratio of two polynomials in log L. Many extrapolated results only
slightly change with the degrees of the polynomials or with the sizes that are used in the
extrapolation; however some cases with a wilder extrapolating curve such as the rightmost
case in Figure 4.9 do vary more, although the global shape of the curve is often stable.

Periodic su(2)

The periodic su(2) case is obtained with r(X\) = < arctan A and t(A) = 0, hence vp = m,
14 2r(c0) =2, t(c0) =0, n = = and n;, = 0. It yields

1 4 on? n?
€L, = ——
L 12 logL

(4.125)

Only this result was already known [23, 142].

Open su(2)

The open su(2) case with trivial boundary matrix K has the following Bethe equations

/9N E S Y Y
(Azﬂ/) IR I R R R (4.126)

N — /2 _#i}\i—)\j—i}\i—l—)\j—i

where the roots \; are strictly positive. One can rewrite it with a usual root configuration
1; by considering only symmetric root structures, i.e. set of roots that contains —pu; if it
contains y;, and adding the appropriate source term

i /2 21 i z
wi—if2) 2mi—ip—i e U

which is obtained with r(\) = £ arctan A and ¢(\) = X arctan2) + < arctan A, hence 1 +
2r(c0) = 2, t(00) =1, = % and 1, = 2. For L/4 —n roots \;, there are L/2 — 2n+ 1 roots
Wi, that yield

2_”(”‘1“1)

— 4.12
12 " log L ( 8
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Figure 4.6: Logarithmic correction to the open su(2) states for n = 0, 1,2 (from left to right).
The measured limit value and the theoretical values are indicated above the plots.

Periodic osp(1/2)

For periodic osp(1]2) with L — 1 — 2n real roots, one has vy = 2F, 14 2r(o0) = 1, t(00) = 0,
n= % and 7, = 0, that yield

1\2
1 n+3)
1\2 ( 2
= ——+(n+1)? -2 (4.129)
12 3log L
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Figure 4.7: Logarithmic correction to the periodic osp(1|2) states for n = 0,1,2 (from left
to right). The measured limit value and the theoretical values are indicated above the plots.

Periodic osp(1|2) with strings

In case of an exact 2-string at 0 for periodic osp(1|2) with L —2—2n other real roots, one has
14 2r(c0) =1, 7= 5, t(A) = Larctan A — L arctan 2)\ — £ arctan 2)/3, hence t(c0) = —3,
and 7, = —%, that yield

(n+1)(n—2)+%

o (4.130)

1
EL:6+H(H+1)—
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Figure 4.8: Logarithmic correction to the periodic osp(1]|2) states with an exact string at 0
for n = 0,1,2 (from left to right). The measured limit value and the theoretical values are
indicated above the plots.

Open osp(1]2)

For open osp(1|2) with L/2 — n positive roots, hence L — 2n + 1 normal roots, one has
1+42r(c0) =1, n = 5=, t(A) = Larctan A — L arctan 4\, hence ¢(c0) = 0, and 7, = =, that
yield

1 5
1 n—z)(n+2)
1\2 ( 2 2
€, — ——+(n—§) — (4131)
12 3log L
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Figure 4.9: Logarithmic correction to the open osp(1]2) for n = 0,1,2 (from left to right).
The measured limit value and the theoretical values are indicated above the plots.

An asymmetric case

In order to give some numerical support to the conjectured general formula (4.124), we
consider the osp(1]2) case with L/2 — ny positive/negative roots, perturbed by t(\) =
L arctan X with a twist ¢. Formula (4.124) would give

¢ _ 1 (n+—|—n,)2+(n+—n,+2g0)2+n++n,_(n++go)(n,—go)—k%(mr—i—n,)—l—f’—l
D) 4 4 2 3log L

(4.132)
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Figure 4.10: Logarithmic correction for osp(1|2) perturbed by ¢(\) = < arctan A, for (n, =
%,n, = %,(p = %), (ny = 1—23,71, = g,go =0), (ny = %,n, = g,gp = —1) (from left to right).

The measured limit value and the theoretical values are indicated above the plots.
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Chapter 5

Series expansions and magnetic field
influence

5.1 Introduction

This chapter is devoted to the study of magnetic field or anisotropy influence, and to the
series expansions that we show permit to study it. The motivations are threefold.

Firstly, adding external sources is a way of probing the physical behavior of a system
since it can either smoothly modify critical properties such as critical exponents, or drastically
modify its continuum limit, by e.g. driving a non-critical system into a critical phase — this
is for example the case of the XXZ chain with anisotropy A > 1 that is driven out of a
non-critical Néel phase into a paramagnetic critical phase. Although it is possible to write
integral equations for root densities [144, 138, 28, 145] to compute physical quantities such
as the acquired magnetization, the solution of these can be done only numerically and their
numerical evaluation is rather indirect. In the first section of this chapter we show that for
the XXZ spin chain in a magnetic field h, the acquired magnetization as well as the critical
exponents can be written as a series in \/h. — h where h. is the smallest field for which the
spin chain is fully polarized, whose coefficients are a rational function of 7 and A and can
be computed exactly with a recurrence relation that involves only algebraic manipulations
[48]. These series are new, and give to the old problem of the acquired magnetization of the
Heisenberg spin chain [144] an answer that is the closest ever to an explicit analytic solution.

Secondly, on the statistical mechanics side, particular boundary conditions can naturally
bring the system into a position-dependent anisotropy, which corresponds to a position
and time-dependent magnetic field in the associated quantum system. This is the case
of limit shape phenomena such as arctic curves, denoting a boundary-conditions-induced
geographic separation of regions that lie in a different critical phase, although ruled by the
same microscopic Boltzmann weights, and that occurs for example in the six-vertex model
with domain wall boundary conditions [146, 147, 148]. The mean value of the magnetization
within the arctic curve where the system is critical and not frozen is position-dependent,
so that a coarse-grained approach naturally involves the free energy of the system at non-
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zero magnetizations. This is the object of the third section of this chapter, where we study
especially numerically the field theory description of the fluctuations inside the critical region
of the six-vertex model with domain wall boundary conditions in the interacting case A # 0.
In the free fermion case it was proved to be given by a Gaussian Free Field [149, 150]; we yield
evidence that in the interacting case that they are governed by an inhomogeneous Gaussian
Free Field, i.e. a GFF with a position-dependent coupling constant [49]. This section is only
weakly connected to the two other sections, and can be considered as a project on its own.

Thirdly, it is often observed in integrable systems that a non-zero magnetic field regu-
larizes many quantities. This is probably best illustrated by the calculation of correlation
functions in the XXZ spin chain from form factors formulas [151, 152, 12, 153, 154, 155, 156,
16, 157, 14], where both on the analytic and numerical sides the first results were obtained
in a non-zero magnetic field, for example because the excitation structure above the ground
state is much simpler in this case. From many points of view the non-zero magnetic field
case is the generic case, much like considering inhomogeneities for the form factors compu-
tations, from which the limit of zero magnetic field can be taken. This principle is in a sense
adopted in the second section, where we present some intermediate results on a still ongoing
project about an integrable non-compact spin chain [158, 8, 159, 160]. The objective is to
try another approach for the study of its large size behaviour, by taking the thermodynamic
limit before analytically continuing certain parameters, whereas the standard approach is to
perform an analytic continuation on the system in finite size. It brings us to the study of
the analytic continuation of the free energy as a function of the magnetization, that we try
to tackle with the series expansions previously derived.

5.2 The XXZ spin chain in a magnetic field

5.2.1 Historical review

We recall that the Hamiltonian of the XXZ spin chain reads
N
H= Zafafﬂ +olol + Alojoi — 3) — ho} (5.1)
i=1

However widely studied this model is, the simple and physically relevant question of the
magnetization acquired by the spin chain when put in an external magnetic field is still
unsolved [144, 161]. Tt is equivalent to finding the free energy of the chain at any mean
magnetization per site —1/2 < (¢7) < 1/2. Although a root density approach allows to find
a closed form expression for the free energy at zero magnetization [137, 162], it does not
permit to derive a magnetization-dependent expression. In this approach indeed, one needs
to solve a so-called Wiener-Hopf equation on a finite interval [144, 138, 28, 145, 163]

pla) + [ o0 (e~ e = 50 (5.2

—A
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where the unknown is p, while r and s are given, and 0 < A < 400 is the largest Bethe
root, related to the magnetization (o?) by f_AA p(t)dt = 1 — (07). The equation holds for all
values of x and no periodicity of s and r is assumed (contrarily to the case A > 1 where a
similar equation holds at zero magnetic field, but with periodic s and r). This equation is
equivalent to a two-dimensional classical Wiener-Hopf equation written in (4.4), for which
no generic solution is known as we already explained [121, 122]. In the first paper where
this problem was addressed [144], equation (5.2) was solved numerically for several values of
the magnetization (o7) (i.e., several values of A), so that to know the free energy F(o) at
generic magnetization o with good precision; the magnetization curve o(h) is then computed
numerically by taking the derivative of the Legendre transform of this function. Hence, even
the numerical solution of the problem is rather indirect.

On the analytic side, only a first-order perturbation around zero magnetic field could be
performed in this approach for various physical quantities [162, 164, 28, 165]. Since the first
appearance of this approach in [144], apart from some works at finite temperature [166], no
alternative method seems to have been tried.

In this section we present a different approach that expresses the free energy as a power
series in 1/2 — (07), whose coefficients can be recursively computed in an explicit closed form
with only algebraic manipulations. It leads to an expansion of the acquired magnetization of
the chain in a magnetic field h, in terms of v/h. — h where h, is the smallest field for which
the ground state is fully polarized. The calculation does not use root densities and is actually
quite simple. The Bethe roots are written as a double power series in their corresponding
Bethe number and in 1/2 — (07). The Bethe equations are then nothing but a recurrence
relation on these coefficients. Surprisingly, this approach has not been tried before. Only
the first coefficient in front of \/h. — h was known [167, 168, 138], or the first two ones in

similar models for other physical quantities [169].

The method presumably works for a large class of models. As an example we present
another case where the Bethe roots lie on a curve in the complex plane, and derive similarly
a power series for the free energy.

5.2.2 The Bethe equations as a recurrence relation

We consider Bethe equations written in logarithmic form for K roots A; (K even):

s(\) = IZ + % Zr(/\i —\) (5.3)

with I; = —K/2+1/2, ..., K/2—1/2 increasing half-integers. s and r are functions depending
on the model, that are assumed to be odd and satisfy s'(0) # 0. Our goal is to compute the
free energy

P —2% S5 (5.4)



in the limit L — oo, with K/L finite'. We set

and first assume that all the A\; and \; — A; lie within the radius of convergence of s and r
respectively as a power series around 0. The starting point is to write each \; as a power

series in «; and m:
i = E admPeqy (5.6)
a,b>0

with ¢4, some coefficients to determine. For convenience, we will use the notations for n > 1

_ a,,b.[nl [n] _
= E aim’e,y where ¢,; = g Cayby++-Canby, (5.7)
a,b>0 ai+...+an=a
b1+---+bn:b

By definition we set c[[% =1, the other coefficients cg)b] being zero. Expanding s(;) yields

(n)

_ a, b S (O) [n]

= E agim E 1 Cab (5.8)
a,b>0 n>0

Similarly for r(\; — A;):

n

_ T n b1 ba [Q} [”*CI]
r(\i — ) _Z 0 1)q(q) Z amPafrm2ed, e (5.9)

n>0 q= ai,az2,b1,b2>0

Now one has for even a
5 K/2
2 : . 1\a m 1
La+1 (] 2) 20'(0/ + 1) _'_ ( ) ( )

j=1

SIS
1M
)

while for a odd it is zero. This gives

A = Yamt Y Z

7j=1 a,b>0 a1+b1+ba+1=bn>0
a1 even

n la] [n—d]
¢
1)q(n>M (5.11)
q=0 q) 2% (ayr +1)

Since cgg = 0, each c[ ) depends on CB};” with @’ < a, ' < b, and at least ' < a or b’ < b.
Thus one gets the following recurrence relation

! r(0) 7\ Gt Cay " iy s (0)
w=g | X (S () ey ) - o e
S/(O) ai1+b1+ba+1=b <n>0 n' q=0 q 2 (al + 1) n>2 n'

(5.12)

IThe fact that the free energy is defined in terms of the same function s as in the Bethe equations is
clearly not a constraint of the method, and it could be defined in terms of another function f as well.
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with the initial conditions cgg = 0, ¢19 = ﬁ. Since c([:;] = 0 for n large enough at fixed a, b,

all the sums on the right-hand side are in fact finite sums. Note that c,, depends on ¢,y
with either (i) ' < max(b—1,a) and ¥ < b—1, and if @’ > a then o’ + 0 < b — 1; or (ii)
b =band @’ < a. In both cases one has a’ + & < a 4+ b. Thus one can compute the c,’s by
computing cq_pp for increasing b’s, and then increasing d’s.

The free energy F(m) is now

K
2 s (0) . b ln
F(m) = —f E E T E «; mbcgb] (513)

i=1 n>0 a,b>0
This gives the expansion
F(m) = Z m° f,
a>0
' - a9t s (0) (5.14)
with — f, = T 9a-1 Z a—b Z ol Ca—b—1b
a-b odd n=0

The calculation assumes that A\; and A\; — \; lie within the radius of convergence of s and
r; however it may happen that the resulting series F'(m) has a larger radius of convergence.
If the free energy has the property of being expandable in a power series in all the physical
range of m, then the two expressions must coincide for all m.

5.2.3 Example: the Heisenberg spin chain
The free energy

For the Heisenberg spin chain one has the functions

1 1
s(A\) = —arctan 2, r(\) = — arctan A (5.15)
7r T
with i1
—1)"(2n)!12°" —1)"(2n)!
8(2n+1)<0) _ (=1)"(2n) ’ T(2n+1)(0) _ (=1)"(2n) (5.16)

™ ™

Applying (5.12) and plugging the ¢’s into (5.14), one directly finds the expansion

2 2 4 2 4 2
F(m)=—4m+w—m3+w—m4+(—W—+W—)m5+<—ﬂ—+w—)m6

3 3 60 ' 4 36 6
0 Y o - 0 I 8
SR I 5.17
* (2520 36 "R ) mer (1440 8T 16) " (5.17)
m® 237®  Trt Tw? 9
o o R O 10
* ( 181440 34560 576 192) m”+O(m™)
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and it can be readily continued from the recurrence relation. For example we computed the
first 40 terms analytically with a computer (though we only present here the first few terms),
and the first 100 terms numerically. We numerically observe that the radius of convergence
of this series is 1/2, i.e. it converges for all physical values of m. The expansion converges
exponentially fast with the number of terms when m < 1/2, and quadratically (possibly with
a multiplicative logarithmic correction) for m = 1/2. See Table 5.1 for a comparison with
the direct numerical solution of the Bethe roots in finite size L (the extrapolation is linear
in 1/L using sizes 3000 and 5000).

m = 0.05 m = 0.1 m = 0.2 m =04 m = 0.5
L = 1000 0.19956813 | 0.39637426 | 0.76823447 | 1.30357831 | 1.38629600
L = 3000 0.19956797 | 0.39637394 | 0.76823379 | 1.30357701 | 1.38629454
L = 5000 0.19956796 | 0.39637391 | 0.76823374 | 1.30357690 | 1.38629442
Extrapolation 0.19956794 | 0.39637388 | 0.76823366 | 1.30357675 | 1.38629425
20-term expansion | 0.19956795 | 0.39637390 | 0.76823371 | 1.30357732 | 1.38641192

Table 5.1: The free energy —F(m) of the Heisenberg model for different magnetizations.

For m = 1/2, we already know from the root density approach that F'(1/2) = —2log 2.
It is a very non-trivial check of the validity of our approach that (5.17) converges to this
value, see Figure 5.1. It is worth noting that although (5.12) assumes that the Bethe roots
and their differences lie within the radius of convergence of s and r (which are 1/2 and 1),
the resulting series still converges at some values of m for which this property is not true
anymore.
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—0. 000006 H,
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II’:n_":inf

—0.000010 1 -

—0.000012 1 +

—0.000014 A

0.0003 0.0004

1/n?

0.0000 0.0001 0.0002 0.0005

Figure 5.1: Difference between the series F), truncated after the nth term and its known
exact limit value Fj; = F(1/2), as a function of 1/n?.
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The acquired magnetization in a magnetic field

Let us denote now —1/2 < o < 1/2 the mean magnetization per site of a state, i.e. the

value of (07) where o7 is the spin operator in the z direction at site ¢, on a spin chain with

L sites. As already mentioned, it is related to m through

oc==-—m (5.18)
The energy e, of the ground state of the sector with magnetization o is
em = F(m)—(1/2—m)h (5.19)
If the minimum of e,, is obtained for 0 < m* < 1/2 then
m* = (—=F)"'(h) (5.20)
For h = 4 one sees that m* = 0 and so for h > h. = 4 the ground state is fully polarized

=1/2—m* = 1/2. For h < h. one has the following expansion in v/h. — h of the acquired
magnetization o* of the chain?:

1 1 2 1 1 1
7 =5~ —(he- h)” e —n) - ( 5 —) (he — B + (—0 i ) (he — )?

7273 24w 27t 1272
( 422;5 647r3 64?;)7r> (he = )% + (245367T6 + 8124 + 72;2) (he — h)?
(244868138297r7 2736547857r5 - 51122037r3 - 712&) (he = )
+ (75328 + 54; + 381414 + 40;128}2) (he = h)* + O((he — 1))

(5.21)
The expansion can be continued as far as desired (we computed it exactly until order
(he — h)*). Only the first term —1(h. — h)'/? was already known [167, 168, 138]. In
the case of an integer-spin chain in a magnetic field, only the first two terms of a similar
expansion for quantities such as the susceptibility were computed by different means [169].

5.2.4 Example: the XXZ spin chain

For the X X Z spin chain with anisotropy parameter —1 < A < 1 one has

1 1+ A 1 A
S(A) = ; arctan ( 1_ A tanh )\) s T’(A) = ; arctan (\/ﬁ

2The star merely distinguishes the acquired magnetization ¢* from the generic variable o.

tanh A) (5.22)
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and the free energy is defined with a multiplicative factor /1 — A? in (5.4) to match usual
conventions. Applying the same recipe as before one finds

w2 212 A 472 w2 A w2 1
F(m) = =2(1 + Aym + —m’ e s g A sa0 1) )
(m) (1+A)m+ —m”+ R EWNE (240 T o0 (240 4)) m

3 31+ A

8m2A w2 mA 2 1
= (2 0= A2 - = 6 7
(1+A) (90 T T (120 6))m o)

(5.23)

The application of the recurrence relation is not more costly than in the case A =1, so
a 100-term expansion is reachable. As in the isotropic case, the radius of convergence of this
series is observed to be 1/2. The value F'(1/2) can be computed exactly with root densities,
see e.g. [145]:

o0 sinh((3 — %)x)?

F(1/2) = - sinv/oo sinh(%7)(sinh(%7) + sinh((5 — v)z))

dr, with A =cosy (5.24)

See Table 5.2 and Figure 5.2 for the numerical verification of this expansion and of its
radius of convergence, for A = cos /5.

m = 0.05 m = 0.1 m = 0.2 m =04 m = 0.5
L = 1000 0.18406350 | 0.36172387 | 0.69569657 | 1.16699132 | 1.23606951
L = 3000 0.18166924 | 0.35938627 | 0.69361200 | 1.16608443 | 1.23606814
L = 5000 0.18119035 | 0.35891867 | 0.69319488 | 1.16590255 | 1.23606804
Extrapolation 0.18047201 | 0.35821726 | 0.69256920 | 1.16562972 | 1.23606787
18-term expansion | 0.18047200 | 0.35821721 | 0.69256908 | 1.16562930 | 1.23605814

Table 5.2: The free energy —F(m) of the XXZ spin chain for different magnetizations, for

A = cos7/5.
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Figure 5.2: Difference between the series F), truncated after the nth term and its known
exact limit value Fj,s = F(1/2), as a function of 1/n?*, for A = cos7/5.

Here the critical magnetic field is h, = 2(1 + A) [138]. The expression for the acquired
magnetization is

1 1 4A

x_ . 1/2 = .
ot =g e =T A s Ay e =)
1
- m (37’(’2 -+ 67T2A -+ (140 + 37'('2) AQ) (hc — h>3/2 (525)
A

2 A+ (4 1872)A? _h)2 1\5/2
MR T CENE (97% + 637° A + (400 + 187%)A%) (he — h)* + O((he — h)**)

Only the first term —1(h. — h)'/? was already known [138, 170].

5.2.5 Radius of convergence of the series o*(\/h. — h)

Although we have strong arguments in favour of the convergence of F(m) as a series in m in
the full physical range 0 < m < 1/2, this does not ensure that the derivative of its Legendre
transform o*(v/h. — h) has a similar property, i.e. that ¢* as a series in v/h. — h converges
in the range 0 < h < h,. Let us denote h, (that depends on A) the smallest field for which
this series converges in h, < h < h,.

Let us first look at the free fermion case A = 0. In this case r = 0 in (5.22), so that the free
energy F'(m) can be computed exactly

m/2
F(m) = —27r/ s'(s7H(x))dx (5.26)

—m/2
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From this one deduces h, = 2 and

1 2 he —h
o*(\/he — h) = 5 — - arctan h: 7 (5.27)

which actually has a radius of convergence v/2h,, so that the expansion converges for —h, <
h < h. and h, = —h.. For regularity reasons, it ensures that we must have h, < 0 for A in
a neighbourhood of 0. A strong check of h, < 0 is to evaluate the series at h = 0, where
one must have ¢* = 0. For values of A not close to 1, this is indeed observed, see Figure
5.3 for A = cos2n/5 where the acquired magnetization is of order 107 at zero magnetic
field, taking into account 60 terms in the expansion. At least for A 5 0.6 this convergence
at h = 0 is observed to hold with precision better than 1073,

0.5

0.4 4

0.3 A

0.2 A

0.1 A

0.0 4

0.0 05 10 15 20 25

Figure 5.3: Acquired magnetization ¢* as a function of the magnetic field h, using an ex-
pansion with 60 terms, with A = cos 27/5.

However, at larger values of A, in particular at A = 1, the truncated series o*(v/h. — h)
keeps oscillating for small magnetic fields with the order of the truncation. Although this is
not uncommon in convergent series (the truncated series of (1 + x)~! keeps oscillating too
near x = 1), it might also mean that h, > 0. To investigate this question further, in Figure
5.4 we plotted R, = exp —lognﬂ where a,, is the nth term of ¢* as a series in \/h, — h, for
A = cosm/5 and A = 1. The series converges at h = 0 if there is only a finite number of
points under the line /h.. This suggests that it is not convergent at h = 0 for A close to 1,
and that we would have h, > 0 at A = 1.
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Figure 5.4: Measured radius of convergence R,,, as a function of the order of the truncation
of the series n, for A = cos7/5 (left) and A = 1 (right). The series converges at h = 0 if
there is only a finite number of points below the line v/A..

5.2.6 An example with complex roots

Our calculation does not assume that the roots \; are real. In this section we give the simple
example of the Heisenberg spin chain with complex extensive twist i¢ (@ real), where the
roots lie on a curve in the complex plane and show that our approach still applies. This
variant is for example relevant for the six-vertex model (its free energy F(m,,m,) is the
Legendre transform of that of this spin chain with respect to ¢, see Section 5.4.2 below) or
for an inhomogeneous version of the Heisenberg spin chain [171, 172]:

L
1
H = Z 5 (e %00, +€eio;0t,) +ofof, — 1 (5.28)

=1

where Zle p; = Ly is real. The Bethe equations are

~

Mw

1
s() = L+ ?"0 + =500 - ) (5.29)

J:1

with s and r the same functions as for the untwisted Heisenberg spin chain. As it is,
the decomposition of A, has a non-vanishing cyy, which implies that there can be some
[n]

non-vanishing ¢, for arbitrary large n. To keep the sums over n finite in (5.12), we set

A, = A, — s ' (ip/m) and define

5(N) = s(sMip/T) + \) — ;" (5.30)
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so that cpo = 0 and a similar equation to (5.12) holds. One finds then the free energy with
the normalization in (5.4)

2 2

? cosh 2
F(m) = — 4COSh2(¢)m + % COSh(QgO)mg _|_ %(1 + tanh2 gp)m4 T~ COS 80

— m (7T2 COSh4 Y — 15) m5

7T2

720 cosh® ©
+0(m")

(57% + (127* — 120) cosh 2¢ + 7% cosh 4¢ + 27 cosh 6¢) m®

(5.31)
We stress the fact that the Bethe roots are disposed on a curve in the complex plane that
was up to now out of reach of analytic calculations. The agreement with the numerics is still
excellent, see Table 5.3 for ¢ = 0.1 and Table 5.4 for ¢ = 1. In this case we do not know the
value at m = 1/2, but we still think the series converges for all m < 1/2.

m = 0.05 m=20.1 m=0.2 m=0.4 m = 0.5
L = 1000 0.20557908 | 0.40424331 | 0.77921754 | 1.31659212 | 1.39756987
L = 3000 0.20290390 | 0.40162684 | 0.77686780 | 1.31553762 | 1.39756837
L = 5000 0.20236882 | 0.40110345 | 0.77639763 | 1.31532614 | 1.39756824
Extrapolation 0.20156621 | 0.40031838 | 0.77569238 | 1.31500891 | 1.39756806
18-term expansion | 0.20156618 | 0.40031832 | 0.77569224 | 1.31500950 | 1.39758483

Table 5.3: The free energy —F'(m) of the twisted XXX spin chain for different magnetizations,

for ¢ =0.1.
m = 0.05 m = 0.1 m=0.2 m=04 m = 0.5
L = 1000 0.47464203 | 0.93959272 | 1.79928056 | 2.95102536 | 3.10980581
L = 3000 0.47464147 | 0.93959159 | 1.79927833 | 2.95102151 | 3.10980172
L = 5000 0.47464143 | 0.93959150 | 1.79927815 | 2.95102120 | 3.10980140
Extrapolation 0.47464136 | 0.93959137 | 1.79927788 | 2.95102074 | 3.10980091
18-term expansion | 0.47464140 | 0.93959145 | 1.79927805 | 2.95102056 | 3.10978951

Table 5.4: The free energy —F'(m) of the twisted XXX spin chain for different magnetizations,
for o = 1.

5.2.7 Finite-size corrections and critical exponents
Taking into account L~2 corrections

To derive the recurrence relation (5.12) the thermodynamic limit L — oo was taken in (5.10)
by keeping only the dominant term. Keeping some sub-dominant terms actually permits to
get the finite-size corrections to the free energy. The finite-size corrections clearly depend
on the precise distribution of roots of the state considered, and so the correction terms in
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(5.10). For the ground state, i.e. Bethe numbers —K /2 +1/2,..., K/2 — 1/2, one has using
Faulhaber’s formula

a+1 am
E Oé — 2’1(a—+|—1 o 52 6-2a + O( ) a even (532)
0+ O(L7?), a odd

For a state corresponding to a descendant, the Bethe numbers are identical to the ground
state expect for K/2 — 1/2 that becomes K /2 + 1/2. Then one has

K mu+1 am“*l am®
lZoﬂ _ ) 29(a+1) % 6.2 + L12 Qa1 + O( ) a even (5‘33)
L &% +0(L™),  aodd

For a so-called "Umklapp’ state, —K /2 4 1/2 is replaced by K /24 1/2. Thus

;=

B L2a1+0( 3, a odd

K motl 1 am® ! 1 am® 1 -3
iz a {2‘1(114-1) 12 624 + 12 2a—1 +O(L )7 a even (534)

With this, a recurrence relation analogous to (5.12) with L' and L2 corrections can
be derived. However, the sum a; 4+ b1 + by + 1 = b is replaced by a; + by + by — 1 = b for
L=2 corrections for example, and ¢y, could appear in the right-hand side of the recurrence
relation in the term proportional to L~=2. Even if it does, it does not prevent from computing
recursively the expansion of ¢, to a desired order: one can just compute the c,,’s order by
order in L™, In fact, closer inspection indicates that it does not happen for the states
discussed above.

The recurrence relation (5.12) with a L™ term becomes e.g. for the ground state

1 T(n) (0) n n C[q}b 6[7;*‘1] C[n]s(n) (O)

— —1)¢ a101 ~abs _ ab

w=gay | 2 (Z 2D (q) ST D S
a1+by+ba+1=b n>0 q:0 n>1

ai even

(5.35)

! PO ()
“eE X (Z . Z<—1>q( ) e
a1+bi+ba—1=b \n>0 T g=0 q
a1 even

See Table 5.5 for a numerical verification of these relations in size L = 200 for the XXX
spin chain, for the ground state (GS), a descendant state (D) and the Umklapp state (U).

m = 0.05 m = 0.1 m = 0.2 m = 0.4
GS(num.) | 0.1995722665 | 0.3963828609 | 0.7682525850 | 1.303613450
GS (th.) | 0.1995722664 | 0.3963828606 | 0.7682525844 | 1.303614161

D (num.) | 0.1995206015 | 0.3962754120 | 0.7680261945 | 1.303174308
D (th.) |0.1995205738 | 0.3962753814 | 0.7680261588 | 1.303170391
U (num.) | 0.1995231282 | 0.3962858646 | 0.7680691881 | 1.303332830
U (th.) |0.1995231262 | 0.3962858613 | 0.7680691846 | 1.303329318
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Table 5.5: Some energy levels of the Heisenberg spin chain for different magnetizations, in
finite size L = 200.
Spectrum of the model

Let us denote Ags, Ap, Ay the L=2 correction to the three states previously described. We
define

_ Ap —Acs ~ 6Ags
=T o=
F7'(m) Ay - Agg (5.36)
A= B
TUR 27TUF

and let us consider a state obtained from the ground state by removing n roots, changing
the sign of n*/2 negative roots (that become thus positive — a negative n* means that the
sign of |n*|/2 positive roots is changed), and globally shifting the Bethe integers of the roots
by p+ for positive/negative roots (i.e., the sum of the positive Bethe integers is increased by
py+ and the sum of the negative Bethe integers by —p_). We assume that the Bethe integer
configuration is still a valid configuration, and that the modifications are done only at finite
distance from the maximal and minimal roots of the ground state.

The n direction can actually be simply taken into account by Changing m into m—n/L, so
that one can assume in a first step n = 0. In this case one gets, with > ;" _1(1/2+z') = (n*)?/2

ZO‘ _ an 12 % (”L? e e 1 O(L7Y),
+p+Pam "‘O( )’ CLOdd

L 2(1 L2 2a—1

a even

(5.37)
Remark that the term with @ odd can appear in the result only through its square, since
it is multiplied by —1 if all the roots are multiplied by —1. It follows that there is no L~*
correction, that the n*/L correction appears in the result through its square, and that the
p+ term for a odd does not contribute to the result. Thus the L=2 correction is Agg + (Ap —
Ags)(p+ +p-) + (Ay — Ags)(n*/2)*.
As for the n direction, it gives the correction to the free energy F'(m)— 7 F'(m)+ mF "(m).
The L~! term is compensated by the magnetic field part in the energy of the chain, so that
remains only the L=2 part. It follows that the L=2 correction Agen of this generic state is
)2
Agen = 270F <—£ + —)\ + <n4)

5 N+ py + p_) (5.38)

Note that ¢ = 1 from (5.33) and (5.32). To fully recover the spectrum of a free compact
boson, one needs

A=< (5.39)

which is a very non-trivial statement on the recurrence relations for c,;,, that we could not
prove at all orders, but checked order by order in m until m*. The fact that A and 1/\*
give the same expansion is a very non-trivial check of validity of our approach.
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For example one has for the XXZ spin chain

2A 3A2 A
A" T arar” T30 a8
5A?
6(1+A)4(

A=1+

(=72 + A + 12A%)m?

+ —27% + 212 A + 6AY)m*

5 3.2 4,2 4 2,4 34 4.4 5
+m(3ﬁm — 300A°7% + 300A*n? + Ar? — 1A% 7" + 11IA* 7! — A'n)m
+ O(m®)

(5.40)
and the Luttinger parameter K = 1/\:

2A A2, (A-DAR , (A-1)A2
K=l A T oy ae™ ~ 3asap ™ T st ap "
(A —1)A7? (7% — 10A7T? — 20A% + A?7?)
+

60(1+ A) " (5.41)
20A*r? — 20A°7* — 2A%7* + 35A%r* — 38A'n? 4 3A ) m®

1
60(1 + A)S (
+O(m")

+

Critical exponent of the spin-spin two-point function

The spin-spin correlations decay with distance r as v~ with z = 2/X for 0 < A <1 [138].
This yields the critical exponent

4A 2A2 s 2(A—-1A7* 5 2(A-1)A%r?
——mt———m - —m° - -
1+ A (14+A)2 3(14+ A)3 3(1+A)
(A — 1)A7? (7% — 10A7T? — 20A% + A?7?)
+

30(1+ A) " (5.42)
20A*7? — 20A°7* — 2A%7* + 35A%r* — 38A'n? 4+ 3A 7t) m®

r =2 4

1
300+ Ay
+0(m")

+

Again, only the first term of this expansion was known [164, 138]. In the case of a spin-1
chain in a magnetic field, the first two terms of a similar series were computed by different
means [169]. See Figure 5.5 for a plot of this expansion for different values of A. At 6* =0
we know = = (1 — % arccos A) 7! [114, 23, 24, 25, 26]. With a 28-term expansion, we find for
A = cos2m/5, © = 1.66663 (exact value 5/3), and x = 1.204 for A = cos7/6 (exact value
6/5). For m — 0, i.e. close to the critical magnetic field h., the critical exponent goes to
that of the free fermion case A = 0, independently of A.
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Figure 5.5: Critical exponent z as a function of the magnetization o*, for A = cos 27 /5 (left)
and A = cos7/6 (right), using a 28-term expansion in m.
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5.3 Some intermediate results on a non-compact spin
chain

5.3.1 Motivations

In this section, we present some intermediate results on a still ongoing project that could
be an interesting application of the series expansions written above. It deals with the ther-
modynamic behaviour of a non-compact spin chain, i.e. a spin chain whose every site is
described by an infinite dimensional vector space. As mentioned in the general introduction,
among these exotic spin chains is the Chalker-Coddington model for the transition between
plateaux in the IQHE. We will focus on another example, much more studied because of its
integrability, that is the non-compact spin s = 0 Heisenberg spin chain [158, 8, 159, 160].

The Hamiltonian H of this spin chain on L sites, the i-th site being described by the
vector space V' of functions on the complex plane 1 (z;, z;), reads

H=H+H (5.43)
with

L [e.e]
2k +1 2
=2 Hin,  Hin= - 5.44
; A+l A+l ;k(k—i—l)—l-(zi—ZHl)Qa o E41 ( )

2i 7 Zi+1

and H defined similarly in terms of the conjugate variables z. Since they commute, we will
focus on H only for our arguments.
To each site are assigned the spin operators S7, S, S; as

St =270, S, =—0,,, SP = 20, (5.45)
that satisfy the su(2) commutation relations and that commute with H. The value h of the
spin S, on an eigenstate of H is constrained to be of the form h = HT" — v with n an
integer, and v a real. That of S7, on an eigenstate of H is then constrained as well to be
1—h*, where h* is the complex conjugate of h [160]. It has been shown [8, 159] that only for
h > L an integer, the Bethe ansatz can be used to derive the value of the (intensive) energy
levels ey, of an eigenstate of H as

(5.46)

where the roots \; satisfy the Bethe equations

Ai—z’)L hl—[L A=A i
) o= T A AT (5.47)
()\i—i—’l ey i
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We note that the condition h > L cannot be satisfied simultaneously for H and H, so that
the Bethe ansatz cannot be directly used to compute any eigenvalue of the total Hamilto-
nian. Hence for the other values of h, one has to resort to Baxter’s T'() relations where
the function Q(A) is not anymore a polynomial, and where h that is now merely one of the
L — 1 conserved quantities on which the state depends, is the variable upon which analytic
continuation has to be performed [8, 159, 160]. This is of particular importance since the
ground state of the total Hamiltonian is obtained for h = % This procedure has been carried
out in [160] for sizes up to L = 8, enabling to determine numerically the ground state as
well as the energies of some excited states, with an analytic expression only at L = 2. In
particular these results strongly suggest that in the thermodynamic limit L — oo the energy
of the ground state vanishes [45].

The basic idea we want to try is to take the thermodynamic limit before performing the
analytic continuation. Indeed, from (5.46) and (5.47) one can get a series expansion for
the energy levels of H in terms of m = % around m = 0 in the thermodynamic limit
L — oo, for any state defined by their Bethe number structure. If one is able to analytically
continue this energy down to m = —1, then one should directly capture the energy of these
states in the thermodynamic limit at A = % If such a procedure works, the finite-size
corrections could be obtained similarly. As far as we understand, we do not seem to make
any additional hypothesis compared to the method previously developed [8, 159, 160, 45]:
in both cases the analytic continuation is done from the T'Q) relations that are equivalent to
the Bethe equations for A > L an integer.

The solutions to the Bethe equations (5.47) turn out to be very simple: there exist only
solutions with real roots, whose Bethe numbers (integers if h — L is odd, half-integers if h — L
is even) are strictly between —2-1 and 1. From (5.46), it is clear that for h > L integer
the maximal energy state at this value of h is obtained by packing the Bethe roots around
0 as closely as possible, thus with Bethe numbers from L‘;“ to h_g_l. Hence for negative
m < 0, at least for m close to 0, the analytic continuation of these states is expected to be
minimal for this configuration of roots. Then, using the recurrence relation in section 5.2.2

with

1 1
s(\) = ——arctan \, r(A\) = — arctan A (5.48)

m m
one finds the following first terms of the series F'(m) for (5.46):

2 2 72 (=60 + 712

2r? 117t 6 5w 2mt 0 7
=== = - == O(m?8
( 3+180)m (6 9+5040)mJr (m”)

(5.49)

whose radius of convergence is numerically observed to be & % At this point, two questions
arise:

1. Is it possible to analytically continue this function to obtain F'(—1)7
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2. Is F(—1) still smaller than the analytic continuation of the energy levels of the other
root configurations?

To tackle these questions, we are going to add an extensive imaginary twist in the Bethe
equations as in Section 5.2.6 and study the free energy F'(m, ) with this twist, that shall in
the end be set to zero. In this situation, the answer to the first point is remarkably positive
and F'(—1, ) can be obtained. However, it is likely that the answer to the second point is
negative, that a crossing of energy levels occur and that another function should be studied.
Despite this fact, we will present in the following the analytic continuation of F'(m, ) to
m = —1, as it could be a good starting point to study other root configurations.

A word on numerical analytic continuation

In practice, in absence of an explicit expression for the generic term of the series, one can
run the recurrence relation to get up to hundreds of terms for the energy (5.49). One could
wonder if it is enough to perform a numerical analytic continuation to estimate the value
of F(—1). The basic principle of analytic continuation is the ability to re-expand a series
around another point m; within the (supposedly non-zero) radius of convergence around

m0:O
=Y fm—mo)* =" fa(m—my)* (5.50)

a>0 a>0

with f! coefficients that can be expressed in terms of the f2’s. The convergence disk of this
new series may permit to reach new points outside the former convergence disk. Repeating
the procedure enables in principle to reach any (non singular) point on the complex plane
[173].

If the series is truncated at a given order in (5.50), the two expansions are clearly exactly
equivalent, and one has effectively to truncate more the new series since the f!’s for larger
a are built on too few f¥’s. In practice, this process can actually be tremendously costly,
especially if one gets close to singularities. For example, analytically continuing log z around
the unit circle requires millions of terms in the starting expansion as explained in [173]. The
case of our function (5.49) is essentially hopeless: some numerical analysis shows that are
there two poles near —0.1 4+ 0.3¢ and a very likely singularity at —0.5, blocking the way to
m = —1.

There are of course plenty of other analytic continuation techniques, e.g. Padé approx-
imants or Borel resummation. However, these methods have precise range of convergence
and applicability conditions, and because of the unpleasant pole structure, none has actually
given anything that comes close to a reliable result.

5.3.2 A dual recurrence relation

The Bethe equations with the twist ¢ read

J
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and an expansion in m with ’already resummed’ p-dependent coefficients (in the sense that
no expansion in ¢ is performed, and their expression is valid for all ) can be derived for
the free energy F(m,¢) as in Section 5.2.6. The starting point is to write its dual expan-
sion, i.e. an expansion in @ with already resummed m-dependent coefficients, whose double
expansion in m, ¢ coincides with the double expansion of the former p-dependent series in m.

To that end, we assume that we can write

s(A) = iolog(A — k&) + > su(A = K)" (5.52)

n>0

with k, 0, s, some complex numbers. Since the Bethe equations are written in logarithmic
form, this expansion is quite natural; in our case (5.48), one has

1 log(—21) AN :
TT o T T 0 T aom\2 net (5:53)
Then we look for A\, in the form
e e
A = K+ Z ’yabe_ZLI;raemb (5.54)
a,b>0

with ~,, coefficients to determine, and with the notation 7([;;} such that
I
(M= R)" = We i Tatens® (5.55)
a,b>0

By taking ¢ — oo and L — o0, one sees that one must have 90 = 791 = 710 = 0, since
L 4+ £ dominates in the right-hand side of (5.51), and

S0

Y =€ o (5.56)
Then:
00 =2 oY S Mt T Y sl s
n>1 a,b>0 n>0 a,b>0
with
Ya+1,b+1 f 7b 07 0
= m (@b # (0.0 (5.58)
0 if (a,b) = (0,0)
Now, one has
2 r™(0) (n ekl £ PSR I
T()\k - )\]) = Z 7’},'( )(k)< 1) 7([11]b17£2b2k}6ﬂg(b1+b2)6 Lo™e Lo ™ (559)

n>0 k=0 a1,b1,a2,b2>0
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Using

1 L
— ) e 'Le™ = msinc (42) + O(L™) (5.60)

sin

X
o, one gets

for our root configuration, with sincx =

K n
1 r™(0) (n Mo ekl o e il 2
P2 a) =m S 3 O ()l Msine (g B
Jj=1 n>0 k=0 a,b>0 ’
b1+b2=b
a1>0

(5.61)
2

I
At order e ‘Zo®ems’ appears only once Yat1b+1, all the other 7,y satisfying ¥ < b. Thus
one finds the recurrence relation

(n)
_Jum ™ (0)
Ya+1,b+1 = o Z Z ol

~[n]
n n— : aim a '7
(1) (10490l e (242) 4 0 Y1 - 2257

n 10
n>0 by +bo=b n>2 n>0
a1>0
) (5.62)
Defining now the free energy F(m, ¢) as®
2 o
[ . !
F(m, @) = =" 5'(%) (5.63)
k=1
one gets
- ©b
F(m, @)=Y fo(m)ers (5.64)
b>—1
with

fo(m) =

—dmotgin(g2)  ifb=—1
=27 S 0m0 (22 A0 (<) sine (“H7) 4 (n+ D)sppinfisine (42)) 620
(5.65)
One can compare this expansion to the p-dependent expansion in m, by performing an

2N
expansion in m of f,(m) and an expansion in ers of the other series. We observe from the
solution of the recurrence relation with a computer that the two double series coefficients
are indeed exactly the same.

5.3.3 Analytic continuation at m = —1
Value of F(—1, )

The above expansion permits to analytically continue (m, @) to any value of m; however,
generically, the value will be expressed as a series in e?#. At m = —1 it is actually possible

3The tilde merely indicates that there is not the additive constant 2 compared to (5.46).
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to resum this series and get a fully explicit expression. Indeed, since sinc (ra) = 0 whenever
a # 0, and since v, = 0 for a > b as is readily obtained recursively from (5.62), the

recurrence relation (5.62) reduces at m = —1 to
")(0) (="
. r n ~n] 11 n
Vat1,b41 = 211 Z l %Eb] + 7 Z T%Eb] i Z Sn’}/([zb} (5.66)
n>0 ’ n>2 n>0

which means that A, defined in terms of v,’s in (5.54) (it is no longer a Bethe root in the

usual sense) satisfies

1
s() =7+ zf — 2107\ — K) (5.67)

which implies that v,, = 0 if a # b for these values of m, and that the generating function
for v,, at m = —11is

Z Yaar® = (s(- + k) + 2wor) " (io log 7) (5.68)

where the inverse is the function inverse, and s(- + ) denotes the function A — s(A+ k). In

case (5.48) with m = —1, this inverse can even be computed explicitly, yielding
i 8z
— 24 ]1= 5.69
1) = 4 o1 (5.69)
At m = —1, the expression of the energy simplifies as well. It reads
2 ), dim’o” ns o]

fo2moq) = 470> (n+ 1)suiag, + - > (=) (5.70)

n>0 n>0

for b> 0, and f1(—1) =0. At m = —1, Wehave’y # 0 if and only if b = 0,n = 0, and
m 41 7 0, if and only if b = 0,n = 1. Using the expressions of these quantities at m = —1,

it follows that only fo(m) is non zero, and then
F(—1,¢) = 8702 (0) + 8705, (5.71)

In case (5.48) it gives
F(-1,p) =1 (5.72)

For this reason this Bethe root configuration very likely does not correspond to the ground
state, since as far as we understand with the additive 2 in (5.46) it is expected to be 0 [45].

We note that the series in e% of (5.64) has a certain radius of convergence that depends
on m. For ¢ within this radius of convergence at m = —1, (5.72) has to hold. However, in
absence of proof of analyticity of F'(m, ) with ¢ (see [172] for peculiarities of the behaviour
of energy levels with a complex ¢) it does not necessarily hold outside this range.
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Derivative

One can actually obtain more information on the function at m = —1, such as the value of
OmF(—1, ). Differentiating (5.65) at m = —1, we get
OnF(=1,9) = =215 (7(~2) + 1) = CroP—— (Fi(2) - Z2oi(@))  (573)
fyll 11

»
with x = ene and the generating functions defined by
Yi(x) = Z’%bﬂxba Vi(z) = Z’ﬁ,bﬂxb (5.74)
b>0 b>0
where all the ,’s and 7,,’s are evaluated at m = —1. Indeed, the first term in (5.73) is ob-
tained from differentiating the terms in m in (5.65), and the second term from differentiating

- ~[2
Y1,6+1 and “YH;H-
Now, differentiating (5.62) and setting m = —1, with a = 0 and a = 1, one gets
M) = L
1(2) = Lr(— ()

i) = 20 (—y(=x)) + (22 + 2ir'(0) — )71 ()

(5.75)

In case (5.48), using the explicit expression (5.69), one gets after some algebra

OmF(—1,¢9) = —(2cosh? p)\/5 + 4tanh ¢ (5.76)

Again, in absence of proof of analyticity of F'(m, ) with ¢, this holds for ¢ within the radius
of convergence of (5.64).
Finite-size correction to the ground state

The L~2 correction terms come from the corrections to (5.60). For the root structure studied
one has

K
1 L,  am a? 5
z jEZl e "Lo” = msinc (%) (1 + W) + O(L ) (577)
Hence, when evaluated at m = —1, the only non-zero term is for a = 0, for which there is

no finite-size correction at order O(L~2). Hence there is no finite-size correction at order
O(L™?) to the free energy value F(—1,¢) = 1.

Descendant excitation

The Fermi velocity is obtained from the L2 correction to a descendant state given by a
shifted Bethe number from the ground state configuration. One has in this situation (largest
Bethe number shifted by 1)

am

K .
1 L, . am a? iae” 20 _
I E e 'Lo® = msinc (§2) (1 + > — +O(L™?) (5.78)
j=1

240232 ol?
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One can use these corrections to find the analog of (5.65) at m = —1 with L2 corrections,
and then obtain at order L2

Flanog.e) = 2o 90(-a) +0)] = roP - () - 22 n(0) = ) - 2)

L
with x = emo and the generating functions

n(z) = 271,b+1xb7 Y(z) = Z:Vl,bJrlxb (5.80)

b>0 b>0

Using (5.62) with the correction terms (5.78), for a = 0 and a = 1, one finds

(@) =~ e ()
] o d o _— (5.81)
T(2) = = —ma— [ (= (=a))] + 15 (2imr'(0) + 75 = Z)m(@)

In case (5.48), using the explicit expression for y(x) in (5.69), one finds the correction term
in finite-size dgesc F'(—1, ) for the descendant

2i7 4 cosh(2¢) + 5sinh(2¢) — 2

0 escF _17 =
aeseF(=1,0) L? Vb +4tanhp

(5.82)

5.3.4 Perspectives

We have shown that the previously derived series expansions can indeed be used to ana-
lytically continue the free energy with a twist F'(m, ) to the value m = —1 corresponding
to the ground state that is at h = % However, it turns out that the obtained value is not
the expected value of the ground state, so that another root configuration should be tried.
The simplifications that permitted to perform this analytic continuation do not necessarily
occur for other root configurations and the task should be more difficult. Besides, while
we have not found the right ground state root configuration we cannot be certain that the
method works. But the previous calculations suggest at least another way to study these
non-compact spin chains directly in the thermodynamic limit, and are still under study.
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5.4 Fluctuations inside the arctic curve in the inter-
acting six-vertex model

In this section, we present a concrete example of a statistical physics system with particular
boundary conditions that impose an inhomogeneous magnetization profile in the bulk. This
is the six-vertex model with domain-wall boundary conditions, that exhibits a so-called arctic
curve, as will be explained. The purpose of the study is to understand the field theory that
describes the fluctuations in the liquid region within the arctic curve.

Globally, it is only weakly related to the result of the other sections of this chapter, and
can be considered as a project on its own. However, a link between the two results can be
done with section 5.2.6, where the series expansion for the free energy of XXZ with a complex
twist can in principle be used to compute the free energy F'(m,,m,) of the six-vertex model.

5.4.1 Presentation

The six-vertex model is one of the most famous statistical mechanics system in 2 dimensions,
and consists in paving a region of the plane with the six possibles vertices depicted in Figure
5.6, with the constraint that an arrow cannot change direction along a line. The number
A=1- % with ¢ being the weight of the two last vertices is a parameter of the system 4,
which becomes critical for —1 < A < 1.

h-2m h+mt | h+2n h-1t

h-t h h+mt h

Figure 5.6: The six vertices of the six-vertex model. The top row shows the arrow con-
figurations, while the bottom row shows the corresponding height field configurations. For
simplicity, we work with the isotropic sixz-vertex model, which has the same Boltzmann weight
1 for the four first vertices, and another weight ¢ for the last two vertices. This isotropic
model is obviously symmetric under exchange of the x and y directions.

4We warn the reader of a different convention for the sign of A in this section compared to the rest of the
manuscript. Indeed, we followed the common usage in the six-vertex model literature, according to which
the sign of A is chosen so that it is —1 in the antiferromagnetic critical point, whereas it is 1 in the quantum
spin chain literature.
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In a square with free or periodic boundary conditions, a typical configuration of the
six-vertex model in the thermodynamic limit is homogeneous in space, i.e. the density of
each tile is constant in space. This is in agreement with the common idea that a change of
boundary condition in the thermodynamic limit should not have a dramatic influence on the
bulk behaviour, since it affects a negligible number of tiles.

However, if domain-wall boundary conditions are imposed on a square, i.e. if the arrows
are imposed to go out of the square in the horizontal direction and go into the square in
the vertical direction, see Figure 5.7 — such boundary conditions were first introduced to
compute the norm of Bethe wave functions [174] — then in the limit of infinite number of
sites, the free energy per site differs from that of free boundary conditions [175, 176, 177],
and a limit-shape phenomenon appears [146, 147] similar to that of random domino tilings on
an Aztec diamond observed earlier [148]. Near the boundaries, the vertices are statistically
"frozen’ into only one possible vertex (by ’statistically’, we mean not exactly frozen in finite
size, but frozen with probability one in the continuum limit), while fluctuations still occur
in the bulk of the system. The curve that separates the two domains is called arctic curve.
It is a circle in the case A = 0, and a union of portions of ellipses in the generic case, as
determined in [178] with the so-called tangent method.

Y Y A frozen frozen

A
A
A
A
Y
Y
Y

A
A
A
A
Y

L/ag—o0 critical

A
Y
Y
Y
Y

(1‘0 < < T > > > >

frozen frozen

Figure 5.7: Left: example of a valid configuration of the six-vertex model with domain wall
boundary conditions. Right: cartoon of the arctic circle phenomenon. The critical region
is a disc only at the free fermion point A = 0; in general it has a more complicated shape

178).

The fluctuations in the central liquid region in the case A = 0 or in random domino
tilings were shown to be described by a Gaussian Free Field [149, 150] after an appropriate
change of coordinates. The objective of this section is to describe these fluctuations in the
interacting case A # 0, and to give evidence that they are described by a Gaussian Free
Field as well, but with a space-dependent coupling constant, that cannot be made uniform
by a change of coordinate.
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To that end, we describe a L x L lattice configuration by a height function h at each site,
defined in Figure 5.6 for each vertex. It is defined only up to a global additive constant, so
that one can impose that it is zero in the left-bottom corner. In the continuum limit L — oo,
the configuration is thus described by a continuous function h(z,y) for 0 < z,y < 1 that
satisfies |0,h| < 7 and |0,h| < m. The domain-wall boundary conditions translate into

h(z,0) = mx
fizs e
h(ly) = m(1-y)
We define the magnetizations o, and o, by®
Oy = i('%Eh, oy = —iayh (5.84)
2m 2m

and F(o,,0,) the free energy (also called surface tension) of the configurations with magne-
tizations o, o,, with free boundary conditions. The magnetizations are defined so that they
belong to [—1/2,1/2]. Following a coarse-grained approach, with the domain-wall boundary
conditions the average height field h is obtained by minimizing

1 1
i dxdy F | —0.h, ——0,h 5.85
R /[0,1]2 e (27T 2m Y ) ( )
under the constraint |0, ,h| < 7 and (5.83). This is the approach that was used to study the
model in the case A =0 [179, 149].

Our starting point is to consider a fluctuation dh(x,y) around the optimal height function
ho(z,y) and to write that it comes with an excess of free energy

%/dedy( dx0h  0,0h ) (Hess F) ( gjgz ) + ... (5.86)
Hess F' is the hessian of the free energy F(o,,0,), which we define as follows
9*F o’F 1 82_}27 __9’F
Hess F = ( e ) = @e ( % ) (5.87)
90y )0 (D) 9(0yh)? 90,00, 902
The action for this fluctuation is then given by
S[oh] = / %g“b(aﬁh)(&dh} (5.88)

with g a certain metric that can be express in terms of F', and K the coupling constant

K= (@MWF (5.89)

Hence, all the physical information is contained in the free energy F'(o,,0,).

°In the paper we published on this subject [49], the magnetizations belong to [—1,1] - we changed the
convention so that they belong to [—1/2,1/2] like in the rest of the manuscript.
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5.4.2 The free energy F(o,,0,)

In this sub-section we explain why the free energy F(o,,0,) is the Legendre transform with
respect to ¢ of the free energy f(o,, ) of the XXZ spin chain with extensive imaginary twist
 in magnetization o, .

Denote Zy, n,(0z, 0,) the partition function of the six-vertex model on an N, x N, square
lattice with periodic boundary conditions, imposing mean value magnetizations (o,) = o, €
[—1/2,1/2] and (o) = 0, € [—1/2,1/2]. (5.84) on the lattice gives the following expression
for the mean value of the magnetizations:

_card {up arrows} — card {down arrows}

(o) card {right arrows} — card {left arrows} '
g =
v 9N, N,
so that both belong to [—1/2,1/2]. The free energy F(o,,0,) is defined as
F(o.,0,) = le]{fgl—m (_NINy log Zn,n, (04, ay)) (5.91)

The operators A, B,C, D in the monodromy matrix of the XXZ spin chain correspond to
imposing particular boundary conditions in the horizontal direction. Specifically, one has
right arrows at edges 0 and N, for A, left arrows at edges 0 and N, for D, a right arrow at
edge 0 and a left arrow at edge N, for B, a left arrow at edge 0 and a right arrow at edge N,
for C'. The usual transfer matrix with periodic boundary conditions is defined as the trace
of the monodromy matrix. The transfer matrix conserves the total magnetization o,, so one
can work in a fixed magnetization sector, and then take the trace over the N,-th power of
the transfer matrix in that sector.

However, the magnetization o, cannot be imposed that way, since it is not associated to a
conserved charge of the row-to-row transfer matrix. We need to resort to the following trick.
Since each A contributes positively to (0,) and D negatively, we introduce an additional
parameter ¢ and define the transfer matrix ¢y, as

ty, = e NP A4 NP D (5.92)

Denote Zy, n, (04, ) the partition function of this model with imposed magnetization (o,) =
0.. We have

Znon, (02, 0) = > em(hrtin ) New by XL X, (5.93)

il,...,z’NyE{—l,l}Ny

where X; = A, X_; = D, and where tr,, is the trace on the states with magnetization o,.
Denote its free energy f(o,, ), where

Ny ,Ny—00

floz,0) = lim ( log Zn,n, (0w, w)) (5.94)

" N,N,
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In terms of this transfer matrix, the mean value (o) is given by

1 1+ ...+ . .
() = yo ATt o Dy olirtctin) Vet g X LUK, (5.95)
N;p,Ny ’L'1,..-,7;Ny€{*1,1}Ny Yy
which is exactly
1 1
(oy) = —53¢W10g ZN,N, (0, P) (5.96)
ziVy

Thus, in the thermodynamic limit, to impose a magnetization o, one has to fix ¢ to the
value where the corresponding derivative d, f gives 20,,. In this sense, ¢ and o, are conjugate
variables. Moreover it implies that, in Eq. (5.93), the terms with magnetization o, = %&p f
dominate in the sum. Then

ZNmNy (Uma 90) ~ 6_2N$Nygy<p ZN;ch (Uxa Oy) (597>
which gives, in the thermodynamic limit,
F(oy,04) = f(0s,¢) — 2p0, where ¢ satisfies o, = 10, f (04, ¢) (5.98)

Thus the free energy F'(o,, 0,) is the Legendre transform of f(o,, ¢) in terms of the conjugate
variables o, and ¢. We note that it should be symmetric in o, 0,,, whereas it is not at all
seen directly from its definition.

5.4.3 The free fermion case A =0

In this subsection we consider the simplest case A = 0, derive an analytic expression for
F(0,,0,) that is manifestly symmetric, and show that K(o,,0,) is identically equal to 1.

The free energy f(Ux, <P)

To compute the free energy F'(o,,0,) we need the free energy f(o,, ), imposing o, but not
oy, and with the parameter ¢. The free fermion case corresponds to v = /2, or equivalently
¢=1+/2 or A = 0. In this case the Bethe equations for K roots are

sinh(\; + im/4) Na ON.o o1
= * (-1 5.99
(sinh()\i - m/4)> e (=) (5.99)
whose solutions are
A, = argth tan(km /N, + ip) (5.100)

where k is an integer (if K is odd) or a half-integer (if K is even) between —N, /2 and N, /2.
Imposing a magnetization o, corresponds to considering only K = o, N, of these roots. The
maximal eigenvalue with this constraint is obtained by taking k between —K /2 and K/2.
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The log of the modulus of this eigenvalue, determined by (2.15) with a twist, becomes in the
thermodynamic limit

(1-204) 4 . .
=) h th t 2
floz,9) = —lo| = éR/ Sm (.arg an(ma 1 i) TL“T/ ) (5.101)
(1=204)/ sinh argth tan(mz + ip)

which simplifies to

(1-204)/
flow, ) = —|o| + §R/ log tan(mx + ip)dx (5.102)
1— 20'1
Differentiating with respect to ¢, we get
(1-202)/
O, f = —signy + %/ 8 log tan(mx + ip)dx
(1—20,) /4
(1-20,) /4
= —signp + R— / O, log tan(mzx + ip)dx (5.103)
1—20,

)/4
an(g(1 — 20,) +i¢)
tan(—%(l —20,) +ip)

1
= —signy — —Slog
™

Using the fact that the imaginary part of log(a + ib) is arctanb/a when a > 0, and using
standard trigonometric identities, one gets after some algebra

2 inh 2
0,f = —— arctan et (5.104)
7r COS MO,
Using now
Oy f = 20, (5.105)
we get the following relation between the parameter ¢ and the magnetizations
sinh 2 = — cos mo, tan o, (5.106)
The free energy F(o,,0,) is then, in terms of f(o,,¢),
F(o., Uy) = f(0u; p(0w, Uy)) — 2¢(0, Jy)gy (5.107)

where the function ¢(o,,0,) is given by (5.106).

Symmetry of the free energy F(o,,0,) in the isotropic six-vertex model

Let us now rewrite F'(o,,0,) in a form that is manifestly symmetric under exchange of o,
and o,. First we observe that because of the relation (5.105) we have

05, F 0y, 04) = =2¢(04,0y) (5.108)
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so that in the following variables:

a =sinmo,, [ =sinno, (5.109)
the cross derivative of F' reads
0.0y, Flos,0,) = ——2D__ (5.110)
V1= a2p?
which is clearly symmetric in 0,,0,. A first integration gives
05, F(0y,0,) = —7T/ (o) du + argsh tanmo, (5.111)
0 \/1 — 042 ﬁ2 O'y)

and a second one

0- ag = U)/B( uav " args an\mv)av g
Flo,0,) / / N )dd+/0 osh tan(rv)dv + F(a,,0) (5.112)

a?(u)p

Note now that F'(o,,0) = f(0,,0) given in (5.102). After a change of variable x = (1—2u)/4
and some manipulations, one gets

F(0.,0) = F(0,0) + 2/ argth tan W%du (5.113)
0

We now make use of the following relations, readily obtained by computing their derivatives

argth tan 2 = L argsh tanax
8 2 = 2 A8 (5.114)
argsh tan = argth sin

to get

oz, 0) = //\/l—xy 1—x2)(1— )dxdy

e . (5.115)
+—< de—i— arg yd>+F(0,0)
T

where a(o,) and f((o,) are given by Eq. (5.109), which shows that F(o,,0,) is indeed
symmetric. We note that the dimer model on an Aztec diamond can be mapped onto the
six-vertex model at A = 0 (after a sum over certain configurations, see e.g. [180]), and the
surface tension for a certain height function was calculated in [181]. However the height
functions of the two models are defined differently, and do not seem to be easily related (the
height function of the dimers does not satisfy |h(i) — h(j)| = 1 for neighbours i and j for
example). In that sense our result for the surface tension of the isotropic six vertex model
at A = 0 is new to our knowledge.
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Value of K

We now compute the value of K(o,,0,) in the free fermion case. Since F' was shown to be
symmetric in its arguments, from the definition of F' in (5.107) we have:

agyF = —2(8%@)(03;, ay), 8ng = _2(8%‘:0)(‘71/7 0z), 05,05, I = —2(05,) (02, 0y)
(5.116)
where we note the flipped arguments in the second expression. In terms of the variables «
and [ introduced in Sec. 5.4.3, the derivatives are

5 o8
O'J:SO 2m7

(5.117)
9 T 1 —a? 1
TR\ TSR e
This yields
K(og,04) =1 (5.118)

Thus, at the free-fermion point, the coupling constant of the GFF is constant (it does not
depend on position, contrary to the interacting case), and we thus recover the fact that the
fluctuations inside the arctic circle are governed by a standard (i.e. homogeneous) GFF. The
fact that K =1 is required in order to be able to fermionize the bosonic degrees of freedom
is well-known.

5.4.4 Value of K(m,, m,) in the interacting case
Numerical plots

In this section we present a numerical calculation of K(o,,0,) obtained with the numerical
Bethe ansatz method explained in Section 5.4.2. Figure 5.8 shows the function K(o,,0,)
for four different values of A, computed with a size N, = 156 (except for K(o,,+1/2) and
K(%£1/2,0,) where N, is several times larger, depending on the values of o,, 0,).
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Figure 5.8: K as a function of 20, and 20, for A = 0.875 (top left), A = 0 (top right),
A = —0.445 (bottom left) and A ~ —0.8 (bottom right).

Four qualitatively different cases are plotted: A > 0 (top left), A = 0 (top right),
—1/2 < A < 0 (bottom left) and A < —1/2 (bottom right). It is seen that K is concave
if A > 0 and convex if A < 0. These numerical results very clearly demonstrate the non-
constant nature of K(o,,0,).

Angular point at (0,0)

The plots presented in Figure 5.8 suggest that for A > —1/2 the function is smooth (at
least twice differentiable), and that for A < —1/2 the point (0,0) becomes a singular point.
Namely, the second derivative of K at zero diverges for all A < —1/2. For A < —1/2, the
slope of the singular point at the origin (observed in Fig. 5.8) seems to go to 0 as A — —1/2,
and somehow hides the transition.

To give further evidence for this property, in Fig. 5.9 we show a more precise plot of
K(o,,0) — K(0,0) for values of A around —1/2. On the first plot the blue and orange curve
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appear to be singular at zero: the right and left derivatives seem to remain finite at zero, but
are smaller as A — —1/2. This latter fact makes it difficult to identify the singular point

without ambiguity. For this reason we plotted as well the quantity %, that reveals
a change of regime around A = —1/2. For A > —1/2 the curves are parabolas whereas for

A < —1/2 all the curves superimpose and show a singular point. This also gives evidence
for the fact that the slope behaves as [1/2 + A| for A close to —1/2.

0.020 e .
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5 | , F 0015 3; i
S 00037 £ = i
MI A ’ 8 \:\‘\‘\ J_":’:f'
A n \ / 4| & 0010 3 4
S 0.002 \ ’ ~ 0 /
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Figure 5.9: Left: K(m,,0)—K(0,0) as a function of m, = 20, fory = n/4,7/3.5,7/3,7/2.5,
ie A ~ —0.7,-0.62,—0.5,—0.3 (orange, blue, red, green). Right: W as a
function of m, = 20,, for v = n/4,7/3.75,71/3.5,7/3.25, w/2.75,7/2.5,7/2.25, ie A =~

-0.7,-0.67,-0.6, —0.57, —0.42, —0.3, —0.17.

5.4.5 Numerical checks

We now report a number of numerical checks that the fluctuations inside the arctic curve are
Gaussian and are captured by the action (5.86). To give numerical evidence for the action
(5.86) we use the procedure for calculating the free energy F'(o,,0,) presented in section
5.4.2, that we compare to a numerically exact transfer matrix evaluation of the connected
correlations (h(x)h(x")) on a 20 x 20 lattice. However, the way we check the gaussianity of
fluctuations does not rely on the free energy calculations of section 5.4.2.

Check of Wick’s theorem on a 20 x 20 lattice

We study the correlations of the height field A on a finite N x N lattice with domain-wall
boundary conditions. We define the mean value of h on the lattice,

hi(x) = (h(x)) (5.119)

Our goal is to provide evidence that the action (5.86) is correct, and we start by checking
that the fluctuations of the height field h(x) around its mean value hy(x) become Gaussian
in the thermodynamic limit.
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To do so, we check that the four-point function of dh(x) = h(x) — hy(x) satisfies Wick’s
theorem,

(6h(x1)0h(x2)0h(x3)0R(xa)) = (Sh(x1)0h(x2)) (5h(x3)Sh(x4)) (5.120)
4 (0h(x1)0h(x3)) (Sh(x2)Sh(x4)) + (5h(x1)0h(x4)) (5h(x2)6h(x3))

Numerically, we evaluate the following ratio,

(P1020304) — (P102) (P304) — (D103) (P204) — (P104) (P203)
(P1020304)

with ¢; = 0h(x;), which should be zero if Wick’s theorem is satisfied. We work on an N x N
lattice, with the maximal value N = 20. The correlation functions are calculated with a
transfer matrix method which is numerically exact. There are N® four-point functions in
total, and obtaining all of them is beyond reach for a system size N = 20, so we restrict
ourselves to points xz; located in one of the four central squares of size N/4 (i.e., those defined
by N/2 <z <3N/4, N/2 <y < 3N/4 for the first one, N/2 < x <3N/4, N/4 <y < N/2
for the second one, etc). Fig. 5.10 shows normalized histograms of the numerical calculation
of these dW’s.

oW =

(5.121)
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Figure 5.10: Top: histograms of 6W’s for ¢ = 0h for ¢ = 1/2, i.e. A = 0.875 (left) and
c =19/10, i.e. A =~ —0.8 (right) in sizes N = 12 (red), N = 16 (blue), N = 20 (green).
Inset: mean value (blue) and standard deviation (orange) of §W, as a function of 1/N.
Bottom: histograms of 6W’s for ¢ = (6h)? for ¢ = 1/2, i.e. A = 0.875 (left) and ¢ = 19/10,
ie. A~ —0.8 (right) in sizes N = 12 (red), N = 16 (blue).
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In Fig. 5.10, the height of a narrow rectangle above the abscissa = is proportional to
the number of measured four-point functions whose 6W is between x and x + dx. They are
normalized so that the integral is one. Thus, if Wick’s theorem is perfectly satisfied, this
plot should be a Dirac delta at 0. We see on the left that as N increases, the curve becomes
narrower and closer to 0, indicating a convergence toward this distribution as N — co. The
convergence is much faster for A > 0 than for A < 0. As a control, to have an idea of the
order of magnitude of §W for a generic quantity ¢, we also plotted the same histograms for
¢; = (0h(x;))?. The §WW’s are much larger, as it should be since the square of a gaussian
random variable is not gaussian and should not satisfy Wick’s theorem.

From these numerical results we conclude that the theory describing the fluctuations
inside the arctic curve is Gaussian.

Check of the action (5.86) on a 20 x 20 lattice

Next, we want to check that the two-point function of the height field is the one predicted
by the action (5.86) in the thermodynamic limit. On the lattice, we define the connected
correlation matrix, which is an N? x N? matrix, as

Gn(x,X) = (hy (x)hn (X)) = (hy (x)) (b (X)) (5.122)
and its corresponding continuous function in the thermodynamic limit
G(x,x) = (h(x)h(x)) = (h(x))(h(x)) (5.123)

Then we make the following observation. If the fluctuations of h are described by the action
(5.86), then h(x) and G(x,x’) should satisfy the differential equation

—V(Hess F(h(x))V) - G(x,x") = 6(z — 2') (5.124)

Denote # the differential operator H(h) = —V(Hess F(h(x))V). In finite size, the matrix
G should satisfy a similar but discretized version of this differential equation. Denoting
Hy the discretized version of H in size N (it acts on vectors with N? variables, so it is also
an N? x N? matrix), we have

Hy(hy)Gy = Iy (5.125)

As N — oo, Hy should be close to —V y(Hess F(hy(x))Vy) where Vi stands now for
discrete derivatives with respect to the two components of x = (z,y). This is what we
intend to check numerically. Notice that Eq. (5.124) and Eq. (5.125) relate the two finite-
size observables hy(.) and Gy(.,.) to the thermodynamic free energy F'(.,.) studied in the
previous section, so it really is a non-trivial check of the validity of the action (5.86).

To show that relation (5.124) holds, we rely on the following strategy. First, we evaluate
the matrix Gy by a numerically exact transfer matrix method, and we invert it. Second, we
analyze the matrix G]_Vl, and provide evidence that, at large N, it can be decomposed as a

sum of discrete differential operators, the leading one being precisely a discretized version of
—V(Hess F(h(x))V), as expected from Eq. (5.124).
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Expansion of Hy as a sum of discrete differential operators

Once the matrix Gy and thus G' = Hy is known numerically, our goal is to expand it as
a sum of discrete differential operators, starting from the lowest-order ones,

Hy = Hily2 + H,0, + Hy0y + Hyo02 + 2H,y 0,0, + Hy, 02 + ... (5.126)

Here Iy2 is the identity, and 9, 9,, 0%, 9,0,, 85 are discrete differential operators that are
all represented as N? x N? matrices. The corresponding matrices Hy, H,, Hy, Hyr, Hyy, Hy,
are all diagonal N? x N? matrices, with N? diagonal coefficients associated with the lattice
sites.

In principle, there exist different ways to discretize the operators 0, and J, by using
different finite-difference formulae, so the matrices Hy, H,, ... cannot be read off directly from
the coefficients of the matrix Hy. To circumvent that problem, we define 1 as the vector
of size N? whose components are all 1, z as the vector of size N with components z; ; = i
for each 4,5 = 1,..., N, and similarly y;; = j, (z%);; = %, (y*)i; = j* and (zy);; = ij. In
the limit N — oo these vectors become the corresponding functions, and regardless of the
precise choice of the discretizations for the operators 9, and 9,, we should have 9, -1 — 0
as N — 00, , - — 1, etc. Thus the coefficients of Hy (now seen as vectors of size N?) can
estimated in finite-size by applying the matrix GJ_V1 on these vectors 1,z, .. .:

H1 == G&l . 1
Ha: = (G]_Vl — H1517N) T
H, = (Gy' = Hidiy) -y

1

Hy, = §(G]_V1 — Hi0y§ — Hpbp ) - 22 (5.127)
1

Hyy = §(G;\/vl — H161,N — Hy(sy,]\[> . y2
1, .-

ny = é(GNl - H151,N - Hx5x,N - Hydy,N) "y

where 4y v, 0, v and d, y are N 2 x N? matrices that are discretized versions of the operators
1, 0, and 0, without error term of order 2. We used 6, v f(z) = (f(x +€) — f(x —€))/(2e).

Results

In order to be compatible with the action (5.86), this procedure must lead to H; = 0,
H,=0,Fohy, H, = 0,Fohy, Hy =02Fohy, Hy, = 8§F ohy and Hyy = 0,0,F o hy
in the limit N — oco. In Fig. 5.11 we present a direct comparison between the coefficients
of the diagonal matrices H,, and H,, obtained from G]_\,1 with the above procedure, and a
numerical evaluation of the discrete derivatives 92F o hy and 0,0, F o hy. The results are
displayed for ¢ = 1/2 and a lattice of size 20 x 20 in Figs. 5.11, 5.12 and 5.13.
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Figure 5.11: Coefficients of the differential operator H as a function of the position in the
20 x 20 lattice, with (0,0) being the center (left: H,, ; right: 2H,,). The transfer matrix
measures (in yellow) are compared to the discrete derivatives 92F o hy and 29,0, F o hy with
the thermodynamic free energy F' calculated from the Bethe ansatz (in blue).

Figs. 5.11 and 5.12 show the general shape of the coefficients H,, and H,,, and illustrate
that those computed with the Bethe ansatz are in good agreement with those extracted with
the transfer matrix. There are strong parity effects that make the measured curve (in yellow
in Fig. 5.11) oscillate around the theoretical curve (in blue). This is why, in Fig. 5.12, we
show the same data, but where each point is averaged with its four neighbours according to
the following scheme: 3(z,y) + s((x+1,y) + (x — 1L, y) + (z,y + 1) + (z,y — 1)).

Figure 5.12: Averaged coefficients of the differential operator H as a function of the position
in the 20 x 20 lattice, with (0,0) being the centre (left: H,, ; right: 2H,,). The transfer
matrix measures (in yellow) are compared to the discrete derivatives of the free energy F
calculated from the Bethe ansatz (in blue).

The coefficient H,, is equal to H,, because of the symmetry of the isotropic six-vertex
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model. The coefficient H; is measured to be of order 1073, which is in good agreement with
the fact that it should be zero in our description. The coefficients H, and H, are small
both in the Bethe ansatz and the transfer matrix study (of order 1072 — and should not be
zero or particularly decrease with the system size N), but we do not have an agreement as
satisfactory as for H,, and H,,. The fact that they are of order ten times smaller than the
dominant coefficients H,,, H,,, H,, certainly plays a role, being possibly scrambled by the
oscillations or the averaging.

We study finite-size effects in Fig. 5.13. We show evidence for the convergence of the
coefficients as N increases, by looking at the values on the diagonal of the lattice. In
particular the ratio of the measured coefficient over the Bethe ansatz one clearly approaches
1 quite fast for ¢ = 1/2 (top right). The value of H,, at the center of the lattice also fits
well with the Bethe ansatz calculation. As ¢ increases (or as A decreases) the finite-size
effects become stronger and a parity effect becomes visible (bottom right), but the ratio is
still close to 1. This has to do with the fact that the first irrelevant operator becomes less
and less irrelevant as A decreases, up to becoming marginal when A = —1. In Fig. 5.11
the oscillations happen as well to increase when A decreases, and similar figures would be
unreadable.
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Figure 5.13: Left: averaged measured coefficient H,, on the diagonal of the square lattice
(xN/2,2N/2) as a function of the normalized position z, for different sizes at ¢ = 1/2.
The black curve is computed with the Bethe ansatz, evaluated at the height function of the
20 x 20 square lattice. Inset: value of H,, at the centre of the lattice (0,0) as a function of
1/N, together with a polynomial extrapolation and its limit value computed with the Bethe
ansatz. Right: same averaged measured coefficient H,, as a function of x, but divided by
the Bethe ansatz computation using the height function of the same lattice size, for ¢ = 1/2,
i.e. A =0.875 (top) and ¢ = 19/10, i.e. A =~ —0.8 (bottom).
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To conclude this section, we have provided direct numerical evidence, from finite-size
lattice calculations, that correlation functions of the height field are indeed captured by the
action (5.86) in the the thermodynamic limit.
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Conclusion

In this thesis we have studied exotic and less exotic quantum spin chains with the Bethe
ansatz, and developed different analytic techniques to study their continuum limit.

We started with a thorough study of a family of integrable spin chains with orthosymplec-
tic symmetry, that discretize the supersphere sigma models, generalizing the O(/N) model to
any positive or negative integer N < 2. We established this correspondence by comparing
a good part of the spectrum of the Hamiltonian in the field theory to the spectrum of the
spin chain in finite size L, both numerically and analytically with the Bethe ansatz, up to
(and including) order L=%(log L)~!. Their continuum limit being a marginal perturbation
of LCFT’s, they offered a good opportunity to investigate for the first time the extent to
which some properties of perturbed CF'T’s generalize to the logarithmic case. Besides, on
the 2D statistical mechanics side, these spin chains describe fully packed trails which are
possible descriptions of polymers. We established that their spectrum corresponds to criti-
cal exponents of algebraic and logarithmic decays of particular combinations of watermelon
correlation functions, giving a previously unknown geometrical interpretation to the full
spectrum. An interesting and natural direction would be to study their g-deformed version
— their continuum limit and the geometrical meaning in terms of loops or Potts model — that
seem to exhibit different non-compact directions in their spectrum.

The computation of logarithmic corrections to special states with isolated Bethe roots
motivated a systematic study of the dependence of these finite-size effects on the Bethe
equations. We developed a different setup in which the corrections are obtained through
summation tricks from the Bethe equations, and in which the effects of e.g. descendant
excitations are fairly simple to take into account, and facilitate the understanding of the
effects of an additional source term that can encompass several root configurations.

We also showed that in presence of a magnetic field, several physical quantities of a spin
chain such as the acquired magnetization or the critical exponents can be written as conver-
gent series, whose terms can all be recursively computed in closed form. In the XXZ spin
chain case these coefficients are rational functions of 7 and A, and can be said to solve the
old problem of the acquired magnetization and continuum limit of the Heisenberg spin chain
in a magnetic field. An important aspect of these series is that they permit to analytically
continue certain parameters to domains where the Bethe ansatz does not directly apply. We
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illustrate this point with the study of the free energy of a non-compact spin chain, for which
we derive some intermediate results part of a still ongoing project. These series provide
interesting directions of research, for their potential use in non-compact spin chains or their
generalization to e.g. non-zero temperature.

Finally, we also worked on some other projects such as a mainly numerical study of
the fluctuations inside the arctic curve of the interacting six-vertex model with domain-wall
boundary conditions, for which we give evidence that they are described by an inhomoge-
neous Gaussian Free Field, and on the understanding of a priori unrelated criteria to identify
admissible solutions in the Bethe ansatz.
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Appendix A

A.1 Change of grading

In the algebraic Bethe Ansatz with fermionic degrees of freedom, a choice has to be made on
the grading used, i.e., to chose which index of the R-matrix is bosonic or fermionic. Different
gradings lead to different Bethe equations and different expressions for the eigenvalues and
eigenvectors. But it turns out that in all the models considered one can pass from a grading
to another by applying a transformation on the Bethe equations and Bethe eigenvalues. It
shows that for the eigenvalues, all the gradings are equivalent, in the sense that if there is a
set of Bethe roots in one grading that gives a precise eigenvalue, then there has to exist Bethe
roots in all the other gradings (possibly degenerate) that give exactly the same eigenvalue.
Nevertheless, nothing guarantees that the corresponding eigenvector in another grading will
be non-zero. In other words, there may be some eigenvectors that we can build with the
Bethe Ansatz only in particular gradings. All the gradings are equivalent for the eigenvalues,
but not for the eigenvectors.

We present in the following the transformation in a rather general way. It is a general-
ization of what is presented in [97]. We assume that we have r distinct families of K,, Bethe
roots A", n being the index of the family and ¢ the index of the root inside the family, and
a set of reals ay, ;, n and m indexing the families, and s being an aditionnal index varying
from 1 to uy (that is needed for the Bethe equations to keep the same shape in another

grading). We assume that the Bethe equations read foralln=1,...rand 1 =1,..., K,:

Un,0 S]nh()\n —I— Z'yao r Km Un,m . )\ _|_ zfya/ )
7 S m,Ss A. 1
(1_[1 sinh(A} —iyag, H H H smh —iyan, ) (A1)

s= m=1 j=1 s=1

for v > 0 a parameter. Note that the case of non-¢ deformed Bethe equations can be
recovered by taking 7 — 0 and rescale A} by yA?. We impose without making it explicit
that if n = m in the product then the condition ¢ # j has to be taken. Two important
assumptions have to be made in order to do be able to do the transformation:

e symmetry of the Bethe equations: ay, . = a7’ and uy, ;m = U -

e existence of a non-self-coupling family: there exists n such that ay; ;=0
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These assumptions are stable under the transformation, as it will be shown. They are satis-
fied for the models studied in this paper.

Let n be such that ay ; = 0. The first step is to rewrite the equation for the n-th family
as being the root of the polynomial P(X) that reads:

K Un,m

P(X) = (H<ang,s — qﬂgﬁ)) H IT I (xq e —tygeme)

s=1 m=1,#n j=1 s=1

Un,,0 K Un,m
- (H(Xq‘“gvs—q“&)) H T IT (xqe —tgme)

s=1 m=1,#n j=1 s=1

where we set {7 = exp2A\]* and ¢ = e”. The Bethe equation for the n-th family is thus
P(t?) =0. But Pisa polynomlal of degree Luy o+ 1 _, n Un,m I, which is not necessarily
equal to K,, the number of Bethe roots in family n. Set Lu, o+ Z 14n Up K = K+ K,
and define s = exp 2u] as the K/ other roots of P. These will be the Bethe roots of family
n in the other grading. They satisfy exactly the same Bethe equation as the former roots,
but the equations for the other family are changed. All the A7 must be changed for the p7.
Consider first an a7’ # 0 that leads to a factor A of the type:

sinh(A” — A7 + iya™,) K trgPoms — 17
= . LS = —2K,a0 ] log—— 7 (A3
= log H Smh(\ — XF — iyarm,) ap logg+ ) log pgm g (AY)

n,s =1 j

Define then the function f(z) as
tm 2an's P

=log o ——sap A4
f(z) =log P (A.4)

In the complex plane, (log P)'(2) has K, + K, poles at ] and s7, and f(2) has a branch cut
where the argument of the log is real negative, which is a segment from tg?ms to Mg 2m.s
Consider a contour C encircling the roots ¢} and not the roots s7, neither the branch cut.
The residue theorem gives:

1
A= =2K,al" logq+ 5 j{ f(2)(log P) (2)d= (A.5)
k) 7-[- C

We now would like to deform the contour so that it encircles (in the other direction) the
other poles. But then the branch cut enters in the integral, which becomes 27¢ times the
integral of (log P)’ over the segment. It gives:

A= 2K, + K})a}, lo —KDO i kT B Uil i
n n g4q gtmq qu ns g P(tmq—Qams)

Jj=1 v

(A.6)
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n
m,s)

But using the symmetry o', = « one of the two terms in P is zero when evaluated at

these points, so that we get:

L
m 2a0" Un,0 m /+an§ O‘g lfa;.n,s
DT _  paietbunat S pm ) T B q" —a°
P(t;anza;{tg) i} tmq O,s/ ams _ q*OL&s/‘l’ams
S K3

O‘;Ln,s‘i'am/’s/ —m q_a;n,s_a:;/,s/

T Km/ un,m/ m
m, s = m! anstar,
L g g R

. m°,
m/=1,#n j=1 s'=

Avoiding the term ¢ = j for m’ = m for every s’ (which is present by symmetry of the a’s,
since a’, # 0), the — factor becomes (—1)“~m~". Since there are up,, such multiplicative
factors, they contribute to 1. The equations can be transformed back into sinh form, so that
we get the Bethe equations for all K =1,...,r and i = 1, ..., K:

2 sinh(AF 4 z‘wio L T sinh(AF — NP gy )
(] S m,Ss A.8
(g sinh(A} — iy, H H H sinh(A — iRk ) (A.8)

m=1 j=1 s=1

with for m, m’ # n:
{rosts = ol —agotos U{—ags}s
{rmsts = {ons (A.9)
{Hm’,s}s = {_am’,s}s U {_O‘Zfs - O/:n’,s’}&sl

and for all m:

Fims = Qi (A.10)

m,s

We recall that in these new Bethe equations, the new K, is the former K/, and the new A
are the former p'. The two assumptions are still satisfied in this new grading, since the a’s
are symmetric and since the family n is still non-self-coupling (it is the only whose Bethe
roots changed, but whose Bethe equations did not). We stress the fact that in the formulas
(A.9), according to our conventions, a x equal to zero must not be counted, a x cancels a
—k, and importance must be given to the range of the s and s’ (in particular in {...}s if
one of them sums over the empty set then the whole set is empty).

For example, for 0sp(2|2) one has o} = af = 1/2, a} = a3 =0, a} = a2 = 1. After the
transformation it gives no source term for the second family, and x?2 = 1, k3 = —2.

A.2 Proof of Lemma 4

We give in this appendix a proof of Lemma 4.

Proof. First note that the absolute value of the weight of the configuration is independent of
the indices of the loops that compose it, so that only the sign can change. This will precisely
occur because of fermionic signs and the fact that (—1)?» = —(—1)P/ if b is bosonic (p, = 0)
and f fermionic (py = 1).
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Let us choose a loop [ in the configuration (see Figure A.1) and assume first that it does
not cross the boundaries and does not intersect itself (but it can intersect other loops). After
the change of index, all the (—1)P* with a lying on the loop are multiplied by —1.

Figure A.1: The loop [. The other loops are not drawn.

Let us first consider the term (—1)?%5 in the I term in (3.159), that is present at each
NW or SE corner. After the change of index, each NW and each SE corner thus contributes
to a —1. In Figure A.2 we drew a red cross at an edge around each such corners to indicate
this additional sign term.

Figure A.2: The red crosses indicate an edge around each corner for which a (—1)?* appears
after changing the index of the loop, taking into account the term (—1)?i in (3.159).

Sies SicaGam e, mi)) S parm .
Let us study now the term (—1) 1 &g=2ibet TP "7 This one 'links’ o and

o whenever m =n =+ 1 and i 2 j, or m =n and i # j. In the left panel of Figure A.3 the
straight blue lines cross all the vertical edges that this sign term ’link’ to the vertical edge
indicated by a black cross. Notice that a straight line that begins inside the loop and that
goes out intersects it an odd number of times; a straight line that begins outside the loop
and that goes inside it and comes out intersects it an even number of times.

Consider an o (a vertical edge) that does not belong to the loop . The parity of the
number of a’s linked to it by this sign term depends thus on the position of the points
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(m+1/2,i+1/2) and (m — 3/2,7 — 1/2) (the blue bullets in Figure A.3): if they both lie
inside the loop or outside the loop, it is even; if one is inside and the other one outside it
is odd. There is thus a (—1)?* for each vertical edge with index a for which this number is
odd, as shown in the middle panel of Figure A.3. Now the vertices that correspond to an
intersection gives a possibility of simplification: every couple of (—1)P+ that are on each side
of an edge that belongs to the loop [ simplifies (since their index is primed and p, = pur).
One recovers signs only around SE or NW corners, see the right panel of Figure A.3. All
these signs then exactly compensate with the signs of the first sign term.

- - -
[ g
+ - -
P
+ + +
+ [ ++
+ T+ +

Figure A.3: The blue line intersects the vertical edges that are linked to the black cross

27]\;[: ZL: ( am P m )Zz;l o™ . . .
in (—1) B B " Then the blue crosses indicate the edges for which a

(—1)Pe appears, and then after simplification.

Consider now an of* (vertical edges) that is on the loop [. To avoid counting twice a
change of sign, only the left-going straight blue lines in the left panel of Figure A.3 must be
taken into account. There is a change of sign if and only if o* belongs to a NE corner. This
gives a —1 for each NE corner.

There is now the sign term that comes from the third term in (3.159) corresponding to
E in (3.7). This one contributes to —1 or 1 for each SW and NE corner (the 'or’ refers
to whether the index of the loop, at say a SW corner, is smaller or larger than D/2, by
inspection of (3.159) — but the sign is the same for both types of corners) in the loop .
Together with the —1 for each NE corner, it follows that there is finally a —1 for each SW or
NE corner (again, according to the index of the loop at say a SW corner). But the number
of NE corners (or of SW corners) is always odd for a loop that can be contracted into a
point, which is the case for a non-self intersecting loop that does not cross the boundaries.
Therefore the total contribution after the change of index of the loop [ is —1.

If the loop [ crosses only the left and right boundaries, then the previous arguments are
still valid (because an horizontal line will always cross the loop an even number of times),
but the number of SW or NE corners has now opposite parity as the number of times the
left and right boundaries are crossed. Because of the sign term (—1)2%:“0 " it cancels out
and the total sign factor is still —1. Note the importance of taking the supertrace of the
monodromy matrix to have this extra sign term.
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If the loop [ crosses the top and bottom boundaries, then the previous arguments are
slightly modified (because an horizontal line will always cross the loop a number of times
that has same parity as the number of times the up and down boundaries are crossed) but

M
still hold. The only important difference is that there is no equivalent term to (—I)Zmzlp "
for the up and down boundaries, so that the resulting sign factor is (—1)**! where b, is the

number of times the loop crosses the up and down boundaries.

I

[]

Figure A.4: Examples of non-contractible loops in both directions.

Finally, the intersections of the loop [ with itself can be equally considered as a NW-SE
couple of corners (if the indices of the two strands that intersect are the same) or a NE-SW
couple of corners (if the indices of the two strands that intersect are primed) multiplied by
a (—1)P« in both cases with « the index at the crossing. Indeed the fermionic signs stay
the same during this transformation after the change of index, by inspection of (3.159).
This transforms a loop with n self-intersections into a collection of n + 1 independent non-
self-intersecting loops, but whose indices have to be collectively changed at the same time
when the index of the original loop [ is changed. This gives an additional (—1)" that is
compensated by the (—1)P> that comes with each transformation of a self-intersection into
a corner, and that also contribute to (—1)" after the change of index.

O
A.3 Proof of Lemma 6
Proof. To prove the lemma, we start by proving the following expansions:
1 & log B+t — 9(c] oy log(2sinmt) -1 A1l
7 Z 0g Gt = (eoge—e)—l—esgn(\ft)wr—i-f%—o( ) (A.11)
k=—eL
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and

eL—1 eL-1
L2 Z Z sgn (k + 1/2) log “=2+
k=—eL p=—c¢L
1 1 ([ Cly (27t
i sgn (St )ime? + L( log e + 2t — 5 sgn (St )im) — /7 <% + tlog(2 SiIlﬂ't))
eL 1 eL— u
1 u+t - 1 utt 1 2) utt L72
+ — ;oge+ ;Loge—l— 4E) + log(—2¢ + “)) + o(L™7)
(A.12)
where Cl, is the Clausen function given by
Cly (27t) G(1—1)
——— = =tlog(I'(t)I'(1 — ¢t log ——+= A.13
s = HoB(TN(1 = 1) + lox G (A1)
with G(z) the Barnes function.
To that end, we write
eL—1 eL 1 1 eL—1 1
— k;L log &t = —2¢log L + — Z log(k +t) + +7 kz:% log(k+1—1t)+ zLE sen (St)im

_ e - 1. T(eL+t) 1, T(eL+1-—1)
= —2¢elog L + esgn (St)im + 7 log W + 17 log W
(A.14)
and using Stirling’s formula for the asymptotic expansion of log I'(z), together with I'(¢)['(1—
t) = m/sin(xt), one finds the formula (A.11).

To compute the second formula (A.12), one starts by performing the change of variable
u=k—p. Wehave —2eL+1<u<2L—-1, —eL<p<elL—1, —eL <k <eL—1, hence for
each positive or zero value of k there are max(eL +min(—u, 0)+min(u,eL),0) possible values
of p’s, and for each strictly negative value of k there are max(eL+min(u,0)+min(—u, L), 0)
possible values of p’s. Thus

eL—1 eL-1

Z Z sgn ( k+1/2)logk it
k—feLpf—sL
eL—1 2eL—1 —eL—1

1 1 1

= T3 Z ulog % + 2 Z (2¢L — u)log “H — 2 Z (2¢L 4 u) log

UL:_ZEL u= eLL 1 . u=—2eL+1 <A15)
_l U—Ft U——H——Zlo u+t+ ZIO +u+t
I L gl

u=—elL u=—elL

1 eL—1 U
-7 Z z(log(e + ) + log(—2¢ 4+ “£))
u=0
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Then

elL—1 . .
1 k K log L iTe ime
I k;L Ftlog fTt = (1 - 2t) + sgn (3) (=5 + 1) — sgn (3t) ——+
1 eL—1 1 eL—1
+ 7 Z(k+t)log(k+t) ~ 73 Z(k—l—l —t)log(k +1—1)
k=0 k=0
(A.16)
and
elL—1 elL—1 elL—1 elL—2

> (k+t)log(k +1) = (eL+1) > log(k+1t) —log [[ (k+1t) —log [] (k+1)... — logt
k=0 k=0 k=0 k=0
(eL+1t) log G(eL+1+1)

= (eL+1)log =75 G(1+1)

+eLlogI'(t)

(A.17)
where we used the property G(1 + z) = I'(2)G(z). Then, using an asymptotic expansion of
log G(z) one finds

eL—1 . 9

1 iTe* € , 1 Cly (27t) _
7 Z Et Jog B — —sgn(%t)T + 7 ((2t — 1)loge + imsgn (St)(—1 + 1)) — o o +o(L7?)
k=—€L
(A.18)

hence formula (A.12), using (A.11).

Then the general technique to handle Riemann sums of a function f(z) with a logarithmic
singularity at # = 0 is to add and subtract another function o (logz)ljz/<c with the same
singularity at = 0, but with a support of size e. The function f(z) — g.(x) is not singular
at x = 0 so that its Riemann sum can be computed with Euler-MacLaurin formula; on the
other hand the Riemann sum of g.(z) for € small enough might be simple enough to be
computed directly. One finds then that the corrections to the Riemann sums are the normal
Euler-MacLaurin terms of f(x), plus the corrections to the Riemann sum of g.(x), minus the
normal Euler-MacLaurin terms of ¢g.(z). From equation (A.11) one simply has to substract
the Euler-MacLaurin terms of log x on the segment [—¢, €] to get the stated formula (4.87).
To obtain (4.89), one subtracts as well the Euler-MacLaurin terms of zlog x and log z from
(A.12) (the remaining Riemann sums of the last line in (A.12) are not singular, so they
are directly cancelled at order O(L™2) by their Euler-MacLaurin terms) and then uses the
following relation between the Clausen function and the dilogarithm for 36 > 0 [182]

2
Lip () = 7 16(2m —0) 0L (0) (A.19)
]

This is illustrated in Figure A.5 for the function r(A). After removing the logarithmic
singularity, there are additional discontinuities in the imaginary part, but the two compensate
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exactly at order 1/L. In the real part, there is still a discontinuity: thus the 1/L correction
in the Riemann sum of r(\ — i) involves the 1/L term correction in the Euler-MacLaurin
formula to account for this discontinuity, and the additional term 1/L term in (4.87). The
terms in (A.11) involving € exactly simplify with the integral of g.(\).
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Figure A.5: Real and imaginary parts of (A —i7) as a function of A (top), real and imaginary
parts of (A — i) — 5= (log #)1j;/<2 as a function of A (bottom).

A.4 Proof of Lemma 7

Proof. Let us denote
. S—1/2—1

7
X=- D> A6, — 6lgp) (A.20)

q=—5S+1/2

Using the expressions for As, one has

S—-1/2—-1 o o2im(01y—01
L12 (& (®1q a+1)
X = Z a 272 + (5Iq - 5‘]‘1“)2
Py (A.21)
01y = 8lys1 i8I, — 01
3, . arl i(01, a+1) log 2sinm(d1, — 01,41)
T

Let us evaluate the quantity 3 defined by

S—1/2-1 .

s= Y ey o (51, — 61,00) (A.22)
qg=—S5+1/2 &
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log(2sin7 (61, — 01,
To simplify it, we introduce the following notations: a, = ¢ og( sm7r(2 1 qH)), by
T

0,1 +201,+ 61,
_ el * 1 + g+l with 5]5+1/2 = (5]5_1/2 and (51_5_1/2 = 51—5-{-1/27 Cq = 6]q_5]q+1 and

2
M the (25 — 1) x (25 — 1) square matrix

1 0 .. 0
-1 1 0 .. 0

M=o -1 1 0 .. 0 (A.23)
0 .. 11

System (4.95) translates into b = Ma + = with =z = (1/4,0,...,0), so that we have ¥ =
2¢" - M~ (b — x). Besides,

1 0 .. 0
1 1 0 .. 0
M*=[1 11 0 .0 (A.24)
1 1 1
that yields
5-1/2 S—1/2—1 S 81
S=— Y (0= 0gp)(6Igr + 201+ 0, 0) — Y LT (A25)
g=—S+1/2 q=—5+1/2
which becomes after some rearrangement using 0lg_1/2 = —0I_g;1/2, with the convention
0lsq1/2 = 0I5 1)
5-1/2 S—1/2—1
0l, — 41
_ 2 q q+1
S=— > (LA > — (A.26)
qg=—5+1/2 qg=—5+1/2
so that X becomes
5-1/2-1 . 2im (81,61 5-1/2
L12 e (61q a+1)
X= > - o +4 ) (61, (A.27)
q=—S5+1/2 q=—5+1/2

Let us focus now on the dilogarithm term. We rewrite it with the following function (the
Rogers dilogarithm)

1
L (z) = Liy (z) + 5 log zlog(1 — z) (A.28)
giving
S—1/2—1 . S—1/2
L(GZ’UI’((SIq 5Iq+1)) , 9
X=- > o +Y 44 > (01) (A.29)

q=—5+1/2 q=—S5+1/2
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where the following quantity ¥’ appears

; S—1/2—-1
== > (I, = 61yp) log(1 — €20 lar)) (A.30)
qg=—5+1/2

From equation (4.96) we have

27w 1
A sin® T~
s - S
1 — e2im0la=0lg1) — ﬁ (A.31)
COS”™ 57571
so that we can write
1 . cos’? T == .
[1 et = — 250 =1 - emhlun) (A.32)
¢'=—S+1/2 COS™ 57571
and Y’ becomes
5-1/2—1
Y ==2 Y (01, = 6I1) (0l gs1j2+ ..+ 01,) (A.33)
qg=—S+1/2
which partially telescopes into
5-1/2
o=-2 > (0L) (A.34)
qg=—5+1/2

Now we use these two relations in [182] (equations 1.3 and 1.16), following [133, 134]

2

L(x)+L(1—m):%, 0<z<l
. om 1
25—1 L Sin 55—_“ _ 71‘_2 38 <A35)
q=0 sin? Zﬂ 65+1
25+1
to get
S—1/2
28 1 3§
X=——+—"7—+42 I,)? A.
12+12S+1+ Z (01,) (A.36)
qg=—5+1/2
which is the claimed relation. O
A.5 Proof of Lemma 8
Proof. For 0 < v < 1 we have the following Riemann sum
aL/2—1 v 1
1 k+t (a/2)mt  (a/2)"(t=35)  ((=nt) i
- = L= A.
L kz% ( L ) i1l L S e I (A.37)
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with ((—v,t) the Hurwitz zeta function, see [183] for the case t = 1. Integrating over v
between 0 and 1:

OfL/2 1 k+t 1 1 1
1 (af2)" a/2—1t—35 (0, o .
— — d L (log L
Z <lOg k-‘rt log k’-i-t) /0 y+1 V+log(oz/2) T +L10gL+O( (Og ) )
(A.38)

which gives

1 1 o2 dy 1 t-1 ~1
- = L '(logL)™! A.39
Z kit /0 log = * log(a/2) L * Llog L +o(L™ (log L)) (A.39)

1 o/2 1 t—% t-1
/ da 2 2T (L log L)) (A.40)
0

logx+log(a/2) I " Llog L
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Résumé francais

Les modeles exactement solubles sont inestimables en physique, car ils fournissent des points
de repere importants sur lesquels de nouvelles idées et théories peuvent étre testées, ou autour
desquels des perturbations peuvent étre effectuées pour décrire des systemes réels. Parfois,
ces modeles capturent méme une caractéristique essentielle d’'un mécanisme physique qui est
observé de facon similaire dans d’autres situations. Un des paradigmes en physique quan-
tique et statistique est celui de la chaine de spin de Heisenberg, introduite pour expliquer le
magnétisme comme un ordre a longue portée émergeant d’interactions a courte portée entre
une multitude d’atomes. Bethe effectua une avancée majeure en montrant que la chaine
unidimensionnelle peut étre diagonalisée exactement avec un ansatz particulier. En raison
de son adaptabilité a de nombreux autres modeles, cet ansatz a depuis fait 'objet de nom-
breuses recherches pour ses applications en physique quantique, statistique et de la matiere
condensée.

Cependant, une idée importante qui va souvent de pair avec l'intégrabilité est celle
de T'universalité, a savoir que les détails des interactions a courte portée d’un systeme de
physique quantique ou statistique n’influencent pas les corrélations critiques a longue portée,
qui dépendent alors seulement de quelques caractéristiques essentielles des interactions qui
les définissent telles que leur symétrie. L'une des pierres angulaires de la physique quantique
et statistique moderne est donc d’établir une correspondance entre les symétries des poids de
Boltzmann et la limite continue du modele. Dans cette perspective, un systeme intégrable
est considéré comme un simple représentant d’'une classe d’universalité contenant possible-
ment des systemes physiquement intéressants mais non intégrables, sur lesquels des calculs
analytiques exacts peuvent étre effectués.

Une propriété cruciale qui facilite I'identification de la limite continue d’'un modele est
son invariance conforme, qui doit alors étre une théorie conforme des champs. Dans cette
hypothese, la limite continue est caractérisée par un ensemble de nombres tels que la charge
centrale, les dimensions d’échelle des champs et les constantes de structure ; et I'invariance
conforme implique en fait qu'une bonne partie de ceux-ci est présente et visible dans le com-
portement asymptotique du spectre de basse énergie de la chaine de spin dans la limite de
volume infini.

191



Figure A.6: Une grille et son image par une transformation conforme.

Bien que la limite continue des chaines de spin intégrables avec une symétrie de groupe
compact soit comprise, celles avec symétrie de supergroupe sont beaucoup moins bien com-
prises. La présence de supersymétrie s’explique par la nécessité parfois d’avoir recours a
des variables anticommutantes comme dans le modele Hubbard, ou parce qu’elles permet-
tent d’étendre la gamme de certains parametres a zéro ou a des entiers négatifs. Il s’agit
donc d’'une alternative a l'approche des répliques n — 0 dans les systemes désordonnés pour
calculer la moyenne sur le désordre. La mauvaise compréhension de la limite continue des
chaines de spin supersymétriques provient d’un certain nombre de difficultés supplémentaires.
Ces modeles sont en effet souvent non-hermitiens, présentent souvent des degrés de liberté
non-compacts dans leur limite continue, a savoir qu’il y a des champs avec une dimension
conforme réelle arbitraire. Ils sont également régulierement des perturbations marginales de
théories conformes des champs logarithmiques.

Ce manuscript présente a la fois des études détaillées de la limite continue de modeles
intégrables sur réseau supersymétriques, et développe de nouvelles techniques pour étudier
cette correspondance. Le manuscrit est organisé comme suit :

1. Le premier chapitre présente les notations et les résultats classiques sur 'ansatz de
Bethe et la correspondance entre les modeles de boucles et CFT, que nous utiliserons
tout au long du manuscrit. Il comprend un nouveau critere pour distinguer les solutions
admissibles des solutions non admissibles aux équations de Bethe.

2. Le deuxieme chapitre est une étude approfondie des chaines de spin non unitaires a
symétrie orthosymplectique osp, de leur limite continue qui sont des perturbations
marginales de LCFT, de leurs réalisations en physique statistique 2D en tant que
chemins et des corrections logarithmiques que cela implique sur leurs fonctions de
corrélation.

3. Le troisieme chapitre présente une nouvelle approche du calcul du spectre d’excitation
des chaines de spin critiques, qui évite 'utilisation des équations intégrales de Wiener-
Hopf ou non linéaires. Il comprend une étude détaillée de la dépendance du spectre et
de ses corrections logarithmiques par rapport aux fonctions de I'ansatz de Bethe.
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4. Le quatrieme chapitre est une étude de I'influence du champ magnétique, motivée par
Ieffet de régularisation qu’il peut avoir sur ces chaines de spin exotiques. Il montre
comment dériver des développements en série pour des chalnes de spin dans un champ
magnétique externe par des relations de récurrence, et explique comment cela pourrait
étre utilisé pour étudier des modeles non compacts, qui est encore un projet en cours.
Nous étudions également la théorie des champs qui décrit les fluctuations a I'intérieur
de la courbe arctique du modele a six vertex avec des conditions aux limites en mur.

Figure A.7: Illustration du concept de limite continue avec I'exemple de la percolation.
Chaque aréte d’un réseau carré est coloriée avec une probabilité p (de gauche a droite,
p = 0.3,0.5,0.7). Les arétes connectées a l'aréte centrale sont coloriées en noir. Clest
uniquement a p = 1/2 que la probabilité que deux sommets soient connectés dépend de
fagon non triviale de la distance qui les sépare.

Dans le troisieme chapitre nous étudions en détail la limite continue de chalnes de su-
perspins non-unitaires (et parfois non-compactes) qui ont une symétrie orthosymplectique.
Nous montrons qu’il s’agit de modeles sigma sur supersphere en calculant leur spectre avec
la théorie des champs, avec 'ansatz de Bethe, et numériquement. Leur non-unitarité au-
torise une brisure spontanée de symétrie habituellement interdite par le théoreme de Mermin-
Wagner, et dans le cas 0sp(22) et 0sp(3|2) ils présentent un spectre non-compact d’exposants
critiques. Leur caractere de perturbation marginale d'une théorie conforme des champs loga-
rithmique est particulierement étudié, et nous montrons que certains aspects des fonctions de
corrélations des perturbations de théories conformes ordinaires ne sont plus vérifiés dans le
cas logarithmique. Nous établissons également une correspondance précise entre le spectre et
des configurations de boucles avec intersections, et obtenons de nouveaux exposants critiques
pour les chemins non-recouvrants compacts ainsi que leurs corrections logarithmiques multi-
plicatives. Nous étudions finalement numériquement le comportement du modele lorsqu’un
parametre est amené en dehors du point intégrable.
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Figure A.8: Configurations du modele des boucles intersectantes avec poids de boucle 1 et
poids d’intersection w = 0, 1,4 dans le sens de la lecture. Les arétes reliées a 1’aréte centrale
sont coloriées en noir.

Dans le quatrieme chapitre nous calculons le spectre d’excitation d’'une chaine de spin
quantique critique a partir de ’ansatz de Bethe avec une nouvelle méthode. Celle-ci évite les
méthodes de Wiener-Hopf et les équations intégrales non-linéaires, et repose sur I’étude de la
fonctionnelle qui évalue la somme d’une fonction test sur les racines de Bethe. Nous calcu-
lons en particulier la dépendance des corrections de taille finie correspondant aux exposants
critiques et corrections logarithmiques, en fonction d’un terme source additionnel qui permet
de prendre en compte des racines isolées ou un changement de conditions aux bords. Nous
montrons que la méthode est également applicable au cas des strings de la chaine XXZ avec
spin S > 1.

Dans le cinquiéme chapitre nous abordons l'influence d’un champ magnétique sur une
chaine de spin quantique et montrons que des séries convergentes peuvent étre obtenues
pour plusieurs quantités physiques telles que I’aimantation acquise ou les exposants critiques,
dont les coefficients peuvent étre calculés efficacement par récurrence. La structure de ces
relations de récurrence permet d’étudier génériquement le spectre d’excitation, et elles sont
applicables y compris dans certains cas ou les racines de Bethe sont sur une courbe dans le
plan complexe. Nous espérons que 1’étude de la continuation analytique de ces séries puisse
étre utile pour les chaines non-compactes, en montrant que certaines quantités peuvent étre
effectivement continuées analytiquement. Par ailleurs, nous montrons que les fluctuations a
I'intérieur de la courbe arctique du modele a six vertex avec conditions aux bords de type
mur sont décrites par un champ Gaussien libre avec une constante de couplage dépendant
de la position, qui peut étre calculée a partir de I’énergie libre de la chaine XXZ avec une
torsion imaginaire dans un champ magnétique.
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